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Yvonne Thielmann, Jeannine Mohrliider, Bernd W. Koenig¥,
Thomas Stangler, Rudolf Hartmann, Karin Becker, Hans-Dieter
Holtje, and Dieter Willbold*

The cover picture shows the NMR structure of the GABA, receptor associated protein
(GABARAP) in a ribbon and surface representation with two bound tryptophans located
in hydrophobic pockets on the surface of GABARAP. NMR spectroscopy allowed the
mapping of the indole binding sites onto the surface of the protein and provided a
quantitative estimate of the binding affinity. A subset of amide 'H-"°N correlation peaks
of GABARAP in the two-dimensional NMR spectrum show gradual positional shifts upon
titration with tryptophan and other indole derivatives. This behavior is indicative of
rapid ligand exchange on and off the binding site. Biological relevance of the indole
binding sites for various GABARAP ligand interactions is indicated by the presence of
conserved tryptophan residues in GABARAP ligands. Further details can be found in the
article by D. Willbold, B. W. Koenig et al. on p. 1767 ff.
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Embryonic Stem Cells: The Mouse Source—Vehicle for
Mammalian Genetics and Beyond (Nobel Lecture)**

Martin Evans*?

Professor Sir Martin Evans gained his BA in Biochemistry from Christ
College, University of Cambridge in 1963. He received an MA in 1966
and a DSc in 1996. In 1969 he was awarded a PhD degree from Uni-
versity College, London.

After graduating from Cambridge, he decided on a career studying
the genetic control of vertebrate development. His early research led
him to explore the use of cultures of mouse teratocarcinoma stem
cells in tissue culture systems. He was the first to maintain these cells
in tissue culture under conditions where their ability to differentiate
was retained indefinitely.

It was not until 1981, after his return to Cambridge, that he was
able to isolate similar cells from normal mouse embryos. Subsequent-
ly he and his colleagues demonstrated that these cells, which became
known as “embryonic stem cells” (ES cells), were able to be used to
fully regenerate fertile breeding mice from the tissue culture cells and
that these could therefore carry mutations introduced and selected or
screened for in culture. This is now the basis of all the mouse knock-
out and targeted genetic manipulation.

These fundamental developments created new routes to experi-
mental mammalian genetics and hence functional genomics. Since
then, Professor Evans, who came to Cardiff University, School of Bio-
sciences in 1999, has been exploiting gene knockout and gene trap

methods both for novel discovery and to create animal modes of
human disease. From his laboratory came the first demonstration of
gene therapy to cure the deficit in Cystic Fibrosis in the whole animal
and, from a mutated mouse model, insights into the breast cancer
gene BRCA2 functions.

Professor Evans has published more than 150 scientific papers. He
is a Fellow of the Royal Society and a founder Fellow of the Academy
of Medical Sciences. In 1993 he was awarded the Walter Cottman Fel-
lowship and the William Bate Hardy Prizes. He was awarded the pres-
tigious Albert Lasker Award for Basic Medical Research in the US in
2001. In 2002 he was also awarded an honorary doctorate from
Mount Sinai School of Medicine in New York, regarded as one of the
world’s foremost centres for medical and scientific training. He was
knighted in 2004 for his services to medical science, and in 2005 was
awarded an honorary DSc by the University of Bath.

In October 2007 he was awarded the Nobel Prize for Medicine, the
most prestigious honour in world science along with Mario Capecchi
and Oliver Smithies, for a series of ground-breaking discoveries con-
cerning embryonic stem cells and DNA recombination in mammals. In
2008 he was named Morgan Stanley Great Briton for Science and In-
novation and awarded an honorary DSc by the University of Athens.

[a] Prof. Sir M. Evans
Cardiff School of Biosciences, Cardiff University
Cardiff CF10 3US (UK)
E-mail: evansmj@cf.ac.uk
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[**] Copyright The Nobel Foundation 2007. We thank the Nobel Foundation,
Stockholm, for permission to print this lecture.
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Embryonic Stem Cells

In a developmental system there may be a complexity of envi-
ronment, a progressive developmental time course and a mul-
tiplicity of cells and interacting components. Isolation of such
systems into culture allows both simplification and experimen-
tal access. Tissue culture of disaggregated cells, in particular,
allows for isolation and purification of cell type by cloning and
detailed manipulation of culture conditions. It also gives an
entrée to a genetic analysis via somatic cell genetics. It was for
such reasons that in the late 1960s | sought an in vitro devel-
opmental system. Genetic knowledge for any culturable
system from higher organisms was at that time sparse, but
best for chick and mouse.

| had been looking for messenger RNA changes during de-
velopment mainly in early Xenopus embryos. By the end of the
1960s, it was becoming clear to me that, for such molecular
studies, not only was a larger-scale manipulable system
needed, but also one with a better genetic potential. Excellent
organ culture systems of the early and mid development of
chick were available, but these were difficult to deconstruct
into the tissue-culture level. Some genetics were available, but
the chick karyotype was a problem for somatic cell genetic
approaches. Mammalian embryos were, by contrast, extremely
inaccessible, but in vitro culture of the early preimplantation
stages had been developed."” Mammalian long-term tissue cul-
ture was better established, and mouse genetics were at least
comparable to those of the chick. Somatic cell genetic ap-
proaches were more available.

Robin Weiss drew my attention to two important reviews of
work with mouse teratocarcinomas published in 1967 which
pointed the way to an opportunity to develop a tissue-culture
system for studies of cellular differentiation.”® Stevens re-
viewed his work in which he had established inbred strains of
mice with a high incidence of spontaneous testicular teratocar-
cinomas, shown that these tumours were transplantable and
demonstrated their origin from primordial germ cells in the
foetal testis. He also showed that they could be experimentally
induced by ectopic transplantation both of these primordial
germ cells and of early embryos, that is, of sources of pluripo-
tential cells. Prophetically, Stevens and Little in their paper of
1954 set the field by saying of their transplantable teratocar-
cinomas “Pluripotential embryonic cells appear to give rise to
both rapidly differentiating cells and others which like them-
selves, remain undifferentiated”; this is the definition of an em-
bryonic stem (ES) cell.

Pierce and his colleagues provided a long series of experi-
mental studies, including demonstrating growth of cells from
the tumours in tissue culture, but the single most important
demonstration was that of Kleinsmith and Pierce,” who
showed that transplantation of a single cell in vivo could result
in a fully differentiating teratocarcinoma; unequivocally estab-
lishing the presence of the pluripotential tumour stem cells.
These cells were named following the human nomenclature as
embryonal carcinoma (EC) cells.

In May 1969, Leroy Stevens very generously sent me stocks
of 129 inbred mice some carrying transplantable teratocarcino-
mas.”” From tumours passaged from this stock, | was able to
establish clonal tissue cultures which retained their full pluripo-
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tency, as demonstrated by their ability to differentiate as a
tumour in vivo.” One significant feature of this isolation and
cloning was that irradiated chick embryo fibroblasts were used
as a feeder layer. It was noted that when the use of this irradi-
ated feeder layer was discontinued, the cultures spontaneously
generated differentiated cell types (E cells) as well as maintain-
ing the stem cell line (C cells). Retrospectively, we can see that
these E cells do indeed arise by differentiation from the stem
cells and that they provide a balanced, mixed population
where the pluripotency of the stem cells is maintained by the
feeder effect of the associated differentiated products. At the
time, however, the processes of differentiation were unclear,
and it was not possible to see extensive differentiation in vitro.
| published a detailed discussion of the situation in 1975®
which shows the difficulty of interpretation just as we were be-
ginning to see differentiation in vitro. It is also of retrospective
interest that it was here where | first proposed that pluripoten-
tial embryonic cells should be able to be cultured directly from
normal embryos; something which was not to be achieved for
another six years; “I should like to suggest that it may be quite
feasible to obtain cultures of pluripotent cells directly from the
embryo now that experience has been obtained handling such
cells, and that the earlier results of Cole, Edwards and Paul” with
cultures from rabbit blastocysts should not necessarily inhibit fur-
ther efforts in this direction.”

During this time, moreover, studies started to indicate the
very close relationship of these cultured embryonal carcinoma
cells to their primordial germ cell and normal embryo counter-
parts.

Repeated inoculation of syngeneic mice with irradiated tera-
tocarcinoma cell cultures results in antisera that react with the
cell surface of the EC cells."” Unaltered teratomas are still,
however, produced in these hyperimmunised mice by inocula-
tion with live EC cells. The same specific cell-surface antigens
are present upon the cells of early mouse embryos and germ
cells." Although originally these antigens were thought to be
cell-surface proteins associated with the wild-type t-locus, this
was disproved by careful genetic studies,"” and it subsequent-
ly became apparent from studies with human monoclonal
autoantibody sera that they were cell-surface carbohydrate
moieties.>™" The branching of these carbohydrate chains dif-
fers on the ES cells and their differentiated progeny, as also
seen in the development of the early mouse embryo. Studies
with these and the usefully discriminatory Forssman antigen
demonstrated that the EC cells had a similar cell-surface phe-
notype only to the pluripotential cells of the early pre- and
postimplantation mouse embryo."®'” In addition, high-resolu-
tion, two-dimensional electrophoretic analysis of nascent pro-
tein synthesis suggested that the EC cells were very similar to
early embryo cell types, but in particular matched the 5 day
ectoderm."®

Perhaps the most dramatic indication of the similarity of EC
cells to the early embryo was their ability to become reincor-
porated into a mouse blastocyst and develop into a healthy
mouse with tissue contributions from the EC cells. The first in-
dications of this were published by Brinster."” My experiments
together with Richard Gardner and his colleagues®?" showed
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Figure 1. Comparison of differentiation of EC cells in vitro in tissue culture and ICM differentiation.

that very extensive chimaerism across most tissues of the
mouse was achievable using tissue culture EC cells, but that
some of these animals showed later-origin tumours of differen-
tiated cell types. (Some EC cell stocks—apparently those which
through progression in cell culture differentiated more
poorly—gave rise to animals bearing early-origin undifferenti-
ated tumours.) None of these mice was able to transmit the
teratoma-origin genome through their gametes, most proba-
bly because the cells used were aneuploid. In any case, it
became apparent that, for effective germline transmission,
both euploidy and excellent and uncompromised cellular dif-
ferentiation would be needed.

Progress in understanding the differentiation of the cells in
vitro (which can be very extensive and equivalent to that seen
in a teratoma) gave rise to one of the important conceptual
breakthroughs—the realisation that the differentiation of the
EC cells was not abnormal, disorganised, random or stochastic,
but followed the normal pathways of early embryonic develop-
ment (Figure 1). We noticed that, in every situation where the
EC cells were allowed to differentiate, the first differentiated
cells to appear were primary embryonic endoderm.?>%? Gail
Martin and | had been investigating the relationship of the
Ccells and E cells in the culture and used very careful reclon-
ing of isolated single cells on feeder layers. Homogeneous cul-
tures of the C cells (the embryonal carcinoma cells) were able
to be maintained by passage on feeder layers, but when the
feeders were removed, the cells clumped up and some
became detached as small colonies which formed embryoid
bodies.”*? EC cell clumps in suspension formed simple embry-
oid bodies, and, when these were allowed to develop further,
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In about 1980, | had again
been trying to isolate cells from
ICMs and had generated num-
bers of endodermal cultures. |
devoted some time to considering why it had not proved pos-
sible to isolate cells equivalent to EC cells directly from early
mouse embryos, and this is written up in a review published in
1981.%”) The main points of note are:

1) EC cells from culture form teratocarcinomas upon trans-
plantation in vivo.

2) Teratocarcinomas containing EC cells were able to be made
by ectopic transplantation of embryos from the two-cell
stage through to the dissected embryonic ectoderm from
embryos of 7.5 days of development.

3) The cell-surface phenotype and the spectrum of protein
synthesis suggested that the closest match to EC cells was
later than the 3.5 day ICM and earlier than the 6.5 day ecto-
derm.

4) EC cells in culture entered into differentiation as though
they were ICM cells.

5) EC cells could cooperate with the ICM of a blastocyst in the
development of a chimaeric mouse.

| considered that there might be three classes of reason why
EC cells had not been grown directly from explanted embryos
or dissected embryo tissues.

1) There might be only very small numbers of founder cells
available and therefore success in vitro would depend upon
the highest efficiency of cloning. By that time | had been
slowly improving the cloning efficiency of passaged EC
cells (both mouse EC cells and human teratocarcinoma-
derived cells) and, using this as a test for optimising the
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media and conditions, arrived at a mix known around the
lab at the time as “Martin’s Magic Medium” or MMM. The
feeder layer used was also optimised by the same test. Ret-
rospectively, an optimised medium and procedure is entire-
ly necessary but numerous variants are possible.

2) The timing might be more critical than in vivo, where pro-
cesses of onward development or even regression could take
place more readily. Retrospectively, we now know that cul-
tures of ES cells have been satisfactorily established from
cleaving embryos through to late 4.5 day, so this was not
the main problem.

3) It was known that the amount of differentiation of terato-
carcinomas tended to diminish with tumour passage. EC
cell lines diminished in their readiness to differentiate with
tissue culture passage. This raised the possibility that adap-
tation to tumour and to tissue culture growth involved se-
lection of cell lines which were slower to trigger differentia-
tion, and that maybe native cells directly from the embryo
would differentiate so readily that the stem cell line was
immediately lost. Thus conditions most conducive to main-
tenance of the undifferentiated stem cell state would be
needed. In addition to the media supporting the best clon-
ing efficiency, this meant using optimised feeder cell layers
and using repeated disagregation and passage so as not to
allow the cells to form local concentrations. | said “embry-
onal carcinoma lines which differentiate in vitro are difficult
to maintain in an undifferentiated state, even with the help
of feeder layers. It is very likely that even these lines have al-
ready been highly selected for the ability to be maintained in
tissue culture and concomitantly for less ready differentiation.
Their genuine embryonic counterpart may differentiate and
lose its pluripotency and rapid growth characteristics all too
readily under culture conditions.”* Retrospectively this was
probably the most cogent reason. Freshly isolated ES cell
lines can differentiate precipitately if not prevented.

Collaboration with Matt Kaufman brought, critically, exper-
tise and experience with early mouse embryo manipulation.
He had been exploring the developmental potential of parthe-
nogenetic embryos, in particular haploid embryos, and had
discovered that such haploid embryos could be persuaded to
develop to an early postimplantation stage.”® These embryos
tend to have a reduced cell number at the blastocyst stage,
and, in order to allow a compensatory increase before their
implantation, Kaufman had utilised implantational delay. We
therefore sought to use such delayed blastocysts as a source
of haploid cells in culture. In the first place, we used diploid
delayed blastocysts from strain 129 mice, and, upon explanta-
tion, | was able to see outgrowths of instantly recognisable EC-
like cells. These were able to be picked and maintained in pas-
sage tissue culture and had all the expected properties of the
sought-after, primarily isolated pluripotent cells.”” Most impor-
tantly, they were euploid XY cells and, with careful culture,
maintained a stable karyotype. Interestingly, the XX cells from
female embryos were also isolated, but had a less-stable karyo-
type, presumably because of the long-term chromosomal im-
balance without X-inactivation.”

ChemBioChem 2008, 9, 1690 - 1696
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We viewed these cells as normal derivatives from the
embryo and confidently expected that they would prove
useful vectors to the mouse germ line. Martin, later in the year,
using a different method, reported the establishment of similar
cultures directly from embryos, but these did not retain a
normal karyotype.”® She provided the important nomenclature
of Embryonic Stem Cells.

Together with Liz Robertson and Allan Bradley, we were
soon able to show that progeny of the ES cells were able to
form functional germ cells (both sperm and ova) in chimaeric
mice. Interestingly, male ES cells were often able to transform
the sexual differentiation of a female host blastocyst and result
in a male chimaeric mouse where, as only the ES-derived cells
carrying a Y chromosome were able to make sperm, 100% of
the germline transmission was from the tissue-culture-derived
cells.B”

Transgenesis and mutagenesis was clearly the next step, and
| chose to use retroviral vectors, which have the advantage of
cleanly integrated transgenesis and that any mutation caused
by this integration is clearly marked by the foreign DNA. It
should be remembered that, at this time, the genetic maps
were rudimentary, there was little gene and virtually no ge-
nomic sequence data. Thus clean transgene integration associ-
ated with mutation was a route to gene discovery.

Using this technique we were able to demonstrate the trans-
mission of sequences introduced by retroviral vectors in vitro
into the mouse germline®*? and used several methods to
recover newly induced mutation of endogenous loci.

The way was now clear to an experimental genetics for
mice. Transgenes could be introduced in culture, and the struc-
ture verified before introduction into the germline. New muta-
tions could be tested both in vitro and in vivo. It was around
this time that the possibilities of using homologous recombi-
nation gene targeting, which had been developed by both
Oliver Smithies and Mario Capecchi to specifically alter endog-
enous loci, became available, and subsequently this has been
the most important method for the experimental genetics.
These techniques depend upon the availability of cloned se-
quences for the target gene, and the advances in knowledge
of mammalian and, in particular, mouse genomic sequences
has been pivotal. Possibly about one quarter of available loci
have already been targeted, and indeed complete coverage of
specifically induced mutation in the mouse is now planned.®
This is all dependent upon the technology of using mouse ES
cells as a vector to the mouse germline. We have described
studies on numbers of induced and specifically targeted muta-
tions. | shall here, however, mention only some examples of
our experiments using retroviral vectors and one example of
gene targeting using homologous recombination.

In the first place, it would be useful to be able to select a
specific mutation in culture. The most feasible candidate was
Hprt, which, being X-linked, is present as only a single copy in
XY cells and in which mutation is selectable because, in its ab-
sence, the cells are resistant to the otherwise lethal incorpora-
tion of 6-thoguanine. Two independent mutations were recov-
ered from ES cell cultures superinfected with retroviral vectors
and transferred to the mouse germline.®* Retrospectively one
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of the two turned out to be not the expected clean proviral in-
sertion but an example of retroposition of an endogenous pro-
cessed message. This is an interesting observation of an un-
usual event; such elements are commonly found in genomic
sequences and may well be the products of retroviral reverse
transcriptase. Our proof that the a-tubulin-processed pseudo-
gene was the cause of this Hprt mutation is an interesting
example of the use of homologous recombination in ES cells.
It is particularly clear because it is without complications of
associated vector or selection elements (Figure 2).5°

A retroviral vector insertion transmitted through the germ-
line may be screened for phenotypic effect. The absence of
homozygous offspring from a heterozygote intercross is indica-
tive of an embryonic lethality. One such example is the inser-
tion 413d, which identified a homozygous lethal locus (subse-
quently renamed nodal). Robertson and her colleagues®*>”
demonstrated that death occurred in the homozygous em-
bryos at an early postimplantation stage but was not a cell au-
tonomous lethality, as ES cells homozygous for the insertion
could be isolated from blastocysts. Kuehn et al.*® cloned the
locus and showed that it was expressed as a secreted factor
controlling axis formation in gastrulation. It is interesting to
note that nodal expression may be a key controller of differen-
tiation of ES cells.®”

A direct physical phenotype may also be observed, for
instance ref. [40] described a dominant mutation causing a
craniofacial dysmorphology resulting from constitutive upregu-
lation of Fgf3&4 in the developing skull.

Another very useful technique has been that of gene trap-
ping'42 reviewed in 431 \y hare 3 reporter gene is used to find ret-
roviral vector insertion which falls within a functional locus.
Numerous interesting mutations have been recovered in this
way, and the complex developmental and behavioural conse-
quences of partial inactivation of the histone H3.3a may be
quoted as an example.*¥

M. Evans et al.

These types of approaches allow gene function discovery by
phenotype, but nowadays gene-targeting technology allows
any designer mutation to be introduced into the mouse germ-
line as a direct experimental approach. In addition to simple
mutation, methods have been developed which allow both
spatial and temporal control of gene deletion or of function.*”
All these studies are dependant upon the combination of in
vitro cell genetic manipulation and selection coupled with true
in vivo observation of the physiological consequences in the
context of the whole animal. This has been made possible by
tissue culture of embryonic stem cells.

| have been interested in the relationship between embry-
onal carcinoma cells, normal embryo cells and embryonic stem
cells for many years." It was the close relationship between
EC cells and early embryo pluripotential cells, as shown by
both their cell-surface phenotype and by the extensive match
of nascent protein synthesis patterns, that helped to lead the
way to the isolation of embryonic stem cells. Together with
Susan Hunter, we have been utilising an analysis of global tran-
scriptional patterns to compare embryonic stem cells in culture
with normal early mouse embryo pluripotential tissues. These
studies show considerable differences between ICM from blas-
tocysts of either 3.5 or 4.5 days of development and ES cells,
but a remarkable match with ectoderm from 5.5 days of devel-
opment (Figure 3). This match is all the more remarkable as we
are comparing cells isolated directly from the normal, unmani-
pulated, in vivo embryo with ES cells from an established cell
line growing in an artificial serum-containing tissue-culture
medium on a plastic surface. It was always possible that
mouse ES cells are effectively an artefact of culture and only
become “normalised” by re-incorporation into an embryo and
re-entrained into normal development by virtue of the influ-
ence from the environment of the host embryo. Alternatively,
they might represent a normal stem cell population. These
present studies suggest that any culture adaptations away

from a normal state are minimal.
Embryonic stem cells have,

A A therefore, delivered a major
< 4 > platform technology for experi-
Hort-bm2 allel 3 6 'l”: J mental genetic manipulation
.hm ~tubulir . . . . .
prt-5™= allele — BN = § VAL - which is delivering most impor-
£ B2 N E xm By B Exm tant theoretical understanding
. . f AN and practical medical benefit.
Repair construct [ ] [ - They are also proving greatly
Be Xm ABg Bs instrumental in delivering a
$ second platform technology of
5| ? 7. % 2 stem-cell-based regenerative
Corrected allele - 1 m . . -
| I | | | | | medicine. One of the original
E Bgx2 Xm ABg Bs Exm Bg

9.2

aims of the tissue culture of EC

Figure 2. We found that the change in the Hprt-b™ allele appeared to be not the expected retroviral vector inser-
tion but an insertion of an a-tubulin-processed pseudogene in inverse orientation close to, but not disrupting,
the coding sequence of exon 6. In order to prove that this genomic change was responsible for the mutation, we
used homologous recombination with a repair construct, which was a purified DNA fragment identical with the
normal gene sequence across this interval but with a single change to remove a Bglll restriction site for diagnostic
purposes. This construct efficiently targeted the mutant allele and restored function. Southern blot analysis con-
firmed that only change was removal of the a-tubulin insert. This is a clear example of homologous recombina-
tion gene targeting without any complications of selectable markers or associated vectors. Adapted from ref. [35].
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cells was to provide a tractable
system for the study of cellular
determination and differentia-
tion in vitro. This was achieved,
but with the mouse cells has
not yet been fully exploited.
With the advent of human ES
cells and the possibilities of
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REVIEWS

using them as a renewable source of tissue-specific precursors

for

tissue transplant therapies and regenerative medicine,”

the importance of understanding and controlling ES cell deter-
mination and differentiation in vitro has been highlighted. It is
clear that the utility of isolation, maintenance and use of pluri-
potential stem cells has a long and important future.

Keywords: embryonic stem cells - gene targeting - mutations -
Nobel lecture - retroviral vectors
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Tryptophan wt-Electron System Capping a Copper(l)
Binding Site—A New Organometallic Bonding Mode in

Proteins

Olaf Kuhl* and Winfried Hinrichs*®

Until recently, common textbook knowl-
edge of organometallic compounds in
biology was limited to enzymes depen-
dent on cobalamin as cofactor. Their
function relies on Co" coordination to a
carbon atom from methyl- or 5’-adeno-
syl. Other examples include the Ni—CO
bond in the nitrogenase enzyme
family™? and the toxicity of carbon mon-
oxide due to strong Fe—CO bonds in
haem. Any speculation about other pos-
sible organometallic biochemistry would
most probably refer to metal centres in
enzymes. In contrast, two recent publica-
tions®¥ describe Cu' and Ag' complexes
of the prokaryotic transport protein CusF
that show metal coordination to the -
electron density of the aromatic indole
moiety of a Trp side chain. X-ray absorp-
tion and UV resonance Raman spectros-
copy data verified the n*arene complex
of Cu' in the protein coordination frame-
work observed through crystal structure
analyses. Such a cation-m interaction ob-
served in a metalloprotein constitutes a
new organometallic coordination com-
pound in biochemistry.

Copper is an essential trace element
useful as an active site of redox-active
enzymes in microbes, plants and mam-
mals. The occurrence of Cu-binding pro-
teins within the three domains of life
was recently investigated by a bioinfor-
matic approach.” The metabolism of
living cells requires distinct transport sys-
tems for the uptake and efflux of Cu
ions to maintain physiological concentra-
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tions.” A review on microbial and eu-
karyotic copper accumulation and mech-
anisms of distribution and regulation ap-
peared very recently.”’

Homeostatic regulation refers not
simply to distinct Cu acquisition to
equip Cu-dependent enzymes with their
redox centres. As accumulation of redox-
active metal ions is a potential origin of
oxidative stress, regulatory cascades of
proteins prevent the occurrence of
simple aqua complexes of transitions
metal ions in the cytosol of prokaryotic®
and eukaryotic cells.”! Specific transport
proteins, so-called metallochaperones,
are responsible for trafficking and bind-
ing the metal cofactors in the specific
target proteins within the cell."® In the
cytoplasm, copper chaperones coordi-
nate Cu' ions with Cys-thiolate side
chains, whereas Met-rich motifs are pre-
ferred for Cu coordination™ in potential-
ly oxidising cellular environments for
extracellular copper acquisition and Cu
trafficking in the periplasmic space,
probably to avoid oxidative reactions
such as disulfide cross-links in the co-
ordination site. Despite the different co-
ordination characteristics of the sulfur
ligands, both groups of copper chaper-
ones coordinate Cu' selectively and have
accessible binding sites for transfer
events. The specific features of thioether
biochemistry in copper ion binding and
trafficking were summarised recently."

Bacteria have developed very efficient
efflux mechanisms to decrease the con-
centration of potentially toxic com-
pounds. These compounds induce the
expression of protein complexes that are
known as specific or multidrug efflux
transporters. The defence mechanism of
E. coli against potentially toxic silver and
copper concentrations relies on the ex-
pression of proteins of the cusCFBA

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

operon.*" The proteins CusA, CusB
and CusC establish an efflux system
comparable to those of protein com-
plexes known as the resistance nodula-
tion division (RND) superfamily, which
confer drug resistance in Gram-negative
bacteria.™™ CusA is a proton-driven anti-
porter residing in the inner membrane,
while CusC is an outer-membrane pro-
tein. Both span the periplasmic space
connected by the membrane fusion pro-
tein CusB, which recently was character-
ised by EXAFS to coordinate a Cu' or Ag'
ion threefold with methionine resi-
dues." The periplasmic protein CusF is
required for optimal function of the
efflux system, interacting with CusB and
CusC.™ Homologues of CusF are ob-
served in all putative silver/copper toler-
ance systems.”

This small protein (ca. 90 amino acid
residues) is supposed to be a carrier for
Cu' or Ag' ions. High-resolution crystal-
structure analyses revealed a new and
unexpected type of coordination of
these metal ions in biological systems.®>*
The structure of the metal-free apo-form
of CusF was determined by X-ray crystal-
lography."” The tertiary structure of
CusF is a P-barrel, which is retained in
the high-resolution crystal structures of
its Ag' and Cu' complexes and verified
by NMR spectroscopy in solution. Only
minimal local changes of coordinating
side chains occur upon metal coordina-
tion, as indicated by an overall rmsd
of backbone atoms of about 0.5A
(Figure 1).

At a first glance, the metal(l) ion is
trigonally coordinated by the imidazole
of His36 and the two thioethers from
Met47 and Met49, but the metal is out
of plane by 0.5A towards the indole
moiety of Trp44; this completes a tetra-
hedral coordination shell as a n*ligand
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Figure 1. Tertiary structure of CusF showing a f-
barrel of two orthogonally packed (3-sheets,
known as an OB fold.”’ The Cu' ion is shown as
a sphere with coordinating side chains His36,
Met47, Met49 and Trp44 in stick representation.
The n*coordination to Trp44 is indicated by
dotted lines. Graphic created with PyMOL,2”
atomic coordinates from PDB ID: 2vb2.

(with Ce3 and Cg3). The corresponding
Cu—C (267 and 286A) and Ag—C
lengths (2.99 and 3.29 A) are at the long
end of comparable small-molecule com-
plexes in the Cambridge Structure Data-
base. The radius of the higher homo-
logue, Ad', is 38 pm larger than that of
Cu';"® this easily explains the differences
of 32 and 43 pm in the bond lengths to-
wards the indole ring of Trp44.

The oxidation state of Cu' and its
high-resolution coordination geometry
were confirmed by X-ray absorption
spectroscopy.’¥ These experiments al-
ready indicated the Cu—C interaction of
the indole ring. O’'Halloran’s group fur-
ther investigated the coordination by UV
resonance Raman spectroscopy in solu-
tion,”™ which is a very sensitive tool for
changes in the tryptophan environ-
ment."”? The results are in agreement
with a strong cation-tryptophan m-inter-
action for both metal complexes of CusF.
Direct metal-carbon binding with T or
7t* systems has to be considered as co-
valently bound. In contrast, the impor-
tant biochemical feature of the cation-m
interaction in protein structure stabilisa-
tion, recognition and enzyme reaction
pathways is an electrostatic noncovalent
interaction.”” Taking into account that
the observed metal-carbon separations
in the CusF complex are significantly
longer than in comparable small-mole-
cule complexes, the tryptophan interac-
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tion to Cu' and Ag' should be considered
as an organometallic T-complex with 1>
arene coordination.

The binding of the four amino acid
residues, and in particular the indole
side chain of Trp44, to the copper(l)
centre plays a pivotal role in the biologi-
cal function of the transport protein
CusF. It therefore warrants closer inspec-
tion. The binding pocket for the metal
centre, Cu' or Ag', consists of the amino
acids His36, Met47, Met49 and the cap-
ping ligand Trp44. The sulfur atoms of
the two methionine groups and the imi-
dazole nitrogen atom of His36 form o-
donor bonds to copper(l) or silver(l),
whereas Trp44 acts as s-donor ligand to-
wards the metal.

It might be beneficial to briefly de-
scribe the bonding in general terms.
Both, o- and m-donor bonds are
common in organometallic chemistry,?"
the o-donor bonds being significantly
stronger. Copper(l) is a d' closed-shell
metal ion and isoelectronic to nickel(0).
Like Ni°, Cu' prefers a tetrahedral coordi-
nation geometry, although tricoordinate
compounds are well known.2%! |t is
easily oxidised to Cu" due to Jahn-Teller
stabilisation in the ensuing d° metal ion.
Copper(ll) has a distorted tetrahedral co-
ordination sphere, similar to that of Cu.
The situation for Ag' is different in as
much as it prefers a linear coordination

B)

O. Kiihl and W. Hinrichs

geometry, but many examples of T-
shaped and tetrahedral geometries are
known 2%

Among various reported small-mole-
cule structures of Cu' complexes with -
donor ligands is an example of n’-coor-
dination to an indole ring.”*” In this case,
the coordinating carbon atoms belong
to the five-membered ring and are equi-
distant from the Cu' centre, see Fig-
ure 2A.

In medicinal chemistry, ruthenium cen-
tres are used for diagnostic purposes
due to specific -bonding to the aromat-
ic Phe side chain even in the presence of
indole and imidazole groups from Trp
and His residues.?*%®

Conry etal. have developed a cop-
per(l) model system based on the triden-
tate S,S,N-macrocyclic ligand 1-aza-4,8-
dithiacyclodecane.”? Like its bioinor-
ganic analogue, this tridentate ligand
binds with two thioether and one terti-
ary amine entities in S,S,N. This flat trigo-
nal pyramidal geometry can be complet-
ed to a distorted tetrahedron by either
an external ligand (acetonitrile, triphenyl-
phosphane PPh;) or an intramolecular
ligand such as a pendant naphthene
ring, which forms a n? arene complex of
Cu!, see Figure 2B.2Y Although this was
not mentioned by the authors, it can
reasonably be assumed that the phos-
phane ligand is not easily removed from

Figure 2. Examples of n?-arene coordination of small-molecule cationic Cu' compounds. Graphics creat-
ed with ORTEP-3 at the 30% probability level.?* A) Crystal structure of the cationic complex of Cu' with
tridentate N-(3-indolylethyl)-N,N-bis(6-methyl-2-pyridylmethyl)amine showing the Cu'-n*-indole coordi-
nation.”” The Cu—C bond lengths are almost equal (2.23 and 2.27 A). B) Crystal structure of the n*naph-
thyl-1-aza-2,4,8-dithiacyclodecane Cu' complex.?” Two thioether sulfurs and the tertiary amine nitrogen
coordinate as common o-donor ligands to Cu', and the tetrahedral sphere is completed by the mt-elec-
tron system of the naphthyl ring. The shorter Cu'~C bond (2.13 A) is similar to the Cu—N bond (2.15 A).
The other Cu—C bond length is about 2.3 to 2.4 A in two different crystal structures. The Cu—S bond

lengths are around 2.25 A.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the copper binding site. This is in stark
contrast to the somewhat dynamic be-
haviour of the naphthalene and acetoni-
trile ligands. Of course, PPh; is a strong
o-donor and poor m-acceptor ligand;
whereas acetonitrile is a weak o-donor,
and the delocalised m-electron system of
naphthalene is a weak m-donor ligand.
Thus, acetonitrile and the pendant naph-
thyl ring are seen to compete for the
fourth coordination site on copper(l).
Actual coordination is dependant on the
reaction conditions, in particular the
CH5CN concentration. At low CH;CN con-
centration, the chelate effect results in
naphthalene coordination whereas with
increasing acetonitrile concentration, the
weak o-donor ligand evicts the weak -
donor ligand.

Solid-state structures of small-model
complexes are not always preserved in
solution,”** but an elaborate 2D
'H,"*C NMR study of the model Cu' com-
plex with a hemilabile naphthyl ligand
proved invaluable in showing that the
solid-state structure is essentially pre-
served in solution. The m’-naphthyl
ligand indeed shows dynamic behaviour
on the NMR timescale and binds with
12-13 kcalmol™'.® This type of weak
binding supports metal ion exchange
between proteins in the specific trans-
port systems.

It is worth mentioning that reaction of
the potentially tridentate SS,N ligand
with Cu"bromide results in S,S coordina-
tion with a pendant amine functionality
as the two coordinating bromide anions
occupy two binding sites on the copper
ion. The copper(ll) complex features the
expected distorted tetrahedral coordina-
tion geometry similar to that seen in
other copper(l) complexes and in Cu'—
CusF. But the discussed S,S,N, i coordi-
nation site of CusF binds specifically Cu'
or Ag', showing weak affinity for Cu"
ions. In contrast, CusF is known to coor-
dinate Cu" ions with histidine residues of
the N-terminal part of the protein.®® This
part of the polypeptide was truncated
for crystallography and spectroscopy of
both metal(l) complexes.

ChemBioChem 2008, 9, 1697 — 1699

Having seen that a o-donor ligand
usually binds more strongly to the metal
centre than a m-donor ligand, we can
now ask ourselves why the Trp44 residue
binds with one of the C=C double bonds
in m-donor mode rather than with the
presumably stronger o-donor nitrogen
site. The answer, as so often in coordina-
tion chemistry, is geometric constraints.
The four amino acid binding sites His36,
Met47, Met49 and Trp44 are embedded
in the overall protein structure and have
only limited flexibility. In order to bind
with the o-donor nitrogen site, the Trp44
residue would have to rotate by some
90°, thus effectively bringing the nitro-
gen atom into the copper position. Bind-
ing of Cu' would be impossible in this
event.
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Peptide Tertiary Structure Nucleation by Side-Chain Crosslinking with Metal
Complexation and Double “Click” Cycloaddition

Oscar Torres,” Deniz Yiiksel,” Matt Bernardina,® Krishna Kumar,” and Dennis Bong*®

Stabilized helical peptides show
potential as therapeutics capable
of modulating protein function
through enhanced helix-protein
binding."" Helix-turn stabilization
may be accomplished though co-
valent side-chain crosslinking on
one face of the helix, in the i and
i+4 or i4+7 positions,>* or re-
placement of a main-chain hydro-
gen bond with a covalent
linker.2>% We report herein a new
helix-nucleating”’ i and i+4 cross-
linking strategy based on copper-
catalyzed  azide-alkyne  [3+2]
“click” cycloaddition,” and dem-
onstrate the ability of this method
and metal complexation to restore
coiled-coil dimerization in a fold-
ing-incompetent sequence crip-
pled by two helix-breaking glycine
residues. Elegant applications of
azide-alkyne cycloaddition
chemistry in peptide conjugation™

and structure stabilization™ are
known in the literature; this
design  strategy = complements

known intramolecular methods for
structure nucleation, such as ring-
closing metathesis (RCM),*>"" and
allows convergent installation of
functional groups pendant to the
bis-alkyne linker that could be
used to modulate peptide bind-
ing, targeting, and membrane per-
meability.

We studied 21-residue sequen-
ces derived from the GCN4 leucine
zipper? in  which the central
heptad contains glycine residues
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Figure 1. A) Strategies for helix structure nucleation with i and i+4 crosslinking by using metal complexation
(top) or double-click cycloaddition (bottom). a) Diazidoalanine peptide was treated in aqueous buffer with bis
alkynes 6-9, sodium ascorbate, CuSO,, and bathophenanthroline disulfonic acid or on resin in DMF with Cul
and DIEA. B) Peptide sequences 1-5 used in this study, with helical wheel positions shown above, here X=Az
or His and ABA =acetamidobenzoate (¢,;,=18000M~' cm™'). Dimerization-inhibiting mutations in 4 and 5 are
underlined. C) Bis-alkyne linkers 6-9. D) Properties of stabilized and unstabilized peptides.
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in the ¢ and e helix positions and crosslinking residues (X) in
the b and f (i and i+4) positions, leaving the hydrophobic core
residues in the a and d positions intact as isoleucine and leu-
cine, respectively. Metal complexation with i and i+4 X=His
residues is known to induce monomeric helix folding,*'
though it has not been previously demonstrated to restore
structure in peptides containing two glycine residues. We
postulated that the bis-triazole product of a double [3+2] cy-
cloaddition between i and i+4 azidoalanine (Az)"" residues
and a bis-alkyne could yield a nonlabile covalent linker isoster-
ic with i and i+4 His-His metal complex (Figure 1A). We pre-
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pared peptides 1 and 2 using standard Fmoc solid-phase syn-
thesis; they (i.e., 1 and 2) may be crosslinked in the central
heptad by Ni** complexation with histidine and bis-alkyne cyc-
lization with Az, respectively (Figure 1B). Indeed, the circular
dichroism (CD) spectrum of 1 exhibits a saturable increase in
helicity upon treatment with NiCl,, which can be reversed with
EDTA treatment (see Figure 3, below). While the free peptide is
a completely unfolded monomer, the nickel-complexed pep-
tide melts cooperatively with a T,, of 46°C, and is found by
analytical ultracentrifugation (AUC) to be dimeric (Figure 1D);
this indicates the ability of side-chain crosslinking to restore
tertiary structure even in sequences containing two centrally
placed glycine residues.

We sought to use copper-catalyzed click chemistry to simi-
larly induce secondary™ and tertiary structure by linking azi-
doalanines in peptide 2 with bis alkyne linkers 6-9 (Figure 1C).
These intermolecular cyclizations were successful with both
resin-bound protected peptide in DMF with Cul/N,N-diisopro-
pylethylamine (DIEA) and in aqueous buffer with a copper(l)
catalyst" (Figure 1A). Click adducts were subjected to Stau-
dinger reduction conditions with PPh; (on resin) or tris(2-car-
boxyethyl)phosphine hydrochloride (in aqueous solution) to
confirm ring closure; while starting material 2 reacted with
phosphine to yield the expected reduction and other products,
all adducts remained unchanged; this is consistent with con-
version of azide to triazole. Additionally, MS-MS peptide frag-
mentation patterns were indicative of cyclic “double-click”
products (Figure 2). Fragmentation of the bisalkyne-treated di-
azido peptides yielded all possible peptide bond mass frag-
ments except for those putatively joined by a bis-triazole
linker, which should not fragment under these conditions. The
identical experiment with the click adduct to a monoazide
peptide 3, in which the C-terminal Az residue was replaced
with serine, yielded all possible peptide mass fragments. Nota-
bly, the observed ratio of ion intensities of the 4+ parent ion
relative to the common mass fragment y1 is much higher in
the spectrum of cycloadduct of 2 (Figure 2B) relative to the cy-
cloadduct of 3. This is consistent with double cycloaddition to
2 that results in the coalescence of ion intensities of four possi-
ble distinct mass fragments into a single, more intense peak.

Interestingly, though linkers were used in large excess on
resin, the bis-adduct was never observed, and diazide 2 could
be near quantitatively converted on resin to the double cyclo-
adduct (determined as described above); this suggests that
the second click reaction to close the ring is much faster than
the first, despite the 23- or 24-atom ring closure required. Simi-
larly efficient peptide ring closures have been observed when
using RCM; this suggests that the peptide backbone might
greatly reduce the entropic cost of cyclization through tem-
plating effects or hindered amide bond rotations.*™ Cycliza-
tion in aqueous buffer also yielded the desired product in
acceptable (40-50%) isolated yields, though bis-adducts were
observed when the linker was used in moderate excess. The
more rigid unsaturated linkers 7 and 8 gave more bis-adducts
than linkers 6 and 9, which have single bonds connecting the
two alkynes. The functional effect of ring-closure by double cy-
cloaddition was observed by comparing the folding properties
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of monoazide peptides in which one AzAla residue was re-
placed by serine. These negative-control peptides are also
readily coupled with 6-9, but remain unfolded under all condi-
tions, like diazido starting material 2 (Figure 3). Commercially
available hexa-1,5-diyne (linker 6) induced the most significant
change in helicity upon double cycloaddition, nucleating heli-
cal structures in the central heptad with sufficient efficiency to
restore dimerization to the folding-crippled 2. Like the nickel
complex of 1, the hexa-1,5-diyne adduct peptide (6a) melts co-
operatively (T,,=40°C) but dimerizes independently of nickel
concentration (Figure 3). Linkers 7-8 were used to probe the
steric requirements of side-chain constraint. When the ethyl
spacer of hexa-1,5-diyne 6 is replaced by the rigid two-carbon
linker of the ortho-diethynylbenzoic acid linker 7, the folded
state is not favored. The meta-diethynylbenzoic acid 8 and di-
propargylated glycine linker, 9 both extend the chain by one
atom, with a rigid unsaturated linker and more flexible saturat-
ed linker, respectively. The cycloadducts of diazidopeptide 2
with 7 (7a) and 9 (9a) exhibit random-coil signatures, while
8a is insoluble in aqueous solvent. Interestingly, treatment of
9a with NiCl, increases the helicity of the system; this suggests
the formation of a new nickel binding site, presumably com-
posed of the triazoles, tertiary amine, and carboxylate from the
ligated linker. The dependence of ellipticity on nickel concen-
tration indicated tighter nickel binding by adduct 9a (K=
107°m) than by dihistidine peptide 1 (Ky=10"*m); this is con-
sistent with a more organized binding site in the cycloadduct
than in the open-chain peptide 1. Indeed, the double cycload-
duct of propargyl alcohol with 2 installs the two triazole moiet-
ies in a noncyclic product, and this peptide remains unfolded
even in the presence of nickel chloride, thus indicating the
importance of cyclization (Supporting Information). However,
AUC measurements indicated a monomer-dimer equilibrium
for 9a under all conditions; this suggests that metal complexa-
tion does not completely restore dimerization. This result
stands in contrast to the enhanced helicity and dimerization
found upon crosslinking with 6 to obtain 6a. It is possible that
the additional atom in linker 9 actually prevents the formation
of a helical turn, and metal binding induces a contraction of
the cyclic binding site that allows partial, but incomplete fold-
ing and dimerization. The weak dimerization and partially heli-
cal signature in 9a suggests that, similar to the parent “uncrip-
pled” coiled coils, helix folding and oligomerization in these
systems are coupled.'” Peptides 4 and 5 are dimerization-
inhibited by charged residues at the dimerization interface or
scrambled coiled-coil sequences, respectively. These soluble
peptides (X=Az or His) retained random-coil CD signatures
upon metal complexation with NiCl, and were insoluble upon
cycloaddition, consistent with coupled folding and assembly;
this is likely accentuated by the presence of two helix-breaking
glycines in the sequence.

We have thus demonstrated a new methodology for helix
structural nucleation using double azide-alkyne [3+2] cycload-
ditions to form i and i+4 constrained peptide sequences. This
chemistry is sufficiently robust to allow intermolecular cycliza-
tion with few byproducts, thus setting the stage for conver-
gent functionalization and structure nucleation. This technolo-

ChemBioChem 2008, 9, 1701 - 1705
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Figure 2. Representative MS-MS data indicating fragmentation at the peptide bonds of the adduct of linker 6 to A) peptide 3 and B) peptide 2 (6a). Arrows
indicate diagnostic C-terminal y-fragment ions, N-terminal b-fragment ions, and g-parent ions (4+).
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Figure 3. A) Nickel-dependent folding of 1, from 0 (0) to 100 um NiCl, (e), with intermediate concentrations shown in black. B) Binding isotherms of NiCl, to
peptide 1 (@) and peptide 9a (o), fitted to a 1:1 binding model. C) CD spectra of the cycloadduct of hexa-1,5-diyne linker 6 to mono(Az) mutant 3 (o) and
cycloadduct 6a (). D) A typical sedimentation profile of hexa-1,5-diyne cycloadduct 6a equilibrated at 25000 rpm. Data (0) are fitted to the solid curve with

residuals shown on top.

gy could be useful as a means of synthesizing new building
blocks for peptide-based materials™® or preparing stabilized
helical peptides capable of binding protein interfaces and al-
tering biological function. These studies are currently under-
way in our laboratory.

Experimental Section

Peptide synthesis: Peptides were synthesized on an AAPPTEC
Apex 396 SPPS synthesizer by using a Fmoc strategy. The synthesis
was performed on 0.34 or 0.7 mmolg™" Rink amide resin. Crude
peptides were purified by reversed-phase HPLC on C18 preparative
columns (Higgins Analytical and Phenomenex). Stock solutions of
peptides were prepared in deionized water. Peptide concentrations
were measured in pure water by using the UV absorbance of ABA
(4-acetamidobenzoic acid) at 270 nm (g,,,=18000M 'cm™").

Azide-alkyne double [3+2] cycloaddition in aqueous buffer: All
solutions were degassed by argon sparge prior to use. Alkyne
(1.5 equiv) was dissolved in Tris-buffered saline (TBS, 10 mm Tris,

1704

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

110 mm NaCl, pH 8.5) with diazidopeptide 2. Separately, CuSO,
(4 equiv) was treated with sodium ascorbate (50 equiv) and batho-
phenanthroline disulfonate ligand (7.2 equiv). The copper solution
was vortexed and immediately added to the peptide solution to
yield a final peptide concentration of 3.62 mm. The red-brown mix-
ture was stirred under argon for 2.5-12 h (40-50% HPLC isolated
yield).

Azide-alkyne double [3+2] cycloaddition on solid support: Pep-
tide resin was preswelled with DMF and treated with hexa-1,5-
diyne (50 equiv, 5.15m in pentane), Cul and DIEA (3 equiv each in
CH;CN) were added to the resin to give a final alkyne concentra-
tion of 0.5 M. The resin was shaken overnight under Ar and treated
again with Cul/DIEA for 4-6 h following DMF wash, without addi-
tional bisalkyne linker. The peptide was cleaved from the resin by
using TFA/TIS/H,O (95:2.5:2.5) and purified by HPLC. Only the
cyclic product was observed.

Circular dichroism: CD spectra were obtained from an AVIV Model
202 spectropolarimeter and corrected for background and dilution
effects. Wavelength scans were taken at 25°C in 1 nm intervals,
with 3.0 s averaging time, 2 min equilibration time. NiCl, was

ChemBioChem 2008, 9, 1701 - 1705
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added in 5, 10, 15 and 20 pm increments. Normalized data were
plotted as fraction folded (Q) vs. nickel concentration [Ni*], then
fitted to the mass action law: Q= [Ni**1/(Ky+[Ni**]).

Quadrupole time of flight MS-MS: Accurate molecular weight
and further detailed sequence information of these peptides were
determined on a Micromass Q-Tof Il apparatus (Micromass, Wy-
thenshawe, United Kingdom) equipped with an orthogonal electro-
spray source (Z-spray) and operated in positive-ion mode. For ex-
ternal mass calibration, Nal was used over the m/z range 200 to
2500. The peptides were dissolved in H,0/CH;OH/HAc (50:50:2.5)
and directly infused into the electrospray source at a 2 uLmin™'
flow rate. To achieve the optimal electrospray, capillary voltage was
set at 3000V, the source temperature was 150°C, and the cone
voltage was 60 V. The first quadrupole, Q1, was set to pass ions be-
tween 200 and 2500 m/z. The target ion was isolated and frag-
mented within the second quadrupole by adding a voltage of be-
tween 20 and 40 V. The fragment ions were then analyzed in the
time-of-flight tube. Data were acquired in continuum mode until
well-averaged data were obtained.

Analytical ultracentrifugation: Apparent molecular masses of pep-
tides were determined by sedimentation equilibrium on a Beck-
man Proteomelab™ XL-I ultracentrifuge. Purified peptides (25 um)
were analyzed at three different NiCl, concentrations (0, 100, and
200 pm) in Tris (10 mm) containing NaCl (50 mm) at pH 7.1. The
peptides were equilibrated at three rotor speeds (25000, 32000,
and 45000 rpm) for 24 and 30 h at 20°C. Absorbance scans at 270
and 280 nm were fitted to Equation 1, which describes the equilib-
rium sedimentation of a homogeneous single ideal species:

Abs(r) = A exp[H - M(x*—x,%)] + B (1)

where Abs(r)=Absorbance at radius r, A’=absorbance at reference
radius x,, H=(1—vp)-w?/2RT, with v=partial specific volume of the
peptide, p =solvent density, @ =angular velocity in radians/second,
M=apparent molecular weight, and E=Dblank absorbance. Data
were fitted by using Igor Pro v5.03 and partial specific volumes,
and solution densities were calculated by using the program SEDN-
TERP.

Acknowledgements

The Analytical Ultracentrifugation facility at Tufts is supported by
the NIH (1S10RR017948). M.B. was supported by an NIH Chemis-
try-Biology Interface Training grant (T32 GM08512). The authors
thank the NSF (NER-0608955), PRF (43833-G4) and the Institute
of Materials Research at the Ohio State University for partial sup-

port of this research. We thank Dr. Liwen Zhang for assistance
with the mass spectrometry.

Keywords: click chemistry - cycloadditions -
molecular recognition - nickel - peptides

folding -

[1] a)F. Bernal, A.F. Tyler, S.J. Korsmeyer, L. D. Walensky, G. L. Verdine, J.
Am. Chem. Soc. 2007, 129, 2456; b) L. D. Walensky, K. Pitter, J. Morash,
K. J. Oh, S. Barbuto, J. Fisher, E. Smith, G. L. Verdine, S. J. Korsmeyer, Mol.
Cell 2006, 24, 199; c) D. Wang, W. Liao, P. S. Arora, Angew. Chem. 2005,
117, 6683; Angew. Chem. Int. Ed. 2005, 44, 6525; d) L. D. Walensky, A. L.
Kung, I. Escher, T. J. Malia, S. Barbuto, R. D. Wright, G. Wagner, G. L. Ver-
dine, S. J. Korsmeyer, Science 2004, 305, 1466.

[2] C.E. Schafmeister, J. Po, G.L. Verdine, J. Am. Chem. Soc. 2000, 122,
5891.

[3] M.J. 1. Andrews, A. B. Tabor, Tetrahedron 1999, 55, 11711.

[4] M. R. Ghadiri, C. Choi, J. Am. Chem. Soc. 1990, 112, 1630.

[5] R.N. Chapman, G. Dimartino, P.S. Arora, J. Am. Chem. Soc. 2004, 126,
12252.

[6] E. Cabezas, A. C. Satterthwait, J. Am. Chem. Soc. 1999, 121, 3862.

[71 a)S. Lifson, A. Roig, J. Chem. Phys. 1961, 34, 1963; b)B. H. Zimm, J. K.
Bragg, J. Chem. Phys. 1959, 31, 526.

[8] V.V. Rostovtsey, L. G. Green, V.V. Fokin, K. B. Sharpless, Angew. Chem.
2002, 71714, 2708; Angew. Chem. Int. Ed. 2002, 41, 2596.

[9] a) W. S. Horne, M. K. Yadav, C. D. Stout, M. R. Ghadiri, J. Am. Chem. Soc.
2004, 126, 15366; b)J. H. van Maarseveen, W.S. Horne, M. R. Ghadiri,
Org. Lett. 2005, 7, 4503.

[10] a) V. D. Bock, R. Perciaccante, T.P. Jansen, H. Hiemstra, J. H. van Maar-
seveen, Org. Lett. 2006, 8, 919; b) V. Goncalves, B. Gautier, A. Regazzetti,
P. Coric, S. Bouaziz, C. Garbay, M. Vidal, N. Inguimbert, Bioorg. Med.
Chem. Lett. 2007, 17, 5590; c) H. Jang, A. Fafarman, J. M. Holub, K. Kir-
shenbaum, Org Lett. 2005, 7, 1951; d) H. Lin, C. T. Walsh, J. Am. Chem.
Soc. 2004, 126, 13998; e)S. Punna, J. Kuzelka, Q. Wang, M. G. Finn,
Angew. Chem. 2005, 117, 2255; Angew. Chem. Int. Ed. 2005, 44, 2215.

[11] a) H. E. Blackwell, R. H. Grubbs, Angew. Chem. 1998, 110, 3469; Angew.
Chem. Int. Ed. 1998, 37, 3281; b) T. D. Clark, M. R. Ghadiri, J. Am. Chem.
Soc. 1995, 117, 12364.

[12] a) P.B. Harbury, T. Zhang, P.S. Kim, T. Alber, Science 1993, 262, 1401;
b) E. K. O'Shea, J. D. Klemm, P.S. Kim, T. Alber, Science 1991, 254, 539.

13] M. R. Ghadiri, A. K. Fernholz, J. Am. Chem. Soc. 1990, 112, 9633.

14] A.J. Link, M. K. Vink, D. A. Tirrell, J. Am. Chem. Soc. 2004, 126, 10598.

15] K. Oh, Z. Guan, Chem. Commun. 2006, 3069.

16] W.G. Lewis, F. G. Magallon, V.V. Fokin, M. G. Finn, J. Am. Chem. Soc.
2004, 126, 9152.

[17] M. O. Steinmetz, I. Jelesarov, W. M. Matousek, S. Honnappa, W. Jahnke,
J. H. Missimer, S. Frank, A.T. Alexandrescu, R. A. Kammerer, Proc. Natl.
Acad. Sci. USA 2007, 104, 7062.

[18] R. Langer, D. A. Tirrell, Nature 2004, 428, 487.

Received: January 21, 2008
Published online on July 4, 2008

ChemBioChem 2008, 9, 1701 - 1705

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1705

www.chembiochem.org



http://dx.doi.org/10.1021/ja0693587

http://dx.doi.org/10.1021/ja0693587

http://dx.doi.org/10.1016/j.molcel.2006.08.020

http://dx.doi.org/10.1016/j.molcel.2006.08.020

http://dx.doi.org/10.1002/ange.200501603

http://dx.doi.org/10.1002/ange.200501603

http://dx.doi.org/10.1002/anie.200501603

http://dx.doi.org/10.1126/science.1099191

http://dx.doi.org/10.1021/ja000563a

http://dx.doi.org/10.1021/ja000563a

http://dx.doi.org/10.1016/S0040-4020(99)00678-X

http://dx.doi.org/10.1021/ja00160a054

http://dx.doi.org/10.1021/ja0466659

http://dx.doi.org/10.1021/ja0466659

http://dx.doi.org/10.1021/ja983212t

http://dx.doi.org/10.1063/1.1731802

http://dx.doi.org/10.1063/1.1730390

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1021/ja0450408

http://dx.doi.org/10.1021/ja0450408

http://dx.doi.org/10.1021/ol053095o

http://dx.doi.org/10.1016/j.bmcl.2007.07.087

http://dx.doi.org/10.1016/j.bmcl.2007.07.087

http://dx.doi.org/10.1021/ol050371q

http://dx.doi.org/10.1021/ja045147v

http://dx.doi.org/10.1021/ja045147v

http://dx.doi.org/10.1002/ange.200461656

http://dx.doi.org/10.1002/anie.200461656

http://dx.doi.org/10.1002/(SICI)1521-3757(19981204)110:23%3C3469::AID-ANGE3469%3E3.0.CO;2-A

http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3281::AID-ANIE3281%3E3.0.CO;2-V

http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3281::AID-ANIE3281%3E3.0.CO;2-V

http://dx.doi.org/10.1021/ja00154a051

http://dx.doi.org/10.1021/ja00154a051

http://dx.doi.org/10.1126/science.8248779

http://dx.doi.org/10.1126/science.1948029

http://dx.doi.org/10.1021/ja00182a030

http://dx.doi.org/10.1021/ja047629c

http://dx.doi.org/10.1039/b606185k

http://dx.doi.org/10.1021/ja048425z

http://dx.doi.org/10.1021/ja048425z

http://dx.doi.org/10.1073/pnas.0700321104

http://dx.doi.org/10.1073/pnas.0700321104

http://dx.doi.org/10.1038/nature02388

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200800169

Glycotripod Amphiphiles for Solubilization and Stabilization of a
Membrane-Protein Superassembly: Importance of Branching in the

Hydrophilic Portion

Pil S. Chae,”™ Marc J. Wander,” Aaron P. Bowling,” Philip D. Laible,*® and Samuel H. Gellman*®

Isolation and physical characterization of membrane proteins
remains a central challenge in biomolecular science." Three-di-
mensional structure determination for membrane proteins, for
example, has been successful only within the past two de-
cades, and the set of known membrane-protein structures is
far smaller than the set of known soluble-protein structures.”
Synthetic amphiphiles, such as detergents, are crucial tools in
this field: they are used to extract embedded proteins from
the membranes in which they naturally occur and maintain
native protein conformation in the solubilized state.”’) Physical
characterization is often carried out with protein-amphiphile
complexes, and such complexes are usually the basis for crys-
tallization efforts; growth of high-quality crystals is a rate-limit-
ing step in structure determination.”’ In light of the central
role played by amphiphiles in membrane-protein science, sur-
prisingly little effort has been devoted to exploration of non-
traditional architectures for these small molecules.” Here, we
describe new synthetic amphiphiles that display favorable sol-
ubilization and stabilization properties in a challenging bio-
chemical system. The results reveal new principles for the
design of membrane-protein solubilization agents.

We previously introduced
“tripod amphiphiles”, such as A®
which were intended to meet the
need for new types of synthetic
‘ agents that could be used in place

of standard detergents for

A membrane-protein manipulation.”

Most detergents feature a lipophil-

ic segment that is very flexible.

This property can facilitate mem-

brane-protein solubilization by allowing detergent molecules
to accommodate themselves to lipophilic protein surfaces. It is
possible, however, that detergent flexibility could discourage
crystallization of the protein-detergent complex by allowing
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alternative detergent conformational states, which would dis-
turb regular packing in a crystal lattice. A balance between
flexibility and rigidity is presumably necessary for maximum
utility. The branch-point in A imposes partial conformational
restriction on the lipophilic segment because torsional motions
are limited for bonds near the tetrasubstituted carbon.”

The new amphiphiles presented here feature carbohydrate-
derived hydrophilic groups, and they include branch-points in
the hydrophilic group as well as the lipophilic group. Our re-
sults show that branching in the hydrophilic portion of an am-
phiphile can be beneficial for extraction of an intact protein su-
perassembly from the native membrane, whether the lipophilic
portion is branched or linear. Moreover, we find synergy be-
tween branching in the lipophilic and hydrophilic portions of
the amphiphile. Our experiments initially focused on glycotri-
pod series TPA-1 to TPA-5 (Scheme 1), each of which contain
the lipophilic tripod found in A. Glucosides and maltosides are
prominent among membrane-protein detergents, and our
series includes simple glucoside and maltoside derivatives
(TPA-1 and TPA-4, respectively). In addition, we examined ana-
logues that contain branched hydrophilic groups, diglucoside
TPA-2, triglucoside TPA-3, and dimaltoside TPA-5. These new
molecules were evaluated in terms of their ability to solubilize
and stabilize membrane-protein complexes that comprise the
functional core of the photosynthetic unit in Rhodobacter spe-
cies of photosynthetic bacteria.”

The five glycotripod amphiphiles were prepared by using
synthesis routes that readily provide multigram quantities.
These molecules displayed a considerable range of solubility
and aggregation behavior in water. The monoglucoside TPA-1
was not water soluble and was not studied further. The other
four glycotripod amphiphiles were highly soluble. Aqueous sol-
ubilization of Orange OT'” was used to determine critical mi-
celle concentrations (CMC). The values determined for TPA-2
(diglucoside) and TPA-4 (maltoside), 3.6 and 4.0 mwm, respec-
tively, are comparable to the CMC of A (5.5 mm).®® Neither
TPA-3 nor TPA-5 solubilized Orange OT, which suggests that
self-association of these amphiphiles is hindered by the hydro-
philicity and/or steric bulk of the triglucoside and dimaltoside
head-groups.

We used the transmembrane protein superassembly formed
by the light harvesting-l (LHI) complex and the reaction center
(RC) complex of the photosynthetic bacterium R. capsulatus to
evaluate the efficacy of our new amphiphiles and to compare
these amphiphiles with conventional detergents."” The LHI-RC
superassembly represents a demanding system for solubiliza-
tion and stabilization with a synthetic amphiphile. Each mono-
meric superassembly contains 12-18 LHI complexes, and each
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philes will cause RC degradation.
Each of these various outcomes
can be assessed unambiguously
by optical
(Figure 1, inset).
Preliminary studies revealed
that A is too harsh to be useful
for the preparation of intact su-
perassembly (Figure 1), because
LHI is extensively denatured. The

spectroscopy

strong absorption near 760 nm

o] Ho HO "o after solubilization with A arises
&OH HO Qo OHOH from bacteriopheophytins, that
e o OH o HO is, bacteriochlorophyll units that
RJJ\H H;O RJJ\H/\/O HC; on® hlave dissociated from LHI com-
o o plexes and lost the central Mg
ion.”¥ TPA-3, on the other hand,
3 HO on®H 4 is too mild to be useful, as no
protein was extracted from the
membrane with this amphiphile.
o This result is perhaps not surpris-
OH l%% ing, given that TPA-3 does not
o OH solubilize Orange OT. TPA-5, too,
o HO TPA series: R = \ '/ failed to solubilize Orange OT,
Io) but TPA-5 nevertheless solubi-
0 OH H lized a small proportion of rela-
o HO tively intact LHI-RC superassem-
Q Ji/ HO HO bly (see the Supporting Informa-
RJJ\H O% /Zg%\ MPA series: R = n-CqoHas tion). TPA-4 extracts a significant
s Ho N HO on OH proportion of the membrane-
Scheme 1. Chemical structures of tripod amphiphiles TPA-1 to TPA-5 and
their monopod analogues MPA-1 to MPA-5. 79 680 760 800 875 nm ———— A
A — = teaz
€1 Jintact SAand RC TPA-3
LHI complex is comprised of two subunits. In addition, each ] (mild; e.g., DDM) (et R wnnene TPAA
monomeric superassembly contains a single copy of the RC 57 @_‘;ﬂ%ﬂ%‘;‘? - - --TPAS
complex, which is comprised of three subunits, and possibly ] —‘/\/\/'\
other small polypeptides (e.g., PufX). Thus, to be successful an | 4__ ] F?S'Zﬁéuéidé? saBGs')
amphiphile must be aggressive enough to disrupt the native i . — \
. A < 3 700 800 ,-~ 900 VAR
membrane but mild enough to preserve the tertiary structures < ] P i \i
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well as the quarternary association of ~30-40 protein mole- \
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states, which facilitates amphiphile evaluation. A range of out- AW
comes is possible in terms of solubilization (complete, partial, 650 7(Im 75‘;0 8([]0 aéo 960 ' 9:50
or none) and stabilization (no degradation, partial degradation, anm

or complete degradation) over time. These various outcomes
can be readily distinguished by steady-state spectroscopy.”
Thus, graded comparative evaluations can be obtained easily
for a set of candidates, such as TPA-2 to TPA-5. An ideal amphi-
phile will extract the intact LHI-RC superassembly from a bac-
terial membrane preparation and maintain the natural interac-
tions among functional components. Amphiphiles with a more
disruptive effect will dissociate and denature the very labile
LHI complex to leave only intact RC, and even harsher amphi-
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Figure 1. Spectroscopic comparison of solubilized protein complexes ex-
tracted from intracytoplasmic membranes of R. capsulatus by using glycotri-
pod amphiphiles. In order to remain within the dynamic range of the spec-
trophotometer (OD < 1.5), we used diluted solutions for the more strongly
absorbing samples. The absorbance spectra for the original samples, prior to
dilution, were then calculated from the observed spectra by multiplication
with the appropriate dilution factor. The harshness of the detergent can be
judged by the intensity and features in the spectra, which represent linear
combinations of the spectra of intact superassembly (SA), intact reaction
center (RC), and denatured complexes (inset), as described in the text.
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embedded protein, but the extracted protein includes a sub-
stantial amount of denatured LHI (absorbance in the 750-
800 nm region); thus, TPA-4 is too harsh.

TPA-2 displayed excellent properties, in contrast to A, TPA-3,
TPA-4, or TPA-5. Treatment of R. capsulatus membranes with
TPA-2 provided intact LHI-RC superassembly in high yield
(strong absorption at 875 nm; 875/760 nm absorption ratio
~8; Figure 1). It is noteworthy that TPA-2 and TPA-4 each have
two glucose units in the hydrophilic segment and displayed
similar CMC values, but that TPA-2 is clearly superior to TPA-4
with regard to extraction of intact photosynthetic superassem-
bly from the native membrane. This functional difference sug-
gests that incorporation of a branch-point in the hydrophilic
portion leads to significantly improved performance relative to
traditional hydrophilic group architectures.

Does hydrophilic group branching confer distinctive proper-
ties in the context of a more conventional lipophilic group?
We explored this question by preparing monopod amphiphiles
MPA-1 to MPA-5 (Scheme 1)—analogues of TPA-1 to TPA-5 in
which the lipophilic tripod was replaced by a 12-carbon linear
segment. MPA-1 and MPA-4 were not soluble in water. CMC
values were determined by Orange OT solubilization for MPA-2
(2.4 mm), MPA-3 (44 mwm), and MPA-5 (1.7 mm). MPA-3 and
MPA-5 did not extract any protein from R. capsulatus mem-
branes. MPA-2 extracted a moderate amount of intact LHI-RC
superassembly from the native membrane (Supporting Infor-
mation), but MPA-2 was substantially less effective at superas-
sembly solubilization than TPA-2. Variation of alkyl-chain length
among MPA-2 analogues showed that the 12-carbon length is
optimal: analogues that contained 8- or 10-carbon segments
extracted only very small amounts of LHI-RC superassembly,
while analogues that contained 14- or 16-carbon segments ex-
tracted no protein at all (Supporting Information). Overall, the
most effective monopod amphiphile we found, MPA-2, fea-
tured a branched hydrophilic group, which raises the possibili-
ty that branched hydrophilic groups will have general utility in
the development of new detergents. The most important con-
clusion from the MPA studies, however, is that the most effec-
tive compound in this series is markedly inferior to glycotripod
amphiphile, TPA-2, which suggests the existence of synergy
between branching in the lipophilic and hydrophilic portions.

The presence of an aromatic ring in TPA-2 could be prob-
lematic for work with membrane proteins that do not absorb
strongly in the visible or near-IR region. Therefore, we exam-
ined the saturated analogue TPA-2-S, which lacks a strong UV
chromophore. Orange OT solubilization indicated a CMC of
1.8 mm. We were delighted to find that TPA-2-S is at least as
effective as TPA-2, if not slightly superior, at extracting intact
LHI-RC superassembly from R. capsulatus membranes (Sup-
porting Information).

Comparison of TPA-2 and TPA-2-S to standard detergents
that are used as tools for photosynthetic superassembly solubi-
lization and stabilization revealed clear advantages for the gly-
cotripod amphiphiles. In a separate effort, we have evaluated
>120 conventional detergents with the R. capsulatus
system.'”? Dodecylmaltoside (DDM) emerged as one of the
most effective detergents, which is consistent with the wide-
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spread use of DDM for structural and functional studies of
membrane proteins. DDM was comparable to TPA-2 and TPA-
2-S in terms of LHI-RC superassembly extraction efficiency;
however, a substantial distinction between conventional and
glycotripod architectures became apparent when we examined
the stability of the solubilized superassembly. Stability was
monitored by following the 875/680 nm absorption ratio over
a few weeks (absorption at 680 nm arises from oxidation of
bacteriochlorophyll that has dissociated from LHI protein). As
shown in Figure 2, LHI-RC superassembly solubilized with

-e-DDM
--TPA-2

8 8 - ~<-TPA-2-S
< 5
o
< 4
2-
0 T T T
0 5 10 15

t/days ——

Figure 2. To monitor the ability of micelles of dodecylmaltoside (DDM), TPA-
2, and TPA-2-S to stabilize membrane-protein complexes, spectra of the pro-
tein purified by each detergent were recorded as a function of time. The ini-
tial spectrum (t=0) was acquired directly after elution of the protein from
affinity chromatography. The integrity of the LHI-RC superassembly solubi-
lized by these relatively mild detergents was monitored quantitatively from
a scatter-corrected absorbance ratio (Ag;s/Aggo). The ratio of a sample of
completely folded and functional superassembly was > 14.5, and this ratio
declined dramatically as the multisubunit complex disassembled and
denatured.

DDM began to degrade immediately when incubated at room
temperature. In contrast, LHI-RC superassembly solubilized
with TPA-2 remained stable for several days, but then degrad-
ed. TPA-2-S displayed the most promising behavior: even after
two weeks, most of the LHI-RC superassembly was intact. Sta-
bility on this time scale is important for physical characteriza-
tion and ultimately for crystallization or NMR spectroscopy-
based structural studies.

The visible-near-IR absorbance data indicate that LHI-RC su-
perassembly freshly solubilized with DDM, TPA-2, or TPA-2-S is
intact; however, we used time-resolved absorbance measure-
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ments as a further probe for native-like structure and function.
Photon absorption by LHI initiates a series of excited state
energy-transfer and electron-transfer reactions that culminate
in the formation of a charge-separated state in the RC that is
comprised of a porphyrin radical cation and a quinone radical
anion at the B site in the RC complex (PTQg™). This RC state, P
Qg ", in which the charges are separated by ~30 A (nearly the
width of a lipid bilayer), is easily identified by its characteristic
recombination lifetime, which is determined by the rate of re-
generation of the RC ground state, in the absence of exoge-
nous donor and acceptor molecules. The lifetime for PTQg~
state decay is 2.1 sec for superassembly solubilized by either
TPA-2 or DDM and 1.5 sec for superassembly solubilized by
TPA-2-S (Supporting Information). These results indicate that
native excited state energy- and electron-transfer pathways are
intact in each case, with minor variations among ampbhiphiles.

We have demonstrated the importance of branching in the
hydrophilic portion of tripod amphiphiles, and we have shown
how this new feature complements branching in the lipophilic
portion to generate optimal behavior toward a delicate protein
superassembly from R. capsulatus membranes. The best new
amphiphiles, TPA-2 and TPA-2-S, are clearly superior to conven-
tional biochemical detergents with regard to long-term stabili-
ty of solubilized LHI-RC superassembly. It is unlikely that any
single amphiphile will be a “magic bullet” for membrane pro-
teins; however, the ability to tune properties by modification
of both lipophilic and hydrophilic portions, as illustrated here,
suggests that glycotripod amphiphiles can be a productive
source of tools for membrane-protein science. The branched
carbohydrate units we have introduced could be generally
useful for development of new biochemical detergents, since
even among the conventional MPA series the best characteris-
tics were displayed by a branched head-group (MPA-2). Overall,
the TPA vs. MPA or DDM comparisons indicate that the new
amphiphile design strategies we have introduced can produce
useful alternatives to conventional detergents for membrane-
protein manipulation.

Experimental Section
Details can be found in the Supporting Information.
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Synergistic Actions of a Monooxygenase and Cyclases in Aromatic

Polyketide Biosynthesis

Jixun Zhan,® Kenji Watanabe,” and Yi Tang*™

Type Il polyketide synthases (PKSs) are enzymes responsible for
the biosynthesis of bacterial aromatic polyketides.? The
type Il minimum PKS—which consists of the [-ketoacyl syn-
thase (KS,), chain length factor (CLF or KSg), and acyl carrier
protein (ACP)—synthesizes the nascent polyketide chain by
successive Claisen-like decarboxylative condensations. The nas-
cent polyketide chain is then subjected to regioselective reduc-
tion and cyclization catalyzed by dedicated ketoreductases
(KRs) and cyclases, respectively, to yield an aromatic aglycon.
In general, these immediate tailoring enzymes function as
independent proteins, a feature that has facilitated the use of
heterologous combinations of KRs and cyclases for the biosyn-
thesis of new polyketides.”

Pradimicin A (Scheme 1) is an aromatic polyketide biosyn-
thesized by Actinomadura hibisca P157-2."" It contains a dihy-
drobenzo[a]naphthacenequinone core, derived from a dodeca-
ketide backbone through five regioselective cyclizations. The
carboxyl end of the polyketide at ring E is amidated with p-ala-
nine, while the nonaromatic ring D is substituted with a disac-
charide consisting of p-xylopyranose and 4-methylamino-4-de-

Fredericamycin C4

Benastatin A

Scheme 1. Pradimicins and structurally related aromatic polyketides.
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oxy-b-fucopyranose. Together, these structural elements make
pradimicin A an effective viral entry inhibitor™® and a broad-
spectrum fungicide.”” Numerous pradimicin analogues, gener-
ated by synthetic,®'? semisynthetic,"'"® and strain mutagene-
sis''® methods, have been reported. As an example, the
more water-soluble derivative BMS-181184 (Scheme 1) exhibit-
ed antifungal activity against 167 different fungal strains."” Be-
cause of the complexity of the pradimicin molecule, however,
engineered biosynthesis through manipulation of the pradimi-
cin (pdm) PKS enzymes remains an attractive approach for fur-
ther development of pradimicin analogues.

Pradimicin A is a dihydrobenzo[a]naphthacenequinone that
belongs to a family of polyketides including rubromycin,"® gri-
seorhodin,"” benastatin, and fredericamycin, all of which are
derived from biosynthetic intermediates that contain a pentan-
gular aglycon. The recent sequencing of the benastatin®” and
fredericamycin®’ gene clusters, in conjunction with genetic
and biochemical experiments, have provided insights into the
biosynthesis of this class of polyketides.’* However, the re-
gioselective cyclization steps that yield the pentangular core
have remained uncharacterized. The cyclization steps
are significantly different from those dictating the for-
mation of anthraquinones,” anthracyclines,”® tetra-
cyclines,”” and angucyclines.” In particular, it is un-
clear how the cyclases can direct the regioselective
intramolecular aldol condensations, while preventing
the extended, dodecaketide backbone from sponta-
neous cyclization.

Recent sequencing of the 39 kb pdm gene cluster
from A. hibisca revealed 28 open reading frames
(ORFs).” Enzymes that are putatively associated with
the biosynthesis of the pradimicin aglycon 5, includ-
ing the previously identified minimal PKS and tailor-
ing enzymes, are shown in Table 1.°% Consistently
with the gene clusters reported for other pentangular
polyketides, the pdm gene cluster contains only three
putative cyclases (PdmD, PdmK, and PdmL). Using
the Streptomyces coelicolor strain CH999"" as the het-
erologous host,*? we had previously confirmed the

Table 1. Proposed enzymes involved in the biosynthesis of the pentan-
gular aglycon of pradimicin A.

Enzyme Proposed role Enzyme Proposed role
PdmA B-ketoacyl synthase PdmG ketoreductase
PdmB chain length factor PdmH monooxygenase
PdmC acyl carrier protein Pdml monooxygenase
PdmD cyclase PdmK cyclase

PdmE monooxygenase PdmL cyclase

ChemBioChem 2008, 9, 1710-1715





functions of the pdm minimal PKS (PdmABC) and PdmD, The
pdm minimal PKS synthesized a spectrum of compounds in
CH999, including the dodecaketides TW93c (1) and TW93d (2;
Scheme 2), first described by Moore and co-workers, who used

JX111a (6) R=
JX111b (7)R=

Scheme 2.

the whiE and sch minimal PKSs.®¥ Coexpression of PdmD facili-
tated the cyclization of the A- and B-rings through C9-C14 and
C7-C16 intramolecular aldol condensations and afforded pre-
dominantly TW95a (3) and TW95b (4) in high yields. The roles
of the remaining enzymes in the synthesis of the pentangular
structure, including those that cyclize rings C, D, and E, as well
as enzyme candidates that oxidize ring B or reduce ring D,
have not been resolved. It is therefore significant to identify
the minimum set of enzymes required for the formation of the
pradimicin aglycon 5. Reconstitution of 5 in a robust heterolo-
gous host should enable further studies and manipulation of
the biosynthesis of this family of aromatic polyketides.

PdmK (115 aa) shows strong sequence homology to cyclases
found in angucycline gene clusters, such as SimA4 (54 % identi-
ty) from the simocyclinone gene cluster,? and to cyclases
present in spore pigment PKSs, such as WhiE-ORFVII (51 %)
from S. coelicolor. PdmL (147 aa) is predicted to have a cupin 2
barrel fold and is similar to putative cyclases found in several
spore pigment PKSs. We first examined the roles of PdmK and
PdmL in the biosynthesis of pradimicin A. We constructed
pJX70 (Table 2), which contains a multicistronic cassette
pdmABCDGKL, and transformed it into CH999. The gene pdmG
encodes an enzyme that is homologous to BenL from the be-
nastatin pathway,”? which was previously characterized as a
C19 KR by Hertweck and coworkers. HPLC analysis of the or-
ganic extract of CH999/pJX70 revealed that the predominant

ChemBioChem 2008, 9, 1710-1715
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Table 2. Plasmids and the corresponding polyketides biosynthesized by
CH999 transformed with the plasmid.”!

pdm genes
Plasmids D E G H | K L Products
pYT241 - - - - - - - 1,2
pYT259 + - - - - - - 3,4
pJX70 + - + - + + 3,4
pJX77 + + + - - + + 3,4
pJX114 + - + - + 4+ + 34
pJX116 + - + + - + + 5
pJX113 + - + + - - + 3,4
pJX115 + - + + - + - 3,4
pJX144 + - + + - - - 3,4
pJxa7 - - + - - - - 1,2
pJX51 + - + - - - - 3,4
pJX111 + - - + - + + 6,7
[a] Each plasmid encodes the minimal Pdm PKS (pdmA, pdmB, and pdmC)

products synthesized remained 3 and 4 (Figure 1), the same as
those synthesized by CH999/pYT259, which only expresses the
minimal PKS and PdmD. This result suggests that the addition
of PdmK and PdmL was insufficient to cyclize rings C, D, and E,
and additional enzymes may be required.

6
C) 7
5 A
B)
4
3
A)

12 14 16 18 20 22 24 26 28 30 32 34 36
t/ min

Figure 1. HPLC analysis (430 nm) of extracts of A) CH999/pJX70, B) CH999/
pJX116, and C) CH999/pJX111.

Since no other putative cyclases are present in the pdm
gene cluster, we reasoned that an alternative modification of
the polyketide might be a prerequisite step before the cycliza-
tion of the C-, D-, and E-rings can take place. A likely such tai-
loring step is the formation of the quinone moiety in ring B by
a monooxygenase. Sequence analysis of the putative oxygen-
ases encoded in the pdm gene cluster revealed three possible
candidate enzymes: PdmE, PdmH, and Pdml (Table 1). Al-
though all three enzymes were predicted to encode mono-
oxygenases, none showed significant homology to known
quinone-forming oxygenases such as DnrG,*” TcmH,*® and
AknX.” To determine the enzyme(s) responsible for ring B hy-
droxylation, we introduced pdmE, pdmH, and pdml separately
into pJX70 to yield pJX77, pJX116, and pJX114, respectively
(Table 2). These plasmids were each transformed into CH999,
and the extracts were analyzed by HPLC. Interestingly, while
coexpression of PAmE or Pdml produced the same polyketides
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3 and 4, coexpression of PdmH in CH999/pJX116 resulted in
the biosynthesis of a new predominant compound 5 (Figure 1)
in high yield (50 mgL™"). The emergence of the new com-
pound is accompanied by a corresponding decrease in the
levels of 3 and 4 to <10% of the levels seen in CH999/pJX70.
Compound 5 displayed maximum UV absorptions at 243, 300,
and 466 nm, suggesting the presence of an extended chromo-
phore. HRESIMS showed that this compound has a molecular
formula of C,,H,4Og, indicating it to be derived from a dodeca-
ketide backbone. The *C NMR spectrum (Table 3) showed 24

Table 3. 'H (500 MHz, [DJDMSO) and ™C (125 MHz, [DJDMSO) NMR data
for compounds 5 and 7.
5 7
BC 'H (Jin H2) B3C 'H (Jin H2)

1 173.7

2 1131 116.6 6.79 (brs, 1H)

3 161.4 156.7

4 127 112.6

5 142.8 138.3

6 119.6 8.81 (s, TH) 120.1 10.05 (s, TH)

7 130.2 131.6

8 1815 182.8

9 1354 1353
10 108.8 7.16 (d, J=2.0Hz, 1TH) 106.3 7.12(d, J=2.0Hz, 1H)
Il 165.5 11.40 (brs, TH, OH) 163.6
12 107.8 6.61 (d, J=2.0Hz, 1H) 108.0 6.53 (d, J=2.0 Hz, 1H)
13 1644 1211 (s, TH, OH) 164.7  13.80 (s, TH, OH)
14 11.2 1M11.2
15 189.5 186.1
16 113.2 11.5
17 1579 12.53 (s, 1H, OH) 158.5
18 130.2 119.2
19 19.9 2.83 (m, 2H) 152.2
20 28.2 2.75 (m, 2H) 109.7 6.89 (s, TH)
21 144.8 134.6
22 124.2 6.76 (s, TH) 117.8 7.00 (brs, 1H)
23 147.6 138.6
24 23.6 2.52 (s, 3H) 21.2 236 (s, 3H)

signals, including those associated with a quinone (0s=181.5
and O¢5=189.5 ppm). An additional carbonyl peak (d¢,=
173.7 ppm) was observed and is indicative of a carboxylic acid.
A CH,-CH, spin system (0y;o=2.83 ppm, Oy =2.75 ppm) was
observed in the 'H-"H COSY spectrum and was strongly indica-
tive of the presence of a reduced ring D as is found in 5. All re-
maining 1D and 2D NMR data were consistent with the struc-
ture of 5, which had previously been isolated from Frankia
sp. G2 as G-2A.P%*) The accumulation of 5 by CH999/pJX116
demonstrates that the pdmABCDHGKL collection of genes is
sufficient for the biosynthesis of the dihydrobenzo[a]naphtha-
cenequinone core of pradimicin A. This result also directly
associates PdmH with the formation of the quinone moiety on
ring B.

We then constructed plasmid pJX144, which includes
pdmABCDGH, to test the timing of the quinone formation reac-
tion. We reasoned that in the absence of the cyclases PdmK
and PdmL, an oxidized product at C-8 of 3 may be recovered
as a result of spontaneous poly-B-ketone cyclization. HPLC
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analysis of the extract of CH999/pJX144 showed that no new
polyketides were synthesized in addition to 3 and 4, indicating
that PdmH cannot catalyze oxidation of ring B in the absence
of either PAmK or PdmL. This unexpected finding provides the
first evidence for a possible tailoring mechanism in which the
monooxygenase and the cyclases work in concert to afford 5.

To analyze the roles of cyclases and their interactions with
PdmH further, pdmK or pdmL were introduced separately into
pJX144 to yield plasmids pJX113 and pJX115, respectively
(Table 2). We anticipated that if each cyclase can act independ-
ently, we might be able to isolate a shunt product containing
a C5-C17 cyclized ring C, which might allow us to assign regio-
specificity to the cyclases. Surprisingly, the major metabolites
from CH999 transformed with either construct were 3 and 4,
and no new polyketides were produced. Therefore, removal of
any one of PdmH, PdmK, or PdmL abolishes the formation of
5, which suggests that the three enzymes work synergistically
to oxidize the B-ring, and to cyclize the C- and D-rings. Forma-
tion of the E-ring might either be spontaneous or equally
might require the action of either PdmK or PdmL. We propose
a model in which the three enzymes form a multienzyme com-
plex that engulfs the cyclized B-ring and uncyclized portions of
the polyketide chain. PdmH may be positioned in close prox-
imity to the B-ring to facilitate hydroxylation of C8, while
PdmK and PdmL orient the two ends of the polyketide chain
to direct the required C5-C17 and C4-C21 aldol condensa-
tions. The enzymes cannot act independently without the
associated partners, a unique property that gives rise to the
product phenotypes listed in Table 2. Neither the minimal PKS,
nor the first ring cyclase PdmD is required for the functions of
this putative enzyme complex. While multioxygenase com-
plexes have been shown to be involved in angucycline oxida-
tion,“? this is the first example of multiple cyclases and a mon-
ooxygenase working concertedly in the regioselective tailoring
of a polyketide backbone.

This model can be applied to interpret a phenomenon re-
ported by Moore and co-workers involving whiE-ORFIl and
whiE-ORFVII, two uncharacterized cyclases in the whiE spore
pigment PKS. Individual expression of either cyclase with the
whiE minimal PKS, along with the first- and second-ring cyclase
whiE-ORFVI in CH999, produced 3 and 4. In contrast, 3 and 4
were no longer present and new compounds were produced
when the minimal PKS and all three cyclases were coexpressed
at the same time.”® Although these new products were not
characterized, the alteration in product profile is consistent
with the results reported here. Therefore, the synergistic ac-
tions of cyclases and other tailoring enzymes may be a general
mechanism associated with dodecaketide synthases. Why is
the multienzyme complex needed for the longer polyketide
chain? We reason that sequential binding and tailoring of the
long poly-p-ketone by individual enzymes may not be fast
enough to prevent spontaneous cyclization of the reactive
backbone. While an individual tailoring enzyme can only bind
to a portion of the extended polyketide chain, a multienzyme
complex can effectively span the entire length of the uncy-
clized polyketide to lock the backbone in place and to sup-
press aberrant cyclizations. Tailoring of the shorter octaketide

ChemBioChem 2008, 9, 1710-1715
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and decaketides requires fewer steps and is therefore less
prone to spontaneous cyclization. As a result, separate actions
of cyclases are sufficient to yield the correctly cyclized three-
and four-ring aromatic structures.

PdmG is the only putative KR found in the pradimicin bio-
synthetic pathway, and it is proposed that it catalyzes the re-
duction of C19 during the biosynthesis of 5. The timing of the
reduction is unclear, with one proposal suggesting that PdmG
might function on the uncyclized polyketide in a fashion simi-
lar to that of the well-studied act KR.? We first confirmed the
function of PdmG by constructing pJX111, which harbors the
genes pdmABCDHKL. Two major products—JX111a (6) and
JX111b (7)—were observed in the extract of CH999/pJX111,
while no trace of 5 could be detected. HPLC-ESIMS showed
that the molecular weights of these two compounds were 446
and 402, respectively. Compound 6 gradually converted into 7
during the extraction process, suggesting that 7 is probably
the decarboxylated product of 6. Compound 7 was then puri-
fied in a yield of 33 mgL™"' and was structurally characterized
as shown in Scheme 2. HRESIMS predicted a molecular formula
of Cy3H,,0,, while the *C NMR spectrum contained 23 unique
signals, both of which agree with those of a dodecaketide
compound with the loss of CO,. With the exception of the
methyl group on the acetyl starter unit (d,;,=2.83 ppm), all
the proton signals in the '"H NMR spectrum of 7 were at low
field, consistent with those of a highly conjugated polyphenol.
The phenol group in ring D was positioned at C19 on the basis

TW93c (1) and TW93d (2)

Spontaneous

PdmABC o

OH O
G-2A (5

0
HO 2p  HO Pde HO
O‘O T O‘O O‘O
tHl OH o
OH o OH OH

of 'H,"*C HMBC correlations. Through its 1D and 2D spectra,
compound 7 was identified as a pentahydroxy-methylben-
zo[a]tetracenedione. By inference, the structure of 6 was es-
tablished as the corresponding carboxylic acid as shown in
Scheme 2. The biosynthesis of 6 and 7 unambiguously con-
firmed the function of PdmG as a C19 KR, analogously with the
assigned role of BenL during benastatin biosynthesis.””

We further tested the timing of the PdmG-catalyzed reduc-
tion reaction. pdmG was inserted into pYT241 and pYT259 to
yield pJX47 and pJX51, respectively (Table 2). CH999/pJX47
continued to produce 1 and 2, indicating that PdmG does not
function on the nascent polyketide chain. Similarly, CH999/
pJX51 and CH999/pYT259 produced the same products 3 and
4 (Table 2). Taken together, these in vivo results suggest that
PdmG most likely acts on the C19 ketone after the pentangular
core has been established by the PdmH-PdmK-PdmL trio
(Scheme 3). Although we were able to obtain soluble PdmG by
using E. coli as an expression host, definitive confirmation of
the reduction reaction was hampered by the inaccessibility of
the C19 ketone-containing compound 8, which rapidly isomer-
izes into the more stable phenol 6.

Our results provide significant new insight into the biosyn-
thesis of pentangular aromatic polyketides. The early steps
leading to the biosynthesis of the dihydrobenzo[alnaphtha-
cenequinone core of pradimicin A are shown in Scheme 3. The
minimum set of enzymes required to afford the benzo[a]naph-
thacenequinone 8 includes PAdmABCDHKL. After biosynthesis

TW95a (3) and TW95b (4)

0. S-Enz

Spontaneous

PdmHKL

O

Spontaneous J Oy, -OH
o HO o Ho
OOy D
Pradimicin A OH O OH OH OH O OH OH
JX111b (7) JX111a (6)

Scheme 3. Early steps of pradimicin A biosynthesis.
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of the dodecaketide backbone by the minimal PKS, the C9-
C14 and C7-C16 regioselectivities of the first two rings are de-
termined by PdmD. Whereas PdmD can function as a stand-
alone enzyme, the subsequent tailoring reactions require con-
certed action of the monooxygenase PdmH and the two re-
maining cyclases PdmK and PdmL. Deletion of any one of the
three enzymes leads to the shunt products 3 and 4. The syner-
gistic actions of multiple enzymes during the synthesis of 8
may be a representative example of nature’s strategy to sup-
press undesirable, spontaneous cyclizations of extended poly-
ketide backbones, especially those requiring extensive tailoring
steps.

Reduction of 8 by PdmG led to the formation of 9. Surpris-
ingly, neither 9 nor the C19-C20 dehydrated version of 9,
which can form spontaneously, were found in the extracts of
CH999/pJX116. Instead, the completely reduced 5 was isolated
as a predominant product. The nonaromatic ring D was ob-
served among other pentangular polyketides, including frederi-
camycin C1 and several benastatins.”? It remains unclear how
the final reduction step that give rise to the C19—C20 single
bond, which may involve endogenous Streptomyces enoylre-
ductases, is achieved. The reconstitution of 5 establishes a ver-
satile platform for further biochemical analysis of enzymes that
give rise to the unique structural features of pradimicin A,
including those involved in ligation of the carboxyl end with
p-alanine, and hydroxylation of C19 and C20 on ring D.

Experimental Section

General: 1D and 2D NMR spectra were recorded in [Dg]DMSO on a
Bruker DRX 500 instrument (500 MHz for 'H NMR and 125 MHz for
3C NMR). Low-resolution ESIMS were obtained on a Finnigan LCQ
Deca XP quadrupole ion trap mass spectrometer. High-resolution
ESIMS were measured on an lonSpec Ultima 7T FTICR instrument.
Analyses and separations of extracts were performed on a Beck-
man-Coulter HPLC instrument.

Strains and culture conditions: S. coelicolor CH999 was used as
the host for heterologous expression for all pRM5-derived plas-
mids. Protoplast preparation and PEG-mediated transformation
were performed as described previously.*” The transformants were
grown on R5 agar supplemented with thiostrepton at 50 pgmL™"
at 28°C for eight days. E. coli Topo 10 (Invitrogen) and XL-1 Blue
(Stratagene) strains were used for subcloning and plasmid manipu-
lations. Growth of E. coli was on Luria-Bertani (LB) agar and in LB
liquid medium with kanamycin or ampicillin at 37 °C.

Construction of plasmids: PCR was performed with Platinum Pfx
DNA polymerase (Invitrogen). All genes were amplified through
PCR with the genomic DNA of A. hibisca P157-2 as the template.
The PCR products were cloned into pCR Blunt vector (Invitrogen)
for subcloning and all the recombined gene cassettes were ligated
into pRM5 shuttle vector before transformation into CH999. T4
DNA ligase (Invitrogen) was used for ligation of fragments. The dif-
ferent combinations of genes were ligated as a polycistronic cas-
sette into the shuttle vector. Each plasmid is constructed by the
sequential addition of each gene of interest. We did not delete any
genes of a polycistronic cassette in the shuttle vector to yield new
constructs with fewer genes.
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Extraction and isolation: HPLC analyses were carried out on a
Varian C-18 reversed-phase column (5 um, 250x4.6 mm) with gra-
dient elution from 5% to 95% ACN/H,O (0.1% TFA) over 30 min at
a flow rate of 1 mLmin~". All large-scale culturing experiments
were performed in R5 agar (3 L) over eight days. The following sep-
aration procedure was used to isolate the pure compounds. The
cultures (3 L) were homogenized and extracted three times with
EtOAc/MeOH/AcOH (89:10:1, 3 L). The extracts were dried with an-
hydrous Na,SO, and evaporated to dryness. These extracts were
first placed on a Sephadex LH-20 column and eluted with MeOH/
AcOH (9:1). The fractions containing the target compounds were
then further separated on an XTerra preparative MS C18 column
(5 pm, 50x19 mm) with isocratic elution (ACN/H,O, 75%, 0.1%
TFA) at a flow rate of 4 mLmin~", yielding pure compounds 5 (t;=
6.8 min) and 7 (t;=2.4 min).

G-2A (5): Orange powder; 'H and "“CNMR see Table3; IR
(powder): 7=3392, 2917, 2352, 1683, 1622, 1410, 1338, 1252, 1201,
1132, 801, 722 cm™'; UV (MeOH): 4, (log &) = 243 (4.20), 300 (4.19),
466 nm (3.91 mol~'dm*cm™); ESIMS: m/z 431 [M—H]~; HRESIMS:
m/z 431.0772 [M—H]™ (calcd for C,,H;504: 431.0767).

JX111b (7): Red powder; 'H and *C NMR see Table 3; IR (powder):
7=3386, 2921, 1602, 1563, 1345, 1278, 1172, 1021, 839, 749 cm™/;
UV (MeOH): A (loge)=226 (4.16), 266 (4.04), 300 (3.91), 336
(3.71), 493 nm (3.55 mol~'dm*cm™"); ESIMS: m/z 401 [M—H]~; HRE-
SIMS: m/z 401.0668 [M—H] " (calcd for C;5H,;0,: 401.0661).
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Chemical Synthesis and Immunological Properties of Oligosaccharides
Derived from the Vegetative Cell Wall of Bacillus anthracis

Mahalakshmi Vasan,” Jana Rauvolfova,”’ Margreet A. Wolfert,” Christine Leoff,”” Elmar L. Kannenberg,

[a]

Conrad P. Quinn,™ Russell W. Carlson,*"® and Geert-Jan Boons*?

Bacillus anthracis is a Gram-positive, spore-forming bacterium
that causes anthrax in humans and other mammals."? The rel-
ative ease by which B. anthracis can be weaponized and the
difficulty associated with the early recognition of inhalation an-
thrax due to the unspecific nature of its symptoms were un-
derscored by the deaths of five people who inhaled spores
from contaminated mail.®™ As a result, there is a renewed in-
terest in anthrax vaccines and early-disease diagnostics.”
Anthrax vaccine adsorbed (AVA; BioThrax®, Emergent BioSo-
lutions, Inc.) is currently the only licensed anthrax vaccine in
the US.”® The principal immu-
nogen of AVA is anthrax toxin
protective antigen (PA). Anti-
body responses against PA
target and block the toxemia
that is a necessary prerequisite
of vegetative cell growth and
bacteremia. Vaccines comprising
additional B. anthracis specific
antigens have been proposed
as improvements to PA-only for-
mulations as they have the po-
tential to target inclusively the
toxemia and the vegetative cell
or infectious spore.”'" Recently
described polysaccharides and
glycoproteins of  B. anthracis
offer exciting new targets for
these vaccine formulations and
also for the development of im-
proved diagnostics for B.an-
thracis. For example, an unusual
oligosaccharide derived from the collagen-like glycoprotein
Bc1A of the exosporium of B.anthracis has been character-
ized,"? chemically synthesized,"*'® and immunologically eval-
uated. The latter studies demonstrated that the oligosaccha-
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ride is exposed to the immune system!” and has the ability to
elicit relevant antibodies."™

Recently, we reported the structure of a unique polysaccha-
ride released from the vegetative cell wall of B. anthracis,
which contains a —6)-a-b-GIcNAc-(1—4)-p-b-ManNAc-(1—4)-
[-p-GlcNAc-(1—) backbone and is branched at C-3 and C-4 of
a-D-GIcNAc with a-p-Gal and f3-p-Gal residues, respectively,
and the p-GIcNAc substituted with o-Gal at C-3
(Scheme 1).'% These positions are, however, only partially
substituted and this leads to microheterogeneity.

O‘

OH OH

NHAc &/ o

NHAc

AcHN

OH

OH
ﬂ;
O(CH5)sNH,

O(CHy)sNH, NHAc

HO

OH 2

Scheme 1. Structure of the secondary cell wall polysaccharide of B. anthracis and synthetic compounds 1 and 2.

As part of a project to determine antigenic determinates of
the polysaccharide of B. anthracis and to establish it as a diag-
nostic or vaccine candidate, we report here the chemical syn-
thesis and immunological properties of trisaccharides 1 and 2
(Scheme 1). These compounds, which are derived from B. an-
thracis polysaccharide, contain a 5-aminopentyl spacer for se-
lective conjugation to carrier proteins required for enzyme-
linked immunosorbent assays (ELISA). It has been found that
sera from rabbits either exposed to live and irradiation-killed
spores of B. anthracis Sterne 34F, or immunized with polysac-
charide conjugated to keyhole limpet hemocyanin (KLH) recog-
nize the isolated polysaccharide and synthetic compounds 1
and 2. The data provide proof-of-concept for the development
of vegetative and spore-specific reagents for detection and
targeting of nonprotein structures of B. anthracis.

Compound 1 was conveniently prepared from monosaccha-
ride building blocks 3,%" 4, and 7.”? Thus, a NIS/TMSOTf medi-
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ated glycosylation®®® of thioglycoside 3 with the C-4 hydroxyl
of glycosyl acceptor 4 gave disaccharide 5 in a yield of 87% as
only the f-anomer (Scheme 2). Interestingly, a lower yield of
disaccharide was obtained when a glycosyl acceptor was em-
ployed that had a benzyloxycarbonyl-3-aminopropyl instead of
a N-benzyl-N-benzyloxycarbonyl-5-aminopropyl spacer.”* Next,
the 2-naphthylmethyl ether®?? of 5 was removed by oxida-
tion with DDQ in a mixture of dichloromethane and water to
give glycosyl acceptor 6, which was used in a TMSOTf mediat-
ed glycosylation with (N-phenyl)trifluoracetimidate (7)*** to
afford trisaccharide 8 in excellent yield as only the a-anomer.
The use of a conventional trichloroacetimidate as glycosyl
donor®® led to a lower yield of product due to partial rear-
rangement to the corresponding anomeric amide. Target com-
pound 1 was obtained by a three-step deprotection procedure
that involved reduction of the azide to an acetamido moiety
by treatment with Zn/CuSO,®" in a mixture of acetic anhy-
dride, acetic acid, and THF, followed by saponification of the
acetyl ester and reductive removal of benzyl ethers and
benzyloxycarbamate by catalytic hydrogenation over Pd.

A challenging aspect of the preparation of target compound
2 is the installment of a B-mannosamine moiety.””’ A strategy
was adopted in which a p-glucoside is initially installed by
using a glucosyl donor that has a participating ester-protecting
group at C-2 to control B-anomeric selectivity.*? Next, the C-2
protecting group can be removed and the resulting hydroxyl
triflated, which can then be displaced by an azide to give a 2-
azido-B-p-mannoside. Another strategic aspect of the synthesis
of 2 was the use of an acetyl ester and 2-naphtylmethyl
ether™? as a set of orthogonal-protecting groups, which
makes it possible to selectively modify C-2’ of the -glucoside
and install an a-galactoside at C-3 of 2-azido-glucoside moiety.
Thus, a NIS/TMSOTf mediated glycosylation® of thioglycoside
10%¥ with 11 gave disaccharide 12 in excellent yield as only
the pB-anomer. The acetyl ester of 12 was saponified by treat-
ment with sodium methoxide in methanol to give 13. Next,
the alcohol of 13 was triflated by treatment with triflic anhy-
dride in a mixture of pyridine and dichloromethane to afford
triflate 14, which was immediately displaced with sodium
azide in DMF at 50°C to give mannoside 15. The 2-naphthyl-

BnO OBn OBn
87%
O + o) a)
SEt HO
BnO NAPO
AcO N3
O(CHy)sN(Bn)Cbz O(CH2 sN(Bn)Cbz
3 4 5. R= NAP
b) 94% I;
Bno ,OBN Bno ,OBN OBn
(e} c) 86% O e) 56%
6 + BnO —_— (0] 0 _— 1
BnO 0
BnO 8 (NPh)cF A go
3 n
7 80 O(CH,)sN(Bn)Cbz
o)
8 R=N,
d) 63%
BnO “ogy, 0 |~—> 9: R = NHAc
Ph/v&/ OB” — /&/ &@/
O(CH,)sN(Bn)Cbz
0 2)5
O(CHy) N(Bn)Cbz NAPO
NAPO 25
N 12: R=Ac
90%
10 1 peore [, 13:R=H
9 E 14:R="Tf
h) 90%,
two steps 7,0)81% R OBn
T S
o)
BnO O(CH,)sN(Bn)Cbz BnO o o O(CH,)sN(Bn)Cbz
BnO R
15: R = NAP
b) 94% L 5 BnO o) i) 17: R =N, J)o
16:R=H E 73%
: 58% > 18: R = NHAc —» 2
BnO OBn

Scheme 2. Reagents and conditions. a) NIS/TMSOTf, DCM, 0°C; b) DDQ, DCM, H,0; c) TMSOTf, DCM, Et,0, 50°C; d) Zn/CuSO,, AcOH, Ac,O, THF; e) NaOMe,
MeOH then Pd(OH),/C, H,, AcOH, tBuOH, H,0; f) NaOMe, MeOH; g) Tf,O, pyridine, DCM, 0°C; h) NaN;, DMF, 50 °C; i) PMe;, THF, H,O then Ac,0, pyridine;

j) PA(OH),/C, H,, AcOH, tBuOH, H,0.
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methyl ether of 15 was removed by oxidation with DDQ,'
and the resulting glycosyl acceptor 16 was glycosylated with 7
in the presence of a catalytic amount of TMSOTf in a mixture
of dichloromethane and diethyl ether to give anomerically
pure trisaccharide 17. Deprotection of 17 was accomplished
by reduction of the azides with trimethyl phosphine®¥ fol-
lowed by acetylation of the resulting amine with acetic anhy-
dride in pyridine, and then reductive removal of the benzyl
ethers and benzyloxycarbamate by catalytic hydrogenation
over Pd to give compound 2.

For immunological evaluations, trisaccharides 1 and 2 were
conjugated to bovine serum albumin (BSA) by treatment with
S-acetylthioglycolic acid pentafluorophenyl ester to afford the
corresponding thioacetate derivatives, which after purification
by size-exclusion chromatography were de-S-acetylated by
using 7% ammonia (g) in DMF and conjugated to maleimide
activated BSA (BSA-MI, Pierce Endogen, Inc.) in phosphate
buffer (pH 7.2). After purification by using a centrifugal filter
device with a nominal molecular weight cut-off of 10 kDa, neo-
glycoproteins were obtained with an average of eleven and
nineteen molecules of 1 and 2, respectively, per BSA molecule
as determined by Bradford’s protein assay and quantitative car-
bohydrate analysis by high-performance anion-exchange chro-
matography with pulsed amperometric detection (HPAEC-
PAD).

Next, conjugates of KLH and BSA to the polysaccharide of
B. anthracis were prepared for immunization of rabbits and ex-

26]

A) 34
2
oD
1=
0 T T
2 3 4 5 6 7
Log serum dilution ——»
C) 31
2
oD
1+
0+
2 3 4 5 6 7

Log serum dilution ———»

amination of antisera for anti-polysaccharide antibodies, re-
spectively. To this end, the polysaccharide was treated with 1-
cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP)B®
to form reactive cyanyl esters, which were condensed with free
amines of BSA and KLH to give, after rearrangement of iso-
urea-type intermediate, carbamate-linked polysaccharides. The
KLH- and BSA-polysaccharide conjugate solutions were puri-
fied by using centrifugal filter devices (Micron YM 30000 Da)
and then lyophilized. Saccharide loadings of 0.3 mg per mg of
BSA and 0.96 mg per mg of KLH were determined by using bi-
cinchoninic acid (BCA; BSA conjugate) and Bradford’s (KLH
conjugate) protein assays and quantitative carbohydrate analy-
sis by HPAEC-PAD. In addition, maltoheptaose was conjugated
to BSA by using CDAP to obtain a control conjugate to exam-
ine for the possible presence of anti-linker antibodies.”®
Rabbits were inoculated intramuscularly four times at bi-
weekly intervals with live- or irradiated spores (3x10° total
spores)," or polysaccharide-KLH conjugate, followed by the
collection of terminal bleeds fourteen days after the last immu-
nization. ELISA was used to examine the pre- and postimmune
sera for polysaccharide recognition. Microtiter plates were
coated with the polysaccharide-BSA conjugate and serial dilu-
tions of sera added. An anti-rabbit IgG antibody labeled with
horseradish peroxidase was employed as a secondary antibody
for detection purposes. High titers of anti-polysaccharide IgG
antibodies had been elicited by the polysaccharide-KLH conju-
gate (Figure 1A, Table 1). Furthermore, inoculation with live

B) 3-
— Anti-live spores
—@- Anti-irradiated spores
2
—&— Anti-polysaccharide-KLH
oD
1
0+ T T 1
2 3 4 5 6 7
Log serum dilution ————»
D) 31
24
oD
14
0 T T
2 3 4 5 6 7

Log serum dilution ——»

Figure 1. Immunoreactivity of polysaccharide and trisaccharides 1 and 2 to antisera elicited by B. anthracis Sterne live spores, irradiation-killed spores, and
polysaccharide-KLH conjugate. Microtiter plates were coated with A) polysaccharide-BSA, B) maltoheptaose-BSA, C) 1-BSA, and D) 2-BSA conjugates

(0.15 pgmL™" carbohydrate). Serial dilutions of rabbit anti-live and anti-irradiated B. anthracis Sterne 34F2 spores antisera and rabbit anti-polysaccharide-KLH
antiserum (starting dilution 1:200) were applied to coated microtiter plates. Serial dilutions of the preimmune sera from the rabbits (starting dilution 1:200)
did not show any binding to polysaccharide-BSA (data not shown). Wells only coated with BSA at the corresponding protein concentration did not show
binding to any sera (data not shown). The optical density (OD) values are reported as the means =+ SD of triplicate measurements.
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Table 1. ELISA antibody titers after immunization with B. anthracis Sterne
live spores, irradiation-killed spores, and polysaccharide-KLH.

Immunization Live Irradiated Polysaccharide-KLH
coating spores spores

polysaccharide-BSA 18500 6100 239700
maltoheptaose-BSA 0 0 3600

1-BSA 400 6800 57300

2-BSA 18700 2600 46700

ELISA plates were coated with BSA conjugates (0.15 ugmL~" carbohy-
drate) and titers were determined by linear regression analysis by plot-
ting dilution versus absorbance. Titers are defined as the highest dilution
that yielded an optical density of 0.5 or greater.

and irradiated spores resulted in the production of IgG anti-
bodies that could recognize the polysaccharide. Antisera ob-
tained from immunizations with polysaccharide-KLH conjugate
showed recognition of maltoheptaose linked to BSA albeit at
much lower titers than when polysaccharide-BSA was used as
ELISA coating. This finding indicates that some anti-linker anti-
bodies had been elicited.®® As expected, antisera from rabbits
immunized with live and irradiated spores showed no reactivi-
ty towards the maltoheptaose conjugate (Figure 1B).

Next, the specificity of the anti-polysaccharide antibodies
was investigated by using synthetic trisaccharides 1 and 2
(Scheme 1) linked to BSA. Trisaccharides 1 and 2 were equally
well recognized by IgG antibodies that were elicited by the

Ny

A) 100-

oD/
% control 407

20+

0 T T T
0.01 0.1 1 10 100
Fold excess (wt/wt) >
of carbohydrate

oD/
% control

20

0 T T T .
0.01 0.1 1 10 100

Fold excess (wtiwf) — »
of carbohydrate

polysaccharide-KLH conjugate and irradiation-killed spores
(Figure 1C and D, Table 1). Surprisingly, antisera obtained after
inoculation with live spores recognized trisaccharide 2 much
better than 1.

To further study the antigenic components of the various
antisera, inhibition ELISAs were performed by coating microti-
ters plates with polysaccharide-BSA conjugate and by using
1-BSA, 2-BSA, and polysaccharide-BSA as inhibitors (Figure 2).
As expected, for each antiserum, the polysaccharide-BSA in-
hibitor could completely block the binding of IgG antibodies
to immobilized polysaccharide, whereas only partial inhibition
was observed for 1-BSA and 2-BSA. Furthermore, antibodies
elicited by the live spore vaccine recognized trisaccharide 2
much better than 1, whereas the polysaccharide-KLH anti-
serum was better inhibited by 1. Antibodies elicited by the ir-
radiated spore inoculum recognized 1 and 2 equally well. The
partial inhibition by the synthetic compounds indicates that
heterogeneous populations of antibodies were elicited. Fur-
thermore, the difference in antigenic component of the vac-
cines might be due to differences in presentation of the poly-
saccharide when it is part of vegetative cells, or attached to
KLH, or when it is part of irradiation-killed spores.

The results presented here show that both live- and irradia-
tion-killed B. anthracis spore inoculae and polysaccharide
linked to the carrier protein KLH can elicit IgG antibodies that
recognize isolated polysaccharide and the relatively small sac-
charides 1 and 2. Previously, the polysaccharide was identified

Inhibitor:

— polysaccharide-BSA
—4&— 1-BSA

—¥-2-BSA

oD/
% control

20

T T T B
0.01 0.1 1 10 100

Fold excess (wtiwt) —
of carbohydrate

Figure 2. Competitive inhibition ELISA. Microtiter plates were coated with polysaccharide-BSA conjugate (0.15 pgmL™" carbohydrate). Dilutions of A) rabbit
anti-live, B) anti-irradiated B. anthracis Sterne 34F2 spores antisera, and C) rabbit anti-polysaccharide-KLH antiserum mixed with polysaccharide-BSA, 1-BSA,
and 2-BSA (0-100-fold excess, wt/wt, based on carbohydrate concentration) were applied to coated microtiter plates. Maltoheptaose-BSA conjugate and

unconjugated BSA at corresponding concentrations mixed with antisera did not display inhibition (data not shown). OD values were normalized for the OD

values obtained in the absence of inhibitor (0-fold “excess”, 100 %).
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as a component of the vegetative cell wall of B. anthracis, and
thus, it was surprising that irradiation-killed spores could elicit
anti-polysaccharide antibodies. It appears that not only vegeta-
tive cells but also B. anthracis spores express the polysaccha-
ride. The implication of this finding is that a polysaccharide-
based vaccine could provide immunity towards vegetative
cells as well as spores. In this respect, we hypothesize that
immune responses to dormant B. anthracis spores at the mu-
cosal surface might inhibit spore uptake across the mucosa
and might also target the susceptible emergent vegetative
cell; this would either prevent bacterial proliferation or en-
hance bacterial clearance. Highly conserved integral carbohy-
drate components of the spore and vegetative cell structure
are attractive vaccine candidate antigens because unlike cap-
sules, they are not sloughed off the replicating cell. Finally, we
have located important antigenic components of the various
antisera using synthetic saccharides.

The data provide an important proof-of-concept step in the
development of vegetative and spore-specific reagents for de-
tection and targeting of nonprotein structures in B. anthracis.
These structures might in turn provide a platform for directing
immune responses to spore structures during the early stages
of the B. anthracis infection process. Ongoing studies will dem-
onstrate whether anti-polysaccharide antibodies can recognize
B. anthracis spores, including the highly virulent B. anthracis
Ames and B. anthracis cured of virulence plasmids (pXO1 and
pX02). Examination of the cross reactivity of the antisera with
cell wall polysaccharides from various Bacillus species and de-
termination of antigenic responses against the synthetic oligo-
saccharides are also underway.®”
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Inhibition of Cathepsin L by Epoxysuccinyl Peptides Simultaneously
Addressing Active-Site and Remote-Site Regions

Norbert Schaschke,* Irmgard Assfalg-Machleidt,™ and Werner Machleidt"”

Cathepsin L is one of the eleven known human cysteine ca-
thepsins belonging to the papain family (C1) of the clan CA of
cysteine proteases.! The enzyme is ubiquitously expressed
and shows endopeptidase activity with a preference for hydro-
phobic amino acid residues in subsites S2 and S3." This lack of
a clearly defined sequence specificity reflects its well known
contribution to the unspecific bulk proteolysis in the lysosomal
and related compartments.”? Newer data, however, strongly
support the notion that cathepsin L plays specific roles in im-
portant physiological processes™ including antigen presenta-
tion,”” epidermal homeostasis,”) and endothelial progenitor
cell-induced neovascularization. Moreover, it is well accepted
that the proteolytic activity of cathepsin L plays a causal role in
the malignant progression of human tumours.”

Generally, the assignment of specific functions to individual
members of the human cysteine cathepsins is a challenging
task. This is mainly due to their high degree of structural ho-
mology, which results in overlapping cleavage patterns and
thus functional redundancy. Accordingly, many data concern-
ing specific roles of cathepsin L have been assessed by the
gene knock-out approach by using cathepsin L-deficient
mice.”® Affinity probes that specifically block the activity of its
target protease in an irreversible fashion on different levels of
complexity, including cells, tissues and even whole organisms,
would represent a powerful alternative.

Epoxysuccinyl peptides of the E-64 type (Scheme 1), which
contain (25,35)-oxirane-2,3-dicarboxylic acid as a thiol-reactive
group, are irreversible broad-spectrum inhibitors of human cys-
teine cathepsins.® Therefore, these compounds have received
much attention as a privileged platform™ for the design of
probes which allow the proteolytic activity of either the whole
group of human cysteine cathepsins"” or individual members
to be detected. Addressing the dipepdidylcarboxypeptidase
activity of cathepsin B, which is unique amongst the human
cysteine cathepsins, we succeeded in designing and synthesis-
ing the highly potent and selective inhibitor NS-134 (2;
Scheme 1)." The X-ray structure of this inhibitor in complex
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with cathepsin B has elucidated the binding mode in detail.
The peptide portion -Leu(P2)-Gly(P3)-Gly(P4)- binds along the S
sites in a non-substrate-like manner whereas -Leu(P1’)-Pro(P2’)-
addresses the S’ sites in a substrate-like manner."? Based on
inhibitor 2, the affinity probe NS-196 (3, Scheme 1) has been
developed™ and already successfully applied to detect novel
physiological functions of this enzyme.[" '

Due to the lack of unique structural features, like in the case
of cathepsin B, it is generally difficult to gain reliable selectivity
for cathepsinL by only addressing interactions along the
active-site cleft based solely on a E-64-type structural core.
Therefore, access to additional peptide-protein interactions
beyond the active-site cleft on the surface of the protease
would represent an interesting approach. Without a structural
guide, however, it is very difficult to identify suitable regions
on the surface of cathepsin L. In this context, it is important
that human cysteine cathepsins are expressed as catalytically
inactive proenzymes that are activated proteolytically at their
physiological destinations." In the case of cathepsin L, the
binding mode of its propeptide domain has been elucidated
at the atomic level by X-ray crystallography (Figure 1)."”’ The
propeptide domain binds along the active-site cleft in a non-
substrate-like manner. Phe78p (in the X-ray structure this resi-
due is substituted by Leu) occupies the S2 and GIn79p the S3
pocket of the protease. Beyond the S sites of the active-site
cleft, the remaining C-terminal part of the propeptide (residues
80p-96p) interacts with regions on the surface of the enzyme.
In particular, the residues Lys87p-Phe89p are constituents of
an antiparallel 3-sheet motif and thus represent a clearly de-
fined remote site.

To investigate whether the a-amino function of Phe78p is
able to covalently connect portions of increasing length of the
C-terminal part of the propeptide domain with the thiol-reac-
tive group (2S,35)-oxirane-2,3-dicarboxylic acid, the X-ray struc-
tures of procathepsin L and cathepsin B in complex with the
inhibitor NS-134 (2) were superposed (Figure 2). It turned out
that the peptide backbone of the section Leu78p(P2)-
GIn79p(P3)-Asn80p(P4), including the side chain of Leu78p of
the propeptide, can be superposed well with the correspond-
ing region of the inhibitor (that is, Leu(P2)-Gly(P3)-Gly(P4)).

Based on these structural observations, four peptide por-
tions of the C-terminal part of the cathepsinL propeptide
(ProCL) were selected for the inhibitor design: 1) ProCL-[78p-
80p] interact only with the active site; 2) ProCL-[78p-85p]
starts to addresses regions on the surface of the protease;
3) ProCL-[78p-91p] includes the amino acid residues constitut-
ing the antiparallel B-sheet motif and 4) ProCL-[78p-96p] the
entire C-terminal propeptide domain (Scheme 2).

The inhibitors 4-7 were synthesisised on solid support
based on the Fmoc/tBu protecting-group scheme (Scheme 3).
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Figure 1. X-ray structure of procathepsin L (PDB ID: 1CJL)."” A) Entire propeptide domain; B) Expanded C-terminal part of the propeptide domain. The active-
site and remote-site regions are indicated. Cathepsin L is shown in grey Connolly surface representation, the region of the active-site Cys25 is highlighted in
yellow. The propeptide domain is shown in blue ribbon representation, and individual amino acid residues are indicated in stick representation (colour code:

C atoms: green, O atoms: red, and N atoms: blue; H atoms are omitted).

Upon final Fmoc-cleavage, (25,35)-oxirane-2,3-dicarboxylic acid
mono tert-butylester was coupled manually as the sodium salt
by using only HBTU. Finally, the inhibitors were cleaved from
the resin by TFA/H,O/TIS (95:2.5:2.5, v/v/v).

The second-order rate constants (k,/K) of inhibitors 4-7 for
irreversible inhibition of cathepsin L are summarisised in Ta-
ble 1. Additionally, to assess information about the selectivity,
k,/K; values for the inhibition of cathepsin B were also deter-
mined. Inhibitor 4, which exclusively interacts with the active
site, is a weak inhibitor of cathepsin L with only moderate
selectivity (k,/K;=17200m~'s™'; ratio CL/CB=16.2). However,
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in the case of the entire C-terminal propeptide (inhibitor 7),
the picture changes fundamentally. Compared to inhibitor 4,
the affinity increases by a factor of almost 60 (k/Ki=
992000m~'s™") and the selectivity against cathepsin B reaches
approximately two orders of magnitude. The entire C-terminal
propeptide sequence can even be truncated substantially with-
out influencing the inhibitory profile (inhibitor 6). Further trun-
cation, including the amino acid residues constituting the anti-
parallel 3-sheet motif (inhibitor 5), is accompanied by a moder-
ate loss of affinity and selectivity (k,/K,=577 000m~'s™'; ratio
CL/CB=49.7).

ChemBioChem 2008, 9, 1721-1724
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Figure 2. Superposition of the X-ray structures of procathepsin L (PDB ID:
1CJL)" and cathepsin B in complex with the inhibitor NS-134 (PDB ID:
15P4).'% Cathepsin B is shown in yellow ribbon representation, NS-134 in
stick representation (colour code: C atoms: green, O atoms: red, and N
atoms: blue; H atoms are omitted). From procathepsin L only the C-terminal
part of the propeptide domain starting with Leu78p is shown in violet stick
representation (H atoms are omitted). The position of the P2 and the P3 res-
idues are indicated, respectively.
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Scheme 3. Synthesis of inhibitor 6 as a representative example for all inhibi-
tors. Reaction conditions: a) i: piperidine/NMP (1:4, v/v), ii: Fmoc-Xaa-OH/
HBTU/HOBt/DIEA (1:1:1:2, 4 equiv), NMP, 13 cycles of automated double cou-
pling; b) piperidine/NMP (1:4, v/v); c) NaO-tEps-OtBu/HBTU (1:1, 4 equiv),
DMF; d) TFA/H,O/TIS (95:2.5:2.5, v/v/v).

j’ 4: R= FQN-OH, [78p-80p]
HO” ™ R 5: R= FQNRKPRK-OH, [78p-85p]
YY" 6 R= FNRKPRKGKVFQE-OH, [78p-91p]
O 7:R= FONRKPRKGKVFQEPLFYE-OH, [78p-96p]

Scheme 2. Chemical structures of propeptide-derived irreversible inhibitors

of cathepsin L. The amino acid residues interacting with the remote-site
region are highlighted in bold.
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COMMUNICATIONS

Table 1. Irreversible inhibition of cathepsin L (CL) and cathepsin B (CB) by
Pro-CL-derived inhibitors.

Inhibitor k,/K; for CL k,/K; for CB Ratio
[M 1S 1][a] [M 15 1][a] CL/CB
4 17200 1060 16.2
5 577000 11600 49.7
6 1000000 13600 73.5
7 992000 13700 724

[al Mean of 5-10 experiments with different inhibitor concentrations
(SD,_, <10%).

The kinetic data obtained clearly show that inhibitor 6 repre-
sents an optimum of affinity and selectivity to which the
remote-site interaction contributes substantially. This finding
correlates well with the H-bond network that has been ob-
served in the crystal structure of procathepsin L between the
C-terminal part of the propeptide domain (ProCL-[78p-96p])
and the surface of the protease, which is already fully estab-
lished in the section ProCL-[78p-91p].

In conclusion, by addressing simultaneously active-site and
remote-site interactions, the inhibitory profile of irreversible
inhibitors of cathepsin L, based on the thiol-reactive group
(25,39)-oxirane-2,3-dicarboxylic acid, was improved significantly.
Moreover, the concept of using structural information provided
by the cathepsin L propeptide domain as a guide to access
peptide—protein interactions beyond the active site was con-
firmed.
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Peptide Backbone Mutagenesis of Putative Gating Hinges in a Potassium

lon Channel

Yasuo Nagaoka,™
The dynamic movements that underlie the transitions between
the closed and open states of a potassium ion channel are still
not fully understood. Most potassium channels contain a
highly conserved glycine residue in the second transmembrane
domain (TM2) that is thought to act as a flexible gating hinge.
However, inwardly rectifying (Kir) potassium channels also pos-
sess an additional invariant glycine at the base of TM2 near
the helix-bundle crossing that has been proposed to contrib-
ute to TM2 flexibility during channel gating similar to the PVP
motif in voltage-gated potassium channels. In this study we
have addressed the relative contribution of these putative gly-
cine gating hinges by using unnatural amino acid mutagenesis
to introduce a-hydroxyacetic acid (aG) and thereby an amide-
to-ester mutation into the backbone of Kir2.1 at the upper
(G168) and lower (G177) glycine positions. This mutation is
predicted to increase the flexibility of the TM2 backbone at
these positions without altering the side chain. We show that
introduction of aG at the upper gating hinge position produ-
ces channels that open more slowly at hyperpolarized poten-
tials whereas oG at the lower glycine position does not affect
channel gating. These results are consistent with a structural
model in which K* channel gating involves bending of the
inner pore helix (TM2) at or near the upper glycine, but where
the lower glycine found in Kir channels is more likely to be re-
quired for tight packing of the TM2 helices at the helix-bundle
crossing rather than acting as a gating hinge.

Understanding the conformational changes that occur as a
potassium channel undergoes the reversible transition be-
tween the open and closed states still represents one of the
major challenges in ion channel structural biology. Comparison
of the X-ray crystal structures of the KcsA K* channel in the
closed state with that of the MthK channel in the open state
has led to a model of K™ channel gating in which the physical
gate is formed by the four pore-lining TM2 helices crossing
over each other near its intracellular entrance to constrict (i.e.,
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close) the pore. During channel opening it is proposed that
the TM2 helices bend in the middle and splay outwards so
that the gate at the lower “helix bundle crossing” widens thus
forming an open pathway from the cytoplasm to the selectivi-
ty filter.!"?

In the open-state MthK crystal structure the TM2 helix is
bent at a highly conserved glycine residue.” This glycine resi-
due is conserved in >80% of K™ channel sequences, and func-
tional studies of the KCNQ1 and NaChBac channels support a
model in which pivoted bending of this glycine hinge occurs
during channel gating.®® However, functional studies of the
Kv Shaker family and the structure of Kv1.2 suggest that the
helices are rigid at this point and instead bend at a highly con-
served PVP motif lower down in S6(TM2) within the helix
bundle crossing.”

Understanding the role of the putative TM2 hinge in Kir
channels is yet more complex because these channels have
two highly conserved glycine residues in TM2; one at the
higher MthK glycine hinge position, the other lower down
closer to the helix bundle crossing in a position which aligns
with the Shaker PVP motif (Figure 1)

2L, DA
‘\('&\\f\

A A upper
L

Figure 1. Homology model of the pore of a Kir channel with only TM2 a-
helices shown in yellow for clarity. The position of the two highly conserved
glycine residues in TM2 are shown as cpk spheres. The “upper” glycine
hinge region is thought to bend during channel gating. However, the role
of the “lower” glycine at the helix bundle crossing is unclear.

Previous studies have used traditional site-directed muta-
genesis to investigate the role of these conserved glycines and
other TM2 residues,®*®"" and suggest an important role for
the upper glycine hinge in channel gating. However, these re-
sults can be difficult to interpret because changing the nature
of the amino acid side chains at these positions does not
simply change TM2 flexibility and often has secondary unin-
tended effects on channel gating. Indeed, recent studies have
shown that the side chain at the upper glycine hinge position
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in Kir3.4 interacts with residues within the P-loop and might
alter channel gating indirectly through these interactions.!'>™

One way to circumvent this problem is to use unnatural
amino acid mutagenesis to mutate the peptide backbone of
the TM2 a-helix in order to change its flexibility. The introduc-
tion of amide-to-ester backbone mutations preserves the
nature of the side chain, but the mutation cannot serve as a
hydrogen bond donor as the critical -NH is missing. Therefore,
substitution of a glycine with a-hydroxyacetic acid will have
two major affects. Firstly, it will remove a backbone hydrogen
bond that stabilizes the a-helix. Secondly, it will greatly lower
the rotation barrier around the ester (formerly amide) bond.
These combined effects will allow greater twisting and flexibili-
ty of TM2 at these specific positions,"? and this approach has
successfully been used to study the relationship between TM
flexibility and gating in the nicotinic acetylcholine receptor.

In this study we have used nonsense codon suppression
and synthetic aminoacyl-tRNAs to introduce a-hydroxyacetic
acid (and thereby an amide-to-ester mutation) into both the
upper and lower conserved glycine positions in Kir2.1 channels
expressed in Xenopus oocytes. A nonsense suppressor tRNA
containing a CUA anticodon was synthesized and chemically
charged with a-hydroxyacetic acid (aG). This charged suppres-
sor tRNA was co-injected into Xenopus oocytes with Kir2.1
mRNA mutated to contain a UAG stop codon at either the
upper (G168X) or the lower (G177X) glycine positions in TM2.

In both cases, currents several pA in amplitude were ob-
tained within 24-36 h. This technique is potentially subject to
a variety of artifacts caused either by readthrough of the stop
codon, or reacylation of the tRNA with a natural amino acid."
However, for both G168X and G177, injection of up to 10 ng
of mRNA alone failed to generate any current even after 48 h.
Likewise co-injection of mutant mRNA and uncharged tRNA
failed to generate currents different from uninjected controls
(not shown).

Co-injection of G177X mRNA and charged suppressor aG-
tRNA yielded whole-cell currents which appeared identical to
wild-type Kir2.1. By contrast, the currents generated by oG-
tRNA suppression of G168X mRNA were markedly different

(Figure 2); the currents showed stronger inward rectification
(ratio of inward to outward current) at positive potentials, and
a much slower time-dependent activation at hyperpolarizing
potentials; whereas wild-type Kir2.1 currents reach a steady-
state rapidly at —100 mV (z=367 +76 ms), channels with aG
at position 168 (0G168) were markedly slower (r=1970+
60 ms).

We also recorded single channel currents for aG168 and
aG177 mutant channels in cell-attached patches from Xenopus
oocytes. As shown in Figure 3, the single channel amplitude
for both mutants appeared unaffected, and the open probabil-
ity (Po) for aG168 channels (0.25+0.02) and aG177 channels
(0.26+0.03) was also not different to wild-type Kir2.1 (0.23+
0.02).

Wild-type Kir2.1

JTTIT

aG168

1A B O

aG177

wed LT 0T T

1pA

500 ms

Figure 3. Cell-attached single channel recordings of wild-type Kir2.1 com-
pared to aG168 and aG177. Recorded at —100 mV.

The lack of any effect of introducing aG at the lower con-
served glycine (G177) in the helix-bundle crossing is highly sig-
nificant as this demonstrates that increasing TM2 flexibility at
this position does not affect Kir2.1 channel gating. This result
is consistent with our previous study® which indicated that

0.2+
mV n--B—a—u—1
. /T T T T T 5 P
WT Kir2.1 aG168 aG177 o
Py
|
| )
5
% 044 _a— WTKir2.1
- —— & —o— aG168 Kir2.1
L v
N — £ 06+ aG177 Kir2.1
]
17}
¥ -
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om /
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Figure 2. Representative whole cell current traces of wild-type Kir2.1, aG168, and aG177 recorded at potentials between —120 and + 40 mV. Introduction of
a-hydroxyacetic acid into the upper hinge position (0G168) causes some increased rectification at positive potentials and a much slower time-dependent acti-
vation at negative potentials. The increased rectification of aG168 currents is more clearly visible in the steady-state current-voltage (//V) plot in the right

hand panel (n=6).
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the size of the glycine side chain at this position is probably
more important for tight-packing of the TM2 helices at the
helix-bundle crossing, rather than allowing it to act as a flexi-
ble “gating hinge”. All previous studies of mutations at this
highly conserved lower glycine position have either produced
nonfunctional channels or shown various effects on channel
gating which have been difficult to dissect.®” We now show
that these effects on gating are likely to have arisen indirectly
from unintended changes in TM2 packing at the helix-bundle
crossing, rather than as result of changing TM2 flexibility per
se.

By contrast, the changes observed in macroscopic gating ki-
netics upon introduction of aG into the upper glycine hinge
position (aG168) are consistent with an important role of this
putative hinge residue in Kir channel gating. However, simply
increasing TM2 flexibility at this position does not cause an
increase in open channel probability as might be expected. In-
stead, aG168 channels exhibit an increase in their time-depen-
dent activation at hyperpolarizing potentials; this indicates
that they might be more difficult to open. However, the open-
probability of these mutant channels is not markedly different
to wild-type Kir2.1; this indicates that any such effect is transi-
ent before currents reach the steady state level. These changes
in time-dependent activation could either be due to the fact
that increasing TM2 flexibility at this upper hinge position ac-
tually impairs, rather than eases, channel opening. This would
mean that a certain degree of TM “rigidity” at this point in the
a-helix is important. Alternatively, it could be due to a stronger
interaction of Kir2.1 with intracellular polyamines such as sper-
mine which bind deep within the pore and which would un-
block more slowly at hyperpolarizing potentials thus contribu-
ting to the time-dependent activation. The increased rectifica-
tion of G168 channels would be consistent with this, and sim-
ilar effects of polyamines have also been proposed to underlie
the time-dependent activation in Kir3.0 channels."

In terms of a structural explanation, it is possible that an in-
crease in TM2 flexibility at this upper hinge position allows the
TM helices, and thus the inner pore, to open slightly wider
thereby allowing polyamines to penetrate more deeply into
their binding site. Alternatively, the aG168 mutation might
affect the principal binding site for polyamines which resides
one o-helical turn below G168 (D172)."" The amide-to-ester
mutation at G168 also reduces the electronegativity of the car-
bonyl oxygen in the ester linkage and it is this carbonyl which
H-bonds with the —NH group of D172."'® Thus, in addition to
any effects on intrinsic channel gating, the G168 substitution
might also influence the relative position of the D172 rectifica-
tion control site and influence the block by intracellular poly-
amines.

In conclusion, our results demonstrate that unnatural amino
acid mutagenesis is a viable approach to study the influence
of backbone flexibility in Kir channel gating in a way not possi-
ble with traditional forms of side-chain mutagenesis. Although
we have only investigated changing TM2 flexibility at two po-
sitions, our results indicate that that the small nature of the
glycine side chain at the lower putative glycine “hinge” posi-
tion is likely to be more important for tight packing of TM2 at

ChemBioChem 2008, 9, 1725-1728
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the helix bundle-crossing rather than allowing it to act as a
gating hinge. Furthermore, although the effects of increasing
TM2 flexibility at the upper hinge position are comple, it
does not simply make the channel easier to open. It is there-
fore likely that a degree of backbone rigidity in the a-helix at
this position is essential for correct channel function. This
study therefore presents the possibility of a more detailed
analysis of TM2 flexibility in potassium channels by using un-
natural amino acid mutagenesis at other positions within TM2
by incorporation of a range of a-hydroxy acids. Such an ability
to combine high-resolution structural mutagenesis and func-
tional analysis with the increasingly detailed 3D structural data
now available will become an important tool in our under-
standing of the dynamic changes which occur during K* chan-
nel gating.

Experimental Section

Synthesis of tRNA acylated by a-hydroxyacetic acid (aG-tRNA):
The nitroveratryl (NV) protected cyanomethyl (CM) ester of a-hy-
droxyacetic acid (aG) was synthesized as done previously."” Briefly,
NV-0.G-OH (1.0 g, 79% vyield) was synthesized by mixing tert-butyl
bromoacetate (1.4g) and 4,5-dimethoxy-2-nitrobenzyl alcohol
(1.0g) in a solution of 40% tetra-n-butylammonium hydroxide
(0.8 mL) in 50% aqueous NaOH (4.5 mL) at 0°C for 15 min. NV-aG-
OH (0.95 g) was then treated with chloroacetonitrile (1.3 mL) in
triethylamine (1.9 mL) to afford an activated ester, NV-aG-CM
(0.8 9, 75% yield). The dinucleotide, 5-O-phosphoryl-2’-deoxycyti-
dylyl-adenosine (dCA), was synthesized by using the solution-
phase phosphoramidite method originally reported by Robertson
et al.” and later modified by Kearney et al.”"! The key phosphora-
midites;  5’-dimethoxytrityl-N-benzoyl-2'-deoxycytidine,3'-[(2-cya-
noethyl)-(N,N-diisopropyl)]-phosphoramidite as well as bis(2-cya-
noethyl)-N,N-diisopropylphosphoramidite were purchased from
Glen Research (Sterling, Virginia, USA) and Cambio (Cambridge,
UK), respectively. The phosphoramidites were coupled successively
to the substrate, tetrabenzoyladenosine,”” to afford fully protected
dCA. After deprotection with concentrated NH,OH, dCA was puri-
fied with reversed-phase HPLC (SUPELCO PLC-18, 250 mmXx
21.2mm; 7mLmin~"; 5-90% CH,CN in 25mm NH,OAc over
60 min; UV 260 nm; t;=12 min) and identified with ESI-MS (the
molecular ion [M—H]~ of dCA was detected at m/z 635). NV-0G-CM
(17 mg) was coupled to the dinucleotide dCA (12 mg) in DMF
(1 mL) and purified by reversed-phase HPLC (the same conditions
as above, tg=37 min). Formation of NV-aG-dCA was confirmed
with ESI-MS (the molecular ion [M—2H]*" of NV-0G-dCA was de-
tected at m/z 443.5). Truncated 74-mer THG73 tRNA., was pre-
pared by in vitro transcription with the Mega-Short Script kit
(Ambion, Austin, TX). NV-a.G-dCA was then enzymatically ligated to
truncated 74-mer THG73 tRNA, as detailed previously.”? Comple-
tion of the ligation was ensured by using 15% TBE-Urea PAGE;
Samples (0.5 mg) were run for 3 h at 150 V and stained with 0.2%
Stains-All (Sigma) in 50% formamide for 5 min, destained in water
for 15 min, following which 74-mer and 76-mer tRNAs are distin-
guishable. Immediately before coinjection with mRNA, NV-0.G-tRNA
was deprotected by photolysis to give aG-tRNA. 2 ng mRNA and
20 ng aG-tRNA were injected into the oocytes in a total volume of
50 nL. For control experiments, mRNA was injected in the absence
of tRNA, and with the full length THG73 76-mer tRNA. Electrophy-
siological experiments were performed 18-36 h after injection.
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Electrophysiology: Macroscopic whole-cell currents were recorded
by standard two-electrode voltage clamp analysis as done previ-
ously.”® For cell attached single-channel currents the pipette solu-
tion contained (in mm); KCl 120, CaCl, 1.8, and HEPES 10 (pH 7.2).
The bath solution contained (in mm): KCl 120, EGTA 2, Tetrasodium-
pyrophosphate 1, and HEPES 10 (pH 7.2). Under these conditions
wild-type Kir2.1 exhibits a relatively low Po (~0.25) thus making
any potential increase in open-probability easier to observe.*"
Single-channel activity was recorded by using an Axopatch 200B
amplifier (Axon Instruments) at a voltage of —100 mV, filtered at 1-
2 kHz (Frequency Devices 900), sampled at 5-10 kHz, and stored
directly into the computer’s hard disk through the Digidata 1322 A
interface (Axon Instruments). All measurements were made at
room temperature (21-23°C). Analysis was carried out with Clamp-
fit 9.2 (Axon Instruments).
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Smart Magnetic Resonance Imaging Agents that Sense Extracellular

Calcium Fluctuations

Goran Angelovski,*® Petra Fouskova,” llgar Mamedov,” Santiago Canals,® Eva Toth,*® and

Nikos K. Logothetis® 9

Understanding brain function requires not only a comprehen-
sion of the physiological workings of its individual elements,
that is, its neurons and glia cells, but also demands a detailed
map of its functional architecture and a description of the con-
nections between populations of neurons, the networks that
underlie behaviour. Microelectrode recordings yield informa-
tion only about single neurons. The activity of networks can
be better studied with in vivo neuroimaging, such as positron
emission tomography (PET) and magnetic resonance imaging
(MRI). The so-called blood-oxygen-level-dependent (BOLD)
functional MRI (fMRI) is today the mainstay of volume neuroi-
maging in humans and animals. It capitalises on the neuro-
metabolic and neuro-vascular link; in other words, it exploits
the increases in metabolism and blood flow that ensure a re-
gional brain activation."?

However, the BOLD technique has unavoidable physiological
limitations that are derived from the very vascular origin of the
signal, which reduces the maximal achievable temporal resolu-
tion to several seconds and complicates its functional interpre-
tation. Despite recent advances in the understanding of the
neurophysiological basis of fMRI signals,” the relationship be-
tween the measured BOLD signal and the underlying neural
activity is still not well understood."? Thus, the use of other
MRI techniques based on paramagnetic contrast media, such
as complexes of gadolinium,*® seems to be mandatory, and
the involvement of synthetic, coordination and physical
chemistry might have an important contribution to overcom-
ing some of the current problems.

A step forward in the fMRI field is the development of bioac-
tivated, responsive or “smart” contrast agents (SCA) as func-
tional markers for signals that are directly linked to neuronal
processing, thus resulting in a fMRI signal that is independent
of neurovascular coupling and the obligatory slow haemody-
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namic responses.”” “Intelligent” probes that involve pH-sensi-
tive,” metal-ion-activated,’®'® enzyme-activated"’"'? or
oxygen-activated®” metal complexes have slowly been devel-
oped. For tracking neural activity, several possible markers that
are responsive to the concentration of certain ions, neurotrans-
mitters or transmembrane potential might be envisaged. Very
important work in this direction has been performed in recent
years by imaging fluorescence signals that report intracellular
Ca’" fluctuations.”’ Ca’" ions are indeed crucial in several
steps in neuronal signalling, and their intra- and extracellular
concentrations change dramatically during brain activity.*”

Attempts toward Ca’*-sensitive MRI SCA that mainly use
two different approaches have been reported: 1) DOPTA-Gd
has a T, response upon interaction with Ca** ions 2)a T,
agent that is based on the Ca’'-related aggregation of super-
paramagnetic iron nanoparticles and calmoduline."” Both ap-
proaches have limitations. Given its dissociation constant in
the um range, DOPTA-Gd is not capable of reporting Ca*" con-
centration changes in the extracellular space (mm range). In
addition, due to the low sensitivity of MRI, DOPTA-Gd can
hardly detect changes in intracellular Ca>*. On the other hand,
the time course of the Ca’"-dependent aggregation of super-
paramagnetic iron oxide (SPIO) conjugates is above 1 s, which
prevents the tracking of fast Ca’"-concentration changes.
Thus, the development of novel smart MR agents that are able
to sense and report physiological Ca** fluctuations is
desirable.

In an attempt to circumvent current problems and the lack
of an efficient Ca®>™ MR marker, we have designed complexes
Gd,L' and Gd,L* (Scheme 1), which are expected to promptly
respond to a Ca>*-concentration change by altering their mag-
netic properties. We considered that a T, agent (Gd*" complex)
would be more favourable, because a fast magnetic response
can be achieved only by intramolecular interactions.” Also, to
detect MRI contrast changes that are related to the relaxivity
change of a SCA upon interaction with Ca’*, one needs rela-
tively high concentrations of the agent, and the conditional
dissociation constant of the Ca>"-SCA entity should be in the
mm range under physiological conditions. Thus, targeting the
extracellular Ca®" seems more reasonable, given that the con-
centration of free extracellular Ca>* can decrease up to 30%
from its resting state (~ 1.2 mm) during intense stimulation .2
Furthermore, targeting extracellular Ca** mitigates the chemi-
cal design, because additional requirements for cell internalisa-
tion can be neglected.

The ligand of choice was a modified EGTA chelator linked to
two macrocyclic moieties that bear Gd** ions. EGTA is highly
selective for Ca®* (logKc,eea=11.0 vs. logKygearn="5.2).2" As
we recently described, the transformation of carboxylate
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Scheme 1. Structures of investigated complexes Gd,L' and Gd,L>.

groups of poly(amino carboxylates) into amides leads to a de-
crease in the Ca?"-association constant by several logK units,
while the selectivity for Ca?* versus other competitive metals,
mainly Mg®™, is preserved. Furthermore, the high flexibility of
the Ca”"-complexing unit also seems to be beneficial.?%*"

The facile synthesis of the desired products was performed
by considering their complex structure and limited freedom
for undergoing several synthetic transformations with quite
massive and acid-sensitive reagents, such as DO3A-tBu-ester
derivatives (Scheme 2). Namely, the protected amine 1, which
underwent alkylation of tert-butyl 2-bromoacetate and reduc-
tive removal of two benzyl groups, gave precursor 3. The
second precursor for coupling was obtained in a single reac-
tion step by an amide formation from DO3A-ethylamine/
DO3A-propylamine and 2-bromoacetic acid. In the next step,
the secondary bis-amine 3 was alkylated with bromides 5a,b
to give bis-macrocycles 6a,b in good yields. Deprotection of
the tert-butyl groups in both bis-macrocycles yielded the final
ligands L' and L?, which after complexation with Gd** in water
under neutral pH gave Gd,L' and Gd,L%

m ,—COy

e
N N

-0,c— \— “—CO,

The influence of Ca’" on the paramagnetic prop-
erties of the Gd*™ complexes was investigated by re-
laxometric titrations (11.75T, 25°C, in HEPES buffer;
Figure 1). After the addition Ca>" (5-6 equiv), the ini-
tial relaxivities of 4.05 and 3.44 mm~'s™' for Gd,L'
and Gd,L? respectively, reached the maximal values
of 6.86 and 6.29 mm™'s™' (69 and 83% relaxivity in-
crease for Gd,L' and Gd,L? respectively). The fitting
of the curves resulted in the apparent association
constants of logK,=3.740.2 (Gd,L") and logK,=
4.740.3 (Gd,L?). The reversibility of the SCA-Ca®" interaction
was checked by the addition of an equimolar amount of EDTA
with respect to the Ca’". For both complexes, the relaxivity
dropped back to the values of the Ca®"-free solutions. Both
complexes are highly selective toward Ca®" versus Mg?*
which are the only physiologically abundant alkaline earth cat-
ions. The total relaxivity change after the addition of ~5 equiv-
alents of Mg®"™ was 3 and 6% for Gd,L' and Gd,L? respective-
ly. Accordingly, when Ca’* (~5 equiv) was added to solutions
that already contained Mg, the relaxivity of the complexes
reached the plateau as in the Mg*"-free experiments.

The mechanism responsible for the relaxivity change upon
the SCA-Ca’" interaction was previously investigated for simi-
lar systems.['*'%282% The contribution of the rotational dynam-
ics to the overall relaxivity is minimised at high magnetic
fields,”” and the water-exchange rate, which could change
upon addition of Ca’", does not affect the relaxivity. Conse-
quently, the main parameter that determines relaxivity is the
inner-sphere hydration number. Indeed, a g assessment was
performed on Eu*" analogues Eu,L' and Eu,L? by means of
time-resolved luminescence

H BuO,C— /—\ ,—CO,Bu
— Ph N o™ O™ N N decay measurements. Estimated
) 1 H [ ] ] values of g change upon addi-
a N N ; ; 24
BUO,C— \—t ¥ NH, tion of one equivalent of Ca
Ph da et from 0.3 to 0.7 and 0.5 to 0.9
" {BuO,C o for Eu,L' and Eu,L? respective-
\/N\/\O/\/O\/\N/\COZtBu 4b, n=2 ©) "t ' EW,
ly; this confirms that the ob-
b) 2 Ph served relaxivity changes are in-
BuOC— /—\ —COyBu duced by an increase of the
L, Buo,C_ H - inner-sphere hydration number
\/N\/\O/\/o\/\N/\CO2tBu . E j o p . y
H N N )J\/Br of the investigated complexes.

3 tBuO,C—" \—/ \f')"/\H The potential of MR probes
5a, n=1 were further investigated in
5b, n=2 more complex solutions that

9 mimic the extracellular brain

RO.C COR fluid. We applied a 1:1 mixture
N N T of the Dulbecco’s modified
[ ] 0 (CO?R 9y Eagle’s medium (DMEM, Ca*"-

N N N /~—\ —COR free) and Ham’s F-12 nutrient

RO,C— \t \(V)n/\uJ\/N )

\/\O/\/O\/\N

mixture (F-12), which are widely

P ON N
G

RO,C used media for the culture of

RO,C—" \—/ “—CO,R neurons and other cell types.®"

A residual amount of Ca’"

6a, n=1, R=tBu e) L', n=1, R=H (0.299 mm) is present in the F-
6b, n=2, R=tBu L2, n=2, R=H

Scheme 2. Synthesis of L' and L% Reagents and conditions: A) BrCH,CO,tBu, K,CO,, CH;CN, 80°C; B) H,, 10%
D) K,CO,, CH4CN, 80°C; E) HCO,H, 60°C.

Pd/C, CH,0H; C) BrCH,CO,H, DCC, DMAP (cat.), CH,Cly;
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12 solution, along with other
cations (Na*, K™, Mg**, Fe?*/
Fe**, Zn?"), anions (CI~, SO,*,
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Figure 1. Relaxometric Ca*™ and Mg?" titrations in the buffer solutions. Relaxometric titrations of A) Gd,L' and B) Gd,L? with Ca’" (full symbols) and Mg*"
(open symbols) at 11.75 T, 25°C, pH 7.3 (HEPES). The lines correspond to the fit that is described in the Experimental Section [Eq. (2)].

HCO,~, HPO,*/H,PO,™) and amino acids in physiological con-
centrations. The relaxometric Ca’* titrations that were per-
formed at 37°C resulted in an overall relaxivity change of 39
and 37% for Gd,L' and Gd,L? respectively (Figure 2). The ab-
solute relaxivities are smaller in this complex medium at 37°C
than in water at 25°C. On the other hand, we cannot exclude

0.0 05 10 15 20 25
equiv Ca®

Figure 2. Relaxometric Ca** titration curves of Gd,L' (m) and Gd,L? (4) in
DMEM/F-12, 1:1 (v/v) were performed at 37 °C, pH 7.3 (25 mm HEPES) and
11.75 T. The lines correspond to the fit described in the Experimental Section
[Eq. (2)].

that some anion binding, which is common for DO3A and its
derivatives could also contribute to the diminution of the hy-
dration number and thus the relaxivity.**** The apparent asso-
ciation constants that were obtained from the fit of the titra-
tion curves are logK,=4.1+0.2 and logK,=3.54+0.2 for Gd,L’
and Gd,L?, respectively. The reversibility of SCA-Ca®" interac-
tion was confirmed again by EDTA addition.

To further simulate the biochemical complexity of the brain
and investigate the Ca’"-sensing properties of our complexes
in a biologically more realistic environment, we performed
Ca’" titrations in the DMEM/F-12 medium that contained
GIBCO™ N-2 supplement (N-2). N-2 is composed of a mixture

ChemBioChem 2008, 9, 1729 - 1734
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of proteins (human transferrin and insulin) and hormones (pro-
gesterone) with trace amounts of putrescine. We consider the
DMEM/F-12/N-2 mixture to be a very good approximation of
the brain extracellular medium (BEM). Upon addition of 1.6
1.8 equiv Ca’", the relaxivity of Gd,L' increased from 2.61 to
3.94mm 's™! whereas for Gd,L? it increased from 2.46 to
3.73mm s (51 and 52% change, respectively), and the
fitted apparent association constants were logK,=4.3+0.3
and logK,=4.6+0.4, for Gd,L' and Gd,L?, respectively. To sim-
ulate the transient nature of the Ca®* changes during neural
activity, a subsequent “reverse” titration with EDTA was per-
formed, so that the relaxivities returned to the initial values;
this confirmed the reversibility of the Ca®*-contrast agent in-
teraction even in a complex environment (Figure 3).

The maximal change in Ca’" concentration that might be
expected in the brain is in the range of 0.8-1.2 mm. To esti-
mate the free Ca>* concentration that is effectively available to
interact with the Gd*" complex in the BEM and thus correct
the concentration axis in Figure 3 (total Ca’* concentration)
with the Ca’" quantity that might be involved in protein bind-
ing, we carried out potentiometric titrations using a Ca’*-se-
lective electrode. Experiments were performed under identical
conditions (temperature, BEM cocktail and Ca®"-stock solu-
tions) as in the analogous relaxometric titrations. In both cases
(DMEM/F-12 without and with N-2), the slopes of the electro-
motive force versus log[Ca®'] curves differ by less than 2-3 mV
from the theoretical Nernst value (30.77 mV). In addition, the
free Ca’" concentration was determined with the standard ad-
dition method (Gran plot®) and no remarkable Ca’" seques-
tration was observed; this excludes any significant Ca>* chela-
tion by proteins or any other component of the medium
(Figure 4). Therefore, the concentrations of total Ca’* used in
all titration experiments were considered as “free/available”
Ca’" concentrations in the fitting of the relaxivity titration
curves.

The results that were obtained in the BEM model are ex-
tremely encouraging and the in vivo characterisation of the
complexes is in progress. Gd,L' and Gd,L? are still active and
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A) In this work we report the synthesis and charac-
terisation of two novel Gd*" complexes that exhibit

a remarkable relaxivity response with high selectivity

and full reversibility in their interaction with Ca*".

Given the structural complexity, the synthesis of
complexes is quite facile and provides the desired
structures in satisfactory yields. Moreover, this
straightforward procedure enables further structural
improvements of the chelates. Physicochemical char-

o acterisation of both complexes emphasised the high
relaxivity changes upon alteration of the Ca®>" con-

12 16 20 00 05 10 15

55 e centration. Their behaviour in a biologically relevant
medium, such as the model of the brain extracellular
fluid, is extremely promising. Because they are able
to alter their magnetic properties in response to
Ca’*-concentrations changes, these molecules have
great potential to function also in real in vivo condi-
B) tions. This can be exploited to track in vivo changes
of extracellular Ca>* flux, and thus, neural activity.
Through their remarkable relaxivity properties, these
complexes could lead to high-resolution MR imaging

of brain function.

Experimental Section

Materials: 1,2-Bis(2-benzylaminoethoxy)ethane was pur-
. chased from TCl Europe (Zwijndrecht, Belgium). Cyclen

was purchased from Strem (Bischheim, France). All

equiv Ca®* equiv EDTA
A Ca” addition
3751 4 EDTAaddtion " ® 8
Fay
3.50 1 A ‘
= o endCa®  startEDTA
T BB ussaseunzas titration fitration °
's ~10%
E 300 rehange .
R LS i
" T
2.754 i E
i 15
: 4 : raY
2501 , P L
.
T T : T T T f’n” T T T T
00 04 0.8 12 16 00 05 10 15 20
equiv Ca* equiv EDTA

Figure 3. Relaxometric titrations of A) Gd,L' and B) Gd,L? with Ca>* (full symbols) and

EDTA (open symbols) in BEM at 11.75 T, 37°C, pH 7.3 (25 mm HEPES).

124 =3ICa,,

0.0 . I II I
0.00 0.10 0.

0.05

V/IimL

Figure 4. Total Ca>* concentration in BEM compared to the free Ca>*
concentration, which was determined by the standard addition method.

sensitive to Ca®" concentration changes in the medium that
bears a resemblance to the brain extracellular fluid. Moreover,
the relaxivity changes are as high as ~10% in the relevant
range of Ca** modulation in the brain (0.8-1.2 mm, Figure 3).
Previous theoretical studies predict that ~5% signal change is
detectable in a time-resolved experiment.”” Therefore, these
complexes possess great application potential as fast respond-
ing smart contrast agents.
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other chemicals were purchased from Sigma-Aldrich or
Acros Organics and were used without further purifica-
tion. DO3A-tBu-ester, DO3A-ethylamine (DO3A-EA, 4a)
and DO3A-propylamine (DO3A-PA, 4b) were synthes-
ised according to previously reported procedure; DO3A
is 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid.”®
Column chromatography was performed by using silica
gel 60 (70-230 mesh ASTM) from Merck. DMEM (without L-gluta-
mine, sodium pyruvate and calcium chloride; catalogue number:
21068028), Ham’s F-12 nutrient mixture (catalogue number:
21765029) and N-2 supplement (catalogue number: 17502048)
were purchased from

Invitrogen.

Instruments: 'H NMR and C{'"H} NMR spectra were recorded by
using a Bruker DRX400 spectrometer at room temperature. Relaxo-
metric experiments were performed on a Bruker Avance 500 spec-
trometer. ESI-HRMS were performed by using a Bruker BioApex Il
ESI-FT-ICR, that was equipped with an Agilent ESI-source, measured
by flow injection analysis. ESI-LRMS were performed by using an
ion trap SL 1100 system (Agilent). Size exclusion chromatography
was performed with Amersham AKTA purifier by using HilLoad
26/60 Superdex 30 column from GE Healthcare Biosciences. Lumi-
nescence lifetime measurements were performed by using Quanta-
Master™ 3-PH fluorescence spectrometer from Photon Technology
International, Inc., (Monmouth Junction, NJ, USA). Potentiometric
titrations were performed by using Metrohm Basic Titrino 794 (Her-
isau, Switzerland), with calcium-selective (ELIT 8041) and AgCl ref-
erence (ELIT001n) electrodes that were purchased from NIC-
02000 Ltd. (Middlesex, UK).

Synthesis: Compounds 2, 3, 5a, 5b, 6a, 6b, L' and L were syn-
thesised by following the synthetic pathway that is described in

ChemBioChem 2008, 9, 1729- 1734
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Scheme 2. Detailed synthetic procedures and spectroscopic data
are available in the Supporting Information.

Relaxometric Ca®>*, Mg>* or EDTA titrations of Gd,L' and Gd,L?:
The titrations were performed at 11.75T, 25°C or 37°C and pH 7.3-
7.4 (maintained by HEPES buffer). A solution of CaCl,, MgCl, or
EDTA of known concentration was added stepwise to the complex
solution and the longitudinal proton relaxation time T, was mea-
sured after each addition of the analyte. The relaxivity r; was calcu-
lated from Equation (1) by using the actual Gd** concentration at
each point of the titration. The initial Gd*>" concentrations were de-
termined by measuring the bulk magnetic susceptibility shifts.*

T
T1.obs T1 d

+r,[Gd] (1)

where T, .5 is the observed longitudinal relaxation time, T, 4 is the
diamagnetic contribution in the absence of the paramagnetic sub-
stance and [Gd] is the concentration of Gd*". The titration curves
were fitted to Equation (2) to obtain the apparent association con-
stants, which should be compared with the conditional stability
constant, logK_,.q of Ca—EGTA at pH 7.4, calculated by taking into
account the protonation constants of EGTA*".

obs __ ,min max min
n=n +(r1 7’1)

Standard addition method: The same titrations with BEM were
used to calculate the exact concentration of Ca’" in the solution. A
Gran plot of 10¥° (S value from the calibration experiments) versus
increase in concentration produced by each addition of the stan-
dard Ca’" solution (C,) was plotted, and the unknown concentra-
tion (C,) was determined as the negative intercept on the x axis.*”
The average values of the determined concentrations were com-
pared with the values of total Ca’" concentration (Figure 4).
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Luminescence lifetime experiments: The decay experiments were
performed on Eu,L' and Eu,L? (2.5 mm, 25°C, pH 7.3) in H,0 and
D,0. The Eu* ion was directly excited at 395 nm and emission in-
tensity at 615 nm was recorded with 10 us resolution. Excitation
and emission slits were set to 15 and 5 nm bandpass, respectively.
Datasets were averages of 25 scans and each reported value is the
mean of three independent measurements. Obtained curves were
fitted to the first-order exponential decay with #=0.99. The g val-
ues were calculated from Equation (3) (Table S11).5¢ Upon addition
of the second equivalent of Ca’", no change in g was observed.

q=1.2x (t4)o — Tp)o — 0.25) (3)

Potentiometric titrations: Calibration experiments were performed
in DMEM/F-12 1:1 (v/v) by adding 50 puL increments of a
10.017 mm Ca** stock solution (Figure S1). According to the manu-
facturer’s specifications, Ca>" chelator was not present in either
DMEM or F-12 media. The starting Ca?" concentration was
[Ca’*]1=0.1495 mM. Slopes were obtained from the linear fit by

using the Nernst equation:®

E = K + Slog [Ca*'] (4)

where E is the measured potential, K is the electrode constant, S is
the slope, $=2.303 RT/zF, R=8.314 JK 'mol™~", F=96480 Cmol’,
T=310 K. Obtained results were an average of three titrations; de-
termined slope: $=28.39 mV.

Titrations with BEM: Titrations with DMEM/F-12/N-2, 5:5:1 (v/v/v)
were performed in the same manner as the calibration experi-
ments (Figure S2). The starting Ca’'concentration was [Ca’']=
0.1359 mm. The obtained results were an average of three titra-
tions; determined slope: $=29.84 mV.
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Azido-BODIPY Acid Reveals Quantitative Staudinger-Bertozzi Ligation in
Two-Step Activity-Based Proteasome Profiling
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Activity-based protein profiling (ABPP) research is directed to-
wards the development of tools and techniques that report on
enzyme activity in complex biological samples."* With the aid
of activity-based probes (ABPs)—small molecules designed to
react specifically, covalently, and irreversibly with the active
site residues of an enzyme or enzyme family—enzymatic activi-
ty levels are detected, rather than the protein expression levels
that are measured by means of conventional proteomics tech-
niques. A typical ABP consists of three parts: 1) a “warhead”,
the reactive group that binds covalently and irreversibly to the
enzyme active site, 2) a recognition element targeting the ABP
to a certain enzyme (family), and 3) an affinity tag or a fluoro-
phore for visualization and/or enrichment purposes. In most
ABPs that report on enzyme activity, the reporter group is di-
rectly attached to the probe, with obvious advantages with re-
spect to experimental design. Incorporation of, for instance, a
biotin or large fluorophore in an ABP, however, might have a
detrimental effect either on bioavailability (cell permeability) or
on enzyme reactivity of the probe, or on both. With the aim of
alleviating these problems, the two-step labeling approach is
an important alternative in ABPP. We and Cravatt and co-work-
ers simultaneously reported that this approach is also versatile
in the profiling of enzyme families: namely the proteasome
and serine hydrolases, respectively.>® In two-step ABPP ap-
proaches a small biocompatible reactive group, normally an
azide or an acetylene, is introduced into an ABP. After covalent
modification of a target protein (family), a reporter group is in-
troduced in a chemoselective manner, by means either of Stau-
dinger-Bertozzi ligation®® or of Huisgen [243] cycloaddition
(the “click reaction”, of which both copper(l)-catalyzed®°"
and copper-free! ™ versions exist). Key to the success of such
two-step ABPP experiments are the selectivity (in terms of
cross-reactivity towards endogenous functional groups in a
biological sample) and efficiency (in terms of chemical yields
with which the azide- or acetylene-modified proteins are con-
verted) of the chemoselective ligation step by which the re-
porter group is attached to the modified proteins. There are
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several reports on the selectivity of both Staudinger-Bertozzi
and click ligations.""™ Here we describe a compatible set of
one-step and two-step proteasome ABPs 4 and 6 (Scheme 1)
and demonstrate that with these the efficiency of the Stau-
dinger-Bertozzi ligation in the two-step ABPP of the protea-
some catalytic activities is estimated to proceed in a quantita-
tive fashion.

The design of probes 4 and 6 is based on the new bifunc-
tional azido-BODIPY acid derivative 1, which can be incorporat-
ed into ABPs and subsequently functionalized either before or
after enzyme labeling by both Staudinger-Bertozzi and click
ligation. We have recently demonstrated that the BODIPY-TMR-
modified proteasome inhibitor 8 (MV151) labels all proteasome
catalytic sites both in cell lysates and in living cells."® The ca-
pability to introduce a biotin moiety into 4 at will at any time
in the profiling experiment provides flexibility in designing the
optimal ABP (one-step or two-step), depending on the nature
of the ABPP experiment.

The title compound, azido-BODIPY acid 1, was synthesized
by adaptation of the literature procedures for the synthesis of
BODIPY-TMR"' (Supporting Information) and was subse-
quently converted into the corresponding succinimidyl ester 2
(Scheme 1). Removal of the Fmoc protective group in the
hexapeptide vinyl sulfone 3, followed by condensation with
azido-BODIPY-OSu 2, gave ABP 4. Copper(l)-catalyzed Huisgen
[243] cycloaddition®'” with biotin-propargylamide (5) gave
rise to the fluorescent and affinity-tagged ABP 6.

Having synthesized probes 4 and 6, we assessed their ability
to label the proteolytically active proteasome subunits both in
cell lysates (Figure 1) and in living cells (Figure 2). EL-4 cell
lysates containing both the constitutive proteasome and the
immunoproteasome® were treated with increasing concentra-
tions of 4 or 6 for 1 h at 37°C. The lysates treated with 4 were
then exposed to biotin-phosphane 7 for 1 h at 37°C. All sam-
ples were precipitated, and their protein contents were re-
solved by SDS-PAGE. Direct in-gel read-out of the wet gel slabs
showed uniform labeling of the proteasome catalytic subunits
(B1, B2, B5, P1i, P2i, B5) by both ABPs in a concentration-de-
pendent manner. The observed patterns are similar to those
demonstrated previously (see the labeling pattern of 8, Fig-
ure 1A lane 10 for a representative example).'® Preincubation
with epoxomicin™2?? (Figure 1A, lane 9, Figure 1C, lane 8)
abolished all labeling, which further confirms the activity-
based mechanism of ABPs 4 and 6. ABP 4 appears to be slight-
ly more reactive than its biotinylated counterpart 6 (compare
Figure 1A, lanes 3-5 and Figure 1C, lanes 3-5). Quantitative
Staudinger-Bertozzi ligation on proteasome subunits modified
by ABP 4 is evidenced by the gel shift of those samples
exposed to 100 um biotin-phosphane 7 (Figure 1A; compare
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Scheme 1. Reagents and conditions: a) N-hydroxysuccinimide, EDC, DCM, 2 h, 68 %. b) DBU, DMF, 5 min. ¢) HOBt, 1 min. d) 2, DiPEA, 30 min, 86%. e) 5, 10
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Figure 1. Fluorescence readout (A and C) and streptavidin blot (B and D) of
labeled proteasomes in cell lysate. A) and B) EL-4 cell lysates (25 pg total
protein) were treated with 4 for 1 h at 37°C, followed by Staudinger ligation
(100 pm biotin-phosphane 7) and SDS-PAGE. C) and D) EL-4 cell lysates

(25 pg total protein) were treated with 6 for 1 h at 37°C, followed by SDS-
PAGE. BM =biotinylated marker.

lanes 3-7 and 8). The efficiency of the ligation is also apparent
when the streptavidin blots we prepared from the same gels
are compared (Figures 1B and D). Again, the two patterns are
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Figure 2. A) Fluorescence readout, and B) streptavidin blot of labeled protea-
somes in living cells. Living EL4 cells were exposed to the indicated probes
for 2 h at 37°C, before being harvested and lysed. Lanes 3-6: 25 ug total
protein was treated with biotin-phosphane 7 (100 pm) for 1 h at 37°C.

Lanes 7-10: 25 ug total protein was loaded on SDS-PAGE. BM = biotinylated
marker.

highly similar, and the intensities of the signals are similar for
those experiments in which we applied 10 um concentrations
of either 4 or 6 (Figures 1B and D, lanes 7).

The proteasome labeling potential of ABPs 4 and 6 in living
cells was established by incubating EL-4 cells with either of the
two probes at various concentrations for 2 h at 37°C. The ex-
posed cells were harvested, washed, and lysed, and the lysates
were processed as before (Figure 2). The outcomes of these ex-
periments are highly reminiscent of those involving the ABPP
labeling of lysates depicted in Figure 1. However, the main,
and important, difference is found in the divergent labeling ef-
ficiency now observed for the two probes. In contrast with the

ChemBioChem 2008, 9, 1735-1738
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proteasome profiling experiments on lysates, in which both
probes appeared about equally efficient, we estimate that the
two-step ABP 4 is at least five times more efficient in targeting
the proteasome catalytic activities in living cells. As both
probes are equally efficient in labeling proteasomes in lysates,
this difference must be based on the relative cell permeabili-
ties of the two probes.

In conclusion, we have demonstrated the versatility of the
bifunctional fluorophore azido-BODIPY acid 1 as a new tool in
ABPP experiments. We have established that the Staudinger-
Bertozzi ligation proceeds in quantitative yield under the con-
ditions applied here. This result essentially means that two-
step ABPP may proceed with an efficiency equal to that of
contemporary one-step ABPP approaches with respect to pro-
tein tagging. The efficiency thus depends on the reactivity of
the ABP towards the target protein (family), and not on the
chemoselective ligation employed in the second step. The ad-
vantage of two-step ABPP is evident from the results present-
ed here demonstrating that ABP 4 is better than biotinylated
analogue 6 at labeling proteasomes in living cells. We expect
that BODIPY derivative 1 will be useful to the chemical biology
community outside the proteasome field for several reasons.
Firstly, the system presented here should be of assistance in
optimizing Staudinger-Bertozzi ligation conditions, in reaction
time and in the amount of phosphane used with respect to
the azido modified biomolecule, for instance. Further, azido-
BODIPY acid 1 can be readily transposed to different ABPP
experimental settings. These include not only those directed
towards the profiling of different enzyme families (entailing
the incorporation of 1 into other ABPs), but also those directed
towards the development or employment of other bio-orthog-
onal ligation strategies. An obvious extension of the work re-
ported here is evaluation of the efficiency of the Huisgen cy-
cloaddition reaction, but modification of the azide in 1 to en-
compass reaction partners for new bio-orthogonal ligations are
envisaged as well. We are currently pursuing research in these
directions.

Experimental Section

General: All reagents were commercial grade and were used as re-
ceived unless indicated otherwise. Toluene (Tol, purum), ethyl ace-
tate (EA, puriss.), diethyl ether, and light petroleum ether (PE,
puriss.) were obtained from Riedel-de Haén and distilled prior to
use. Dichloroethane (DCE), dichloromethane (DCM), dimethyl for-
mamide (DMF), and dioxane (Biosolve) were stored over molecular
sieves (4 A). Methanol and N-methylpyrrolidone (NMP) were ob-
tained from Biosolve. Tetrahydrofuran (THF, Biosolve) was distilled
from LiAlH, prior to use. Reactions were monitored by TLC analysis
on DC-Alufolien (Merck, Kieselgel 60, F254), with detection various-
ly by UV absorption (254 nm), spraying with H,SO, in ethanol
(20%), and subsequent charring at ~150°C, by spraying with a
solution of (NH,)sMo,0,,,4H,0 (25gL™") and (NH,),Ce(S0,),2H,0
(10 gL™) in sulfuric acid (10%), followed by charring at ~150°C, or
by spraying with an aqueous solution of KMnO, (7%) and KOH
(2%). Column chromatography was performed on Screening Devi-
ces B.V. silica gel (40-63 um, 60 A). LC/MS analysis was performed
on a LCQ Advantage Max (Thermo Finnigan) fitted with a Gemini
C18 column (Phenomenex). The applied buffers were: A) H,0O,
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B) MeCN, and C) aq. TFA (1.0%). HRMS were recorded on a LTQ Or-
bitrap (Thermo Finnigan). 'H and *C APT-NMR spectra were record-
ed on Jeol JNM-FX-200 (200/50), Bruker DPX 300 (300/75 MHz), or
Bruker AV 400 (400/100 MHz) instruments fitted with a pulsed field
gradient accessory or on a Bruker DMX 600 (600/150 MHz) instru-
ment with a cryoprobe. Chemical shifts are given in ppm relative
to tetramethylsilane as internal standard. Coupling constants are
given in Hz. All *C-APT spectra presented are proton-decoupled.
UV spectra were recorded on a Perkin-Elmer Lambda 800 UV/Vis
spectrometer.

Synthesis

3-{7-[4-(3-Azidopropoxy)phenyl]-4,4-difluoro-1,3-dimethyl-4-bora-
3a,4a-diaza-s-indacene-2-yl}propionic acid N-succimidyl ester (2):
Azido-BODIPY acid 1 (30 mg, 64 umol) was coevaporated thrice
with toluene, before being dissolved in DCM (1 mL). After the addi-
tion of N-hydroxysuccinimide (29 mg, 0.25 mmol. 4 equiv) and EDC
(48 mg, 0.25 mmol, 4 equiv), the reaction mixture was stirred for
2 h. Next, the reaction mixture was diluted with EtOAc, washed
with ag. HCl (0.5 m), dried over MgSO,, and concentrated. Purifica-
tion by column chromatography (0—4% EtOAc in Tol) furnished
title compound 2 (24 mg, 43 umol, 68%). 'HNMR (200 MHz,
CDCly): 6=7.88 (d, J=9.1 Hz, 2H), 7.12 (s, 1H), 6.97 (d, /=8.8 Hz,
2H), 6.96 (m, 1H), 6.56 (d, J=4.4Hz, 1H), 411 (t, J=5.8 Hz, 2H),
354 (t, J=6.6 Hz, 2H), 2.79 (m, 8H), 2.56 (s, 3H), 2.14 (s, 3H),
208 ppm (dt, J=6.0Hz, 2H); “CNMR (50.1 MHz, CDCL): 6=
168.98, 167.55, 159.45, 158.30, 15591, 139.71, 135.10, 133.95,
130.65, 128.37, 128.22, 125.43, 123.12, 11845, 114.09, 64.35, 48.07,
30.69, 28.60, 2539, 18.96, 12.95, 9.47 ppm; HRMS: calcd for
C,7H,,BF,N;OsH: 565.21768; found: 565.21783; for C,H,,BFNOs:
545.21145; found: 545.21130.

N;-BODIPY-Ahx;L;VS (4): DBU (3.3 uL, 22 umol, 1 equiv) was added
to a solution of Fmoc-Ahx;L;VS (3,"® 21.2 mg, 22 umol) in DMF.
After 5 min. of stirring, HOBt (13.4 mg, 0.1 mmol, 4.5 equiv) was
added. Compound 2 (12.4 mg, 22 umol, 1 equiv) and DiPEA (22 uL,
0.13 mmol, 6 equiv) were added to this mixture, which was then
stirred for 30 min before being concentrated in vacuo. Purification
by column chromatography (0.1% TEA in DCM—3% MeOH, 0.1%
TEA in DCM) afforded N;-Bodipy-Ahx;L;VS (4, 22.8 mg, 19 umol,
86%). "H NMR (400 MHz, CDCl,/MeOD): 5 =7.86 (d, J=8.85 Hz, 2H),
7.75-7.60 (m, 3H), 7.51-7.44 (m, 2H), 7.43-7.36 (m, 1H), 7.28-7.22
(m, 1H), 7.20 (s, 1H), 7.03-6.95 (m, 3H), 6.86-6.77 (m, 1H), 6.56 (m,
2H), 4.73-4.60 (m, 1H), 4.38-4.26 (m, 2H), 4.13 (t, J=5.89 Hz, 2H),
3.55 (t, J=6.62 Hz, 2H), 3.21-3.09 (m, 6H), 2.98 (s, 3H), 2.74 (t, J=
7.43 Hz, 2H), 2.54 (s, 3H), 2.31 (t, /=734 Hz, 2H), 2.27-2.20 (m,
5H), 2.16 (t, J=7.51 Hz, 2H), 2.13-2.05 (m, 4H), 1.73-1.18 (m, 27H),
1.03-0.84 ppm (m, 18H); *CNMR (100 MHz, CDCl,/MeOD): &=
174.52, 174.45, 174.08, 173.20, 172.75, 172.72, 172.63, 159.31,
159.11, 154.85, 147.32, 139.97, 134.64, 134.09, 130.27, 128.72,
127.62, 125.36, 122.67, 117.85, 113.82, 64.23, 51.89, 51.85, 47.58,
46.09, 42.06, 41.95, 40.06, 39.87, 39.85, 38.80, 38.69, 35.66, 35.53,
35.38, 35.33, 28.42, 28.31, 25.96, 25.91, 25.80, 24.96, 24.90, 24.80,
2441, 24.38, 24.33, 22.33, 22.29, 22.26, 21.12, 21.08, 21.01, 19.91,
8.85, 8.10 ppm; UV/Vis: A,,=541.94 nm, A.,=570.00 nm, &=
62488 Lmol~'ecm™'; HRMS: calcd for C4;Hg,BF,N,,0,SH: 1206.70906;
found: 1206.71092; for CgHq,BF,N;;O,SNa: 1228.69100; found:
1228.69269; for CqHe BF,Ny;0,SK: 1244.66494; found: 1244.66770.

Biotin-BODIPY-Ahx;L;VS ~ (6):  N;-BODIPY-Ahx;L;VS (4, 5.6 mg,
4.6 umol) was dissolved in tBuOH (0.25 mL), after which aqueous
solutions of CuSO, (3.7 mm, 125 puL, 10 mol%) and sodium ascor-
bate (7.4 mm, 125 pL, 20 mol %) were added. The reaction mixture
was stirred for 12 h, concentrated, and purified by size-exclusion
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chromatography (Sephadex LH-20, eluent: MeOH) to give the title
compound as a brown/red solid (6.9 mg, 4.6 umol, quant.). '"H NMR
(600 MHz, CDCl,/MeOD): 6 =7.88-7.85 (m, 1H), 7.82 (d, J=8.74 Hz,
2H), 7.55 (s, 1H), 7.08 (d, J=3.97 Hz, TH), 6.95 (d, J=8.77 Hz, 2H),
6.66 (dd, J;=15.20 Hz, J,=5.02 Hz, 1H), 6.62 (d, J=3.97 Hz, 1H),
6.54 (d, /=15.23 Hz, 1H), 4.57-4.48 (m, 3H), 4.34-4.27 (m, 3H),
4.27-4.19 (m, 2H), 4.13-4.08 (m, 1H), 4.01 (t, J=5.89 Hz, 2H), 3.10-
3.04 (m, 1H), 3.03-2.95 (m, 6H), 2.91 (s, 3H), 2.79 (dd, J;=12.53 Hz,
J,=5.00 Hz, 1H), 2.62 (t, J=7.43 Hz, 2H), 2.58 (d, J/=12.54 Hz, 1H),
243 (s, 3H), 2.31-2.25 (m, 2H), 2.23-2.17 (m, 5H), 2.16-2.06 (m,
4H), 2.02 (t, J=7.42 Hz, 2H), 1.99 (t, J=7.47 Hz, 2H), 1.65-1.07 (m,
33H), 0.91-0.74 ppm (m, 18H); *C NMR (150 MHz, CDCl,/MeOD):
0=173.79, 173.23, 173.03, 172.32, 172.19, 160.34, 159.72, 154.49,
147.35, 146.45, 145.65, 141.19, 13536, 134.72, 131.72, 131.37,
131.02, 130.99, 130.96, 130.93, 130.07, 129.52, 128.61, 125.91,
124.40, 124.36, 123.39, 123.33, 118.35, 114.77, 114.71, 65.09, 61.78,
60.00, 56.07, 52.08, 51.97, 47.12, 42.50, 42.46, 40.87, 40.79, 40.30,
35.97, 35.93, 35.72, 35.57, 34.65, 30.14, 29.42, 29.33, 28.81, 28.59,
26.68, 26.64, 25.79, 25.69, 25.66, 25.62, 24.89, 24.86, 24.73, 23.17,
23.14, 21.83, 21.76, 21.52, 13.44, 13.12, 9.38 ppm; UV/NVis: A =
551.94 nm, A.,=574.05nm, £=59325Lmol'cm~'; HRMS: calcd
for C,4H,13BF,N,,0,,S,: 1487.82885; found: 1487.83093.

Two-step labeling of fluorescently labeled proteasomes in living
cells: EL4 cells were cultured on DMEM supplemented with fetal
calf serum (FCS, 10%), penicillin (10 unitsmL™"), and streptomycin
(10pgmL™") in a CO, (5%) humidified incubator at 37°C. Some
2-10° cells were seeded in 6 cm Petri dishes and allowed to grow
overnight in medium (1 mL). The cells were exposed to 0, 0.1, 1,
10 um probe (1 uL 100x solution in DMSO) for 2 h, before being
washed with PBS (2x) and harvested. After flash freezing (N, ()
the cells were lysed in digitonin lysis buffer [Tris pH 7.5 (50 mm),
sucrose (250 mm), MgCl, (5 mm), dithiothreitol (DTT; 1 mm), digito-
nin (0.025%), 50 pL] for 5 min. on ice and centrifuged at 16100 rcf
(relative centrifugal force) for 20 min at 4°C. The supernatant con-
taining the cytosolic fraction was collected, and the protein con-
tent was determined by Bradford assay. Some 25 pg of total pro-
tein were incubated with biotin-phosphine 7 (100 um) in lysis
buffer (20 uL) containing DTT (5 mm) for 1 h at 37°C. The reaction
was terminated by a chloroform/methanol precipitation of the pro-
teins.”"! The pellet was solubilized by boiling for 5min in 1x
Laemli’s sample buffer containing [3-mercaptoethanol. The proteins
were resolved by SDS-PAGE (12.5%). Labeled proteasome subunits
were visualized by in-gel fluorescence scanning on a Typhoon vari-
able mode imager (Amersham Biosciences) followed by Western
blotting. The blots were blocked with BSA (1%) in TBS-Tween 20
(0.1% Tween 20) over 30 min at RT, hybridized for 30 min with
streptavidin/HRP (1:10000) in blocking buffer, washed, and visual-
ized with the aid of an ECL+ kit (Amersham Biosciences).
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Zn** Complexes of Di- and Tri-nucleating Azacrown
Ligands as Base-Moiety-Selective Cleaving Agents of RNA
3',5'-Phosphodiester Bonds: Binding to Guanine Base

Qi Wang,® Ewelina Leino, Attila Jancs6,™ Istvan Szilagyi,™ Tamas Gajda,*™’

Emilia Hietamaki,” and Harri Lénnberg*®

The ability of the dinuclear Zn** complex of 1,4-bis[(1,5,9-triaza-
cyclododecan-3-yloxy)methyllbenzene (L') to promote the cleav-
age of the phosphodiester bond of dinucleoside-3',5'-monophos-
phates that contain a guanine base has been studied over a
narrow pH range from pH 5.8 to 7.2 at 90°C. Comparative mea-
surements have been carried out by using the trinuclear Zn**
complex of 1,3,5-tris[(1,5,9-triazacyclododecan-3-yloxy)methyl]-
benzene (L) as a cleaving agent and guanylyl-3',5-guanosine
(5-GpG-3') as a substrate. The strength of the interaction be-
tween the cleaving agent and the starting material has been elu-
cidated by UV spectrophotometric titrations. The speciation and

Introduction

Dinuclear metal ion complexes have received considerable at-
tention as chemical models of phosphoesterases that contain
two metal ions in their catalytic center."! The common aim of
these studies has been the design of a ligand structure that
allows a synergistic action of the two metal ions and, hence,
results in rapid phosphoester hydrolysis. Marked rate accelera-
tions, which are attributed to double Lewis acid activation
have been achieved with both substitution-inert Co®* com-
plexes and substitution-labile Cu®* and Zn?" complexes.®*
The fact that metal ion complexes not only cleave phospho-
ester bonds, but might also recognize base moiety structures,
affords another type of application for dinuclear metal com-
plexes. Azacrown complexes of Zn’" are particularly interest-
ing in this respect. These complexes are known to recognize
uracil and thymine bases,” and they exhibit marked cleaving
activity towards RNA phosphodiester linkages.”” In principle,
they allow the design of base-selective cleaving agents. We
have shown previously that di- and trinuclear Zn?>* complexes
of di- and trinucleating azacrown ligands can be used to mod-
ulate the phosphodiester cleavage of dinucleoside-3',5-mono-
phosphates by simultaneous interaction with the base and
phosphate moieties.”® Among the four possible dinucleotide
3',5-phosphates that are derived from adenosine (A) and uri-
dine (U), viz. 5-ApA-3’, 5'-ApU-3’, 5'UpA-3’ and 5-UpU-3’, the
heterodimers (5'-ApU-3" and 5'-UpA-3’) are cleaved by the di-
nuclear Zn** complexes of 1,4-bis[(1,5,9-triazacyclododecan-3-
yl)oxymethyllbenzene (L") and its congeners up to two orders
of magnitude more readily than 5-UpU-3' or 5-ApA-3'") The
corresponding trinuclear complex of 1,3,5-tris[(1,5,9-triazacyclo-
dodecan-3-yl)oxymethyllbenzene (L), however, cleaves 5'-
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binding mode have been clarified by potentiometric titrations
with hydrolytically stable 2'-O-methylguanylyl-3',5'-guanosine
and "H NMR spectroscopic measurements with guanylyl-3',5'-gua-
nosine. The results show that the guanine base is able to serve as
a site for anchoring for the Zn’"-azacrown moieties of the cleav-
ing agents L' and L? analogously to uracil base. The interaction
is, however, weaker than with the uracil base and, hence, only
the 5'-GpG-3' site (in addition to 5'-GpU-3' and 5'-UpG-3' sites) is
able to markedly modulate the phosphodiester cleavage by the
Zn** complexes of di- and trinucleating azacrown ligands con-
taining an ether oxygen as a potential H-bond-acceptor site.

UpU-3' as readily as 5-ApU-3’ and 5-UpA-3’, whereas the
cleavage of 5'-ApA-3’ remains slow. UV spectrophotometric
and 'H NMR spectroscopic studies have verified the binding of
the cleaving agent to the uracil-containing substrates at less
than millimolar concentrations, but no interaction with the
base moieties of 5-ApA-3’ is observed. With 5-ApU-3" and 5'-
UpA-3/, one of the Zn>"-azacrown moieties in all likelihood an-
chors the cleaving agent to the deprotonated N3 site of the
uracil base of the substrate, while the other azacrown moiety
serves as a catalyst for the phosphodiester transesterification.
With 5’-UpU-3’, two azacrown moieties are engaged in the
uracil binding. The catalytic activity of (Zn>*),L" is, hence, lost,
but it can be restored by the addition of a third azacrown
group on the cleaving agent, as with (Zn*"),L% A similar, al-
though weaker, the tendency for preferential cleavage of
uracil-containing dimers has been reported for di- and tri-
nuclear Cu®>" complexes of calix[4]arens that are functionalized
at the upper rim with 1,59-triazacyclododecan-1-yImethyl
groups.? With oligonucleotide substrates, cleavage of 5-CpA-
3’ bonds has, however, been reported to predominate.* An-
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other example of base-moiety selectivity is offered by the het-
erodinuclear Ni**,Zn>* complex of a spiro di(azacrown) ligand,
2,6,10,14,18,22-hexaazaspiro[11.11]tricosane (L?), which cleaves
uracil-containing dinucleoside-3’,5'-monophosphates consider-
ably more rapidly than ApA.®!

This paper is aimed at clarifying whether interaction with
guanine base affects the catalytic activity of the Zn’" com-
plexes of L' and L% In other words, the previous studies that
were carried out with dinucleoside-3’,5-monophosphates that
were derived from A and U are extended to dimers that addi-
tionally contain guanosine (G) and cytidine (C). According to
the pioneering studies of Kimura, the Zn?>* complex of 1-(acri-

o 0
H KOH H Og_/N\H

T. Gajda, H. Lénnberg et al.

Results and Discussion

UV spectrophotometric titrations

The stability of the ternary complexes that uracil-containing di-
nucleoside-3’,5-monophosphates form with Zn’>" and ligand
L' has previously been evaluated by UV-spectrophotometric
titrations.”? For comparative purposes, similar measurements
have now been performed with guanine-containing dinucleo-
side-3',5-monophosphates. Accordingly, 50 umolL™" solutions
of 5-GpG-3’, 5-GpA-3’ and 5'-GpU-3’ were titrated at three dif-
ferent constant pH values (pH 7.0, 7.5, and 8.0; T=25°C, I=
0.1 molL™") with a solution that contained Zn** and
L' in a 2:1 ratio ([L',=7.5mmolL™"). Figure 1
shows the data that was obtained with 5-GpG-3’
and 5’-GpA-3’ at pH 8.0. Figure 2, in turn, shows the
changes that were observed in the UV absorbance
of 5'-GpG-3’, 5-GpU-3’, and 5'-GpA-3’ solutions as a
function of the concentration of Zn’* and L'. The
latter data refers to pH 7.5 to allow comparison with

LN | NH the data that were reported previously for 5-UpU-3’,
0 H o H H 5-ApU-3’ and 5'-ApA-3.

K\ 2—\N,H L3 The decrease in the UV absorbance of 5-GpG-3’
Hay NP H-N > and 5’-GpU-3’ at 255 nm that was observed upon in-
L/NJ LN\H creasing the concentration of Zn’* and L' undoubt-
H L? edly results from the binding of Zn?>" complexes of
L Ade NH, L' to the base moieties of these dinucleoside mono-
</N ‘ SN phosphates. With 5-GpA-3’, the UV spectrum experi-
5-ApC-3': B'= Ade, B= Cyt N N/) ences only minor changes upon addition of Zn**
5-CpC-3" B'= B2= Cyt | and L' at pH 8.0 (shown in Figure 1), and at pH 7.5
HO o B' 5_CpA-3": B'= Cyt, B?= Ade Cyt NH, practically no changes were observed. Evidently the
5"-ApG-3": B'= Ade, B?= Gua | \i interaction with a single guanine base is quite weak.
O OH 5-GpA-3" B'= Gua, B§= Ade T The data in Figure 2 do not allow an accurate deter-
O:Z—O' i :gﬁgg gtgf‘a BB:_?:;? oo o mination of any particular stability constant. As dis-

- -3:B= , B%= u .
B 5-UpG-3"- B'= Ura, B= Gua (/N o c.ussed .below,.uporT analyzm.g t.he results of poten-
5-GpU-3" B'= Gua, B2= Ura NN N tiometric studies, different binding modes between
OH OH 5".GpG-3": B'= B?= Gua | ‘ 5-GpG-3/, Zn®*, and L' overlap, and because the
5’-UpU-3": B'= B?= Ura Ura o molar absorptivities of these species are not known,
5-UpA-3" B1= Ura, Bz; Ade (L/'\LH their contribution to the overall change in UV
::222::,; ;; g‘gf'Aie_ Ura T o absorption cannot be accurately analyzed. The

din-9-ylmethyl)-1,4,7,10-tetraazacyclododecane recognizes gua-
nine base, although the interaction with monoanionic guanine
base is two orders of magnitude weaker than with monoanion-
ic uracil or thymine base.” The extra oxygen atom that is pres-
ent in L' and L* might, however, strengthen the binding. While
the central ion of the complex is coordinated to the deproton-
ated N1 site, and one of the secondary amino groups becomes
hydrogen bonded to O° of the guanine base, the 2-NH, group
of the guanine base might hydrogen bond to the ether
oxygen of the ligand. The strength of the interaction is evalu-
ated by potentiometric and UV spectrophotometric titrations,
and "H NMR spectroscopic studies. The effect on the cleavage
rate is then determined by kinetic measurements with 5-ApC-
3, 5-CpA-3/, 5-CpC-3', 5'-ApG-3’, 5-GpA-3’, 5'-CpG-3’, 5'-GpC-
3, 5-UpG-3', 5-GpU-3" and 5'-GpG-3'.
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strength of the interaction between Zn*>*, L', and 5'-

NpN-3" appears, however, to decrease in the order:
5'-UpU-3' > 5"-UpA-3' ~5'-GpU-3' ~ 5'-GpG > 5'-GpA-3' ~ 5'-ApA-
3, which is consistent with the well-known high affinity of
Zn**-azacrown complexes to uracil base,” and the observa-
tion that the Zn?* complexes of dinucleating azacrown li-
gands, such as L, bind to 5'-TpT-3' much more efficiently than
to the heterodimers, such as 5-dGpT-3’, 5'-dApT-3’ or 5-dCpT-
3" It is noteworthy that, not only with the uracil-containing
dimers, but also with 5-GpG-3’, the complexation appears to
be quantitative already at millimolar concentrations of Zn?*
and L' at pH 7.5. Because the base-moiety binding is largely
based on competition between the Zn>" ion and a proton for
the deprotonated N3 of the uracil base and the deprotonated
N1 of guanine base, the stability of the ternary complex is
quite sensitive to pH. The titration curves that were obtained
with 5-GpU-3’ offer an illustrative example: half-saturation of

ChemBioChem 2008, 9, 17391748
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Figure 1. UV-absorption spectrum of A) 5-GpG-3’ B) and 5'-GpA-3’

(50 umol L™ aqueous solution) titrated with a solution that contained Zn?*
and L' in a 2:1 ratio ([L'],,;=7.5 mmolL™") at pH 8.0 (25°C; /=0.1 molL™"
with NaNO;). Notation: the molar ratio of 5'-GpG-3/, L' and Zn?>* that is in-
dicated by the arrow refers to the curves from the top to the bottom.

5-GpU-3' (at the concentration of 50 umolL™") is achieved by
the addition of 0.5, 0.7 and 1.3 equivalents of (Zn’"),L' at
pH 8.0, 7.5 and 7.0, respectively (Figure 3).

'H NMR spectroscopic measurements

To verify the ternary complex formation with 5-GpG-3’, as sug-
gested by the UV spectrophotometric data, the interaction of
5'-GpG-3’ with Zn** and L' was studied by '"H NMR spectrosco-
py in D,O at pD 7.1 and 25°C. Figure 4 shows the partial NMR
spectra of a 0.1 mmolL™" solution of 5-GpG-3’ (a), 5'-GpG-3' +
2 equivalents of Zn(NO,), (b), 5-GpG-3'+ 1 equivalent of L' (c),
and 5-GpG-3'+2 equivalents of Zn(NO;),+ 1 equivalent of L’
(d). In addition to the H8 resonances of the guanine bases and
H1’ resonances of the sugar moieties, small signals from impur-
ities in the commercial product were detected (marked with *).
The addition of Zn(NOs), only slightly broadens the H8 signals

ChemBioChem 2008, 9, 1739 - 1748
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4:2:1
[Zn*TIL':INPN]

Figure 2. UV spectrophotometric titration of dinucleoside-3',5-monophos-
phates with a solution that contained Zn*" and L in a 2:1 ratio ([L'],,,=

7.5 mmolL™") at pH 7.5 (T=25°C, /=0.1 molL™"). The changes that were ob-
served in the absorbance of 50 umolL™" solutions of 5'-GpG-3' (m, 255 nm),
5'-GpU-3' (e, 255 nm), 5'-GpA-3’ (A, 257 nm), 5-UpU-3’ (¥, 262 nm),"”’ 5"~
ApU-3' (e, 260 nm)"” and 5'-ApA-3' (<, 258 nm)™ as a function of the molar
ratio of Zn?*, L' and NpN. The contribution of the absorbance of L' has
been subtracted.

0.00

-0.05

-0.10
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-0.15

-0.20

8:4:1
(Zn"JIL'L[GpU]

12:6:1

Figure 3. UV spectrophotometric titration (255 nm) of 5’-GpU-3" with a solu-
tion that contained Zn** and L in a 2:1 ratio at pH 7.0 (e), pH 7.5 (0) and
pH 8.0 (A) (T=25°C, I=0.1 molL™"). The changes observed in the absorb-
ance of a 50 um solution of 5'-GpU-3" as a function of the molar ratio of
Zn**, L' and 5-GpU-3'. The contribution of the absorbance of L' has been
subtracted.

at 7.8 and 7.9 ppm, and the addition of L' has virtually no
effect. By contrast, the addition of both Zn(NO,), and L' results
in marked broadening of both the H8 and H1’ resonances. The
signals that refers to the impurities remain sharp, which
strongly suggests that the broadening is not a consequence of
lowered resolution, but should in all likelihood be attributed to
the formation of a ternary complex between 5-GpG-3/, Zn?",
and L'. However, no marked shift of the Zn>"-L' complex
proton resonances to a higher field takes place, as was ob-
served with 5’-UpU-3’ upon complex formation.
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Figure 4. The H8 and H1’ NMR signals of 5'-GpG-3’ (0.1 mmolL™") in the
absence and presence of Zn*" and L' at pD 7.1 (T=25°C). Notation:

A) 5'-GpG-3’ alone, B) 5'-GpG-3’ + 2 equiv Zn(NO,),, C) 5'-GpG-3' + 1 equiv L',
D) 5'-GpG-3' + 2 equiv Zn(NOs),+ 1 equiv L'.

Potentiometric titrations

To obtain more quantitative data on the interaction of the
Zn’* complexes of L' and L? with 5-GpG-3’, and to clarify the
stoichiometry of the ternary complexes, systems that consisted
of 2'-O-methylguanylyl-3',5'-guanosine (5-G*™pG-3'), Zn(NO,),
and either L' or L2 were subjected to a potentiometric study.

Titration of 5-G*™pG-3’ solution (T=25°C, /=0.1 molL™")
with 0.1 molL™" aqueous sodium hydroxide between pH 3-11
showed a three-step deprotonation process that exhibited pK,
values of ~2.7, 9.08+0.04 and 9.86+0.04. The accuracy of the
first pK, value, which corresponds to the deprotonation at one
of the N7H™ sites, is relatively low, due to the low concentra-
tion of 5-G?™pG-3’ (~ 0.8 mmolL™") that was used. The other
N7H* site is deprotonated well below pH 2 and, hence, it is
undetectable under the experimental conditions. Therefore the
pK, values that are reported for the deprotonations at the
N7H™ sites of 5-GpG-3' (pK,=1.49 and 2.51, /=0.5 molL")"”
have been used for the evaluation of the potentiometric data
that were obtained in the Zn?'-containing systems. The two
higher pK, values can be assigned to deprotonation of the
N1H sites of the two nucleobase moieties. They are compatible
with the values that were reported for 5-GpG-3' (T=25°C,
[=0.1 molL™")."

The pK, values of 1,5,9-triazacyclododecane ([12]aneN;) have
been reported to be 241, 757, and 1260 (T=25°C, I=
0.1 molL™")."? With di- and triazacrown ligands, L' and L?, the
difference between the highest and lowest pK, values is most
likely even larger. It is, hence, understandable that only the
intermediary pK, values of these ligands could accurately be
determined by potentiometric titration under the conditions of
the present study. The values that were obtained with L' are
given in Table 1.

Potentiometric titrations that were performed at 1:1 and 2:1
Zn?"-to-L" ratios indicated the formation of differently proton-
ated mono- and dinuclear Zn’" complexes. Deprotonation
constants that are related to the dinuclear complexes are col-
lected in Table 1. The detailed description of the equilibrium

1742

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. Gajda, H. Lénnberg et al.

Table 1. Some derived equilibrium data that are related to the main spe-
cies that is formed in the Zn*"-L' and Zn?>*-L? binary, as well as the Zn*"
-5'-G*™pG-3'-L" and Zn*"-5'-G*™pG-3'-L? ternary systems (/=0.1 molL™"
with NaNO,, T=298 K). H,G refers to 5-G*™pG-3’' monoanion that has the
N1 sites protonated, and the phosphodiester bond deprotonated. The
pK, values of the ligands are: pK(G)=1.49," 2.51,” 9,08, and 9.86;
pK(L")=6.11, 6.82; pK(L?) =5.82, 6.33, 6.91. The complete sets of equilibri-
um data are given in the Supporting Information.
Process pK®
(Zn* L' =(Zn*"),(OH L'+ H* 8.29
(Zn?"),(OH")L' = (Zn2*),(OH"),L' +H* 7.7
(Zn*),L2 = (Zn“) (OH)L2+H* 7.52
(Zn*");(OH )L (Zn“) (OH),L>+H* 7.26
(Zn?);(OH"),L2=(Zn2*)3(OH"),L2 + H* 8.77
(Zn*),(H zG)L1 (Zn**),(HGIL'+H™* 7.79
(Zn“)z(HG)L1 (@ M),GL"+H* 8.52
(Zn?),(G)L' = (Zn?*),(OH)(G)L'+H* 10.29
(Zn”)a(HzG)L2 (Zn**)y(HG)L2+H " 6.62
(Zrn*);HG)L> = (Zn**);(GL* +-H* 7.49
(Zn?),(G)L2 (Zn“) (OH)(G)L24-H* 9.15
(Zn**);(OH ) (G)L? = (Zn*")3(OH ),(G)L> +-H* 10.28
logK
(Zn?"),L' +H,G = (Zn*"),(H,G)L' 5.19
(Zn*"),L' + HG = (Zn*"),(HG)L' 6.48
(Zn*"),L' +G=(Zn*"),GL’ 7.82
(Zn?");L2 + H,G = (Zn**),(H,G)L2 5.06
(Zn?H),L2 4+ HG = (Zn?*),(HG)L? 7.54
(Zn*");L% + G =(Zn*"),GL? 9.91
[a] PKoqrs =109 Bogis—109 By 1y:s- [b] Taken from ref. [10]

data is presented in the Supporting Information. Figure 5A
shows the species distribution that was obtained for the Zn**/
L' system when Zn*" was applied in twofold excess over L.
Under these conditions, the Zn?>* aqua ion equilibrates, de-
pending on the pH, with the dinuclear diaqua complex,
(Zn*",L', dinuclear monohydroxo complex, (Zn*"),(OH7)-L'
and dinuclear dihydroxo complex, (Zn?*),(OH"),-L", beside the
small amounts of mononuclear species that are present in
larger quantities in equimolar solutions. As seen from Fig-
ure 5A, the hydroxo complexes predominate at pH>7.7, and
the most dominant species is the dihydroxo complex.

The proton releases from the two Zn?"-bound water ligands
take place in a cooperative manner that is reflected by the
small fraction of the (Zn*"),(OH")-L' monohydroxo species.
Similar cooperation was observed by McCue and Morrow! for
the dinuclear Cu>* complexes of bis(triazacyclononane) ligands
that are attached to m- or p-xylyl scaffolds. The authors sug-
gested the formation of intra- and intermolecular p-dihydroxo
bridges for the m- and p-xylyl linked compounds, respectively.
In ligand L', the linker between the two azacrown moieties is
longer and more flexible, consequently, both types of p-dihy-
droxo species may be formed.

Equilibrium studies on the Zn?T-L? system at different
metal-ion-to-ligand ratios showed the formation of mono-, di-
and trinuclear complexes, though the multinuclear species pre-
dominated. The complexation processes are rather similar to
those that were described for the binucleating ligand above.
The species distribution curves that were obtained for the
Zn’*/L% 3:1 system are presented on Figure 5B. In threefold
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Figure 5. Species distribution curves for the A) Zn?*/L' (2:1), and B) Zn?*/L?
(3:1) systems; T=25°C, I=0.1 molL™" (NaNO), [Zn**1,o;= 1.4 mmolL™" (A)
and 2.1 mmolL™" (B).

excess of Zn*" over L% the majority of the complexed Zn®"
ions are distributed between the trinuclear aqua complex,
(Zn**),L% and the respective mono-, di- and tri-hydroxo
complexes (viz. (Zn?T);(OH7)-L?, (Zn*>*);(OH™),-L? and (Zn’T);-
(OH);:L?), respectively. In addition, a dinuclear monohydroxo
complex, (Zn**),(OH")H-L?, that has one of the azacrowns pro-
tonated, is also present in a significant amount. The hydroxo
complexes start to predominate at a slightly lower pH, (viz.,
pH 7.3) than with the Zn?*-L' system. The dihydroxo complex,
(Zn**),(OH7),L?, is again formed by cooperative deprotonation
processes from the trinuclear aqua complex. In the alkaline pH
region (above pH 8.8), the trinuclear complex with a hydroxo
ligand bound to each Zn** predominates.

Previous studies have shown that Zn”" interacts only weakly
with guanosine and its 2-deamino analogue inosine; the logK
values for the formation of the N7 complex with neutral gua-
nosine and N1 complex with inosine N1 monoanion are 0.8
and 2.4, respectively.™ The stabilities that are reported for the
N7-bound Cd** complex of 2'-deoxyguanosine (logK=1.53)
and 5-GpG-3' (logK=1.75) also show weak monodentate
binding."” Consistent with these results, only a very modest in-
teraction between Zn?* and G*™pG was potentiometrically ob-
served at pH < 6.5; this refers in all likelihood to the formation
of a mononuclear N7 complex [Zn** +H,G = (Zn*")H,G, logK=

ChemBioChem 2008, 9, 1739 - 1748
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1.76]. At higher pH, precipitation prevented reliable measure-
ments. By contrast, the ternary complexes of 5-G*™pG-3’
turned out to be quite stable. Figure 6 shows the species dis-
tribution curves for these two systems, when 5'-G*™pG-3’, L',
and Zn*" are present in a 1:1:2 ratio, and 5-G*™pG-3’, L? and
Zn*" are in a 1:1:3 concentration ratio. Comparison of the titra-

A)
100
zm
801 @n?" nOH)GIL!
= 807 , @n*pG)L'
N (Zn* )a(HG)L'

40 -

20

Figure 6. Species distribution curves of the A) Zn*"-G*™pG-L' 2:1:1 and
B) Zn*"-G*™pG-L? 3:1:1 systems {T=25°C, /=0.1 molL™" (NaNO;),
[Zn*T1,ee= 1.4 mmolL™" (A) and 2.1 mmolL™" (B)}. H,G in the labels of the
curves refers to 5-G™pG-3' monoanion that has the N1 sites protonated,
and the phosphodiester bond deprotonated.

tion curves of L', the L'-Zn?* 1:2 binary, and the 5-G*™pG-3'-
L'-Zn?" 1:1:2 ternary systems clearly shows the formation of
ternary complexes (Figure S1). As seen, the ternary complexes
clearly predominate at pH> 7. 5-G*™pG-3’ has five metal-bind-
ing sites with different Zn**-binding affinities: the phospho-
diester unit, and the N1 and N7 nitrogens of both guanine
bases. In the ternary complexes, (Zn’"),(H,G)L' and (Zn*"),-
(H,G)L? form at low pH, and both N1 nitrogens of 5-G*™pG-3’
appear to be protonated (H,G refers to 5'-G*™pG-3' monoan-
ion, having N1-sites protonated and phosphodiester bond de-
protonated). Although, the monodentate coordination of N7
to Zn*" is rather weak, the binding strength of (Zn’"),L' or
(Zn?"),L2 to 5'-G*™pG-3’ can be significantly enhanced by the
formation of a hydrogen bond between O° of the guanine
base and the azacrown ring,*® as well as by the possible addi-
tional coordination of the phosphodiester unit to one of Zn?"
ions. This might explain the unexpectedly high stability of the
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diprotonated ternary complexes (logKz,1,1c=5.19 and
log Kzn12 1,6 =5.06, Table 1). Their existence is strongly sup-
ported by the erroneous fitting of the experimental titration
curves when such species are not involved in the equilibrium
model (see Figure S2). The next two successive deprotonations
of the above-mentioned ternary complexes
(Figure 6) are related to the Zn*"-promoted proton
loss of the two N1H sites of 5'-G*™pG-3'. The ternary HO
complexes (Zn?"),(HG)L' and (Zn*");(HG)L?, which

B1
B’ ko?‘
Y 53

T. Gajda, H. Lénnberg et al.

agent; the concentration of the substrate, Zn’" and L' were
0.05, 1.00 and 0.50 mmolL™", respectively. In each case, the
cleavage led to release the 2',3'-cyclic phosphate and the 5'-
linked nucleoside. The 2',3'-cyclic phosphate was subsequently
hydrolyzed to a mixture of 2'- and 3’-phosphates (Scheme 1).

O OH OH O
have one deprotonated N1H site are significantly o o @z /:Pi, o0=p-0o 0=p—0
more stable than the (Zn**),(H,G)L' and (Zn®");- o=p_o —=——» 0 0 OH OH
(H,G)L> complexes that were discussed above 3 o or (Zn)sL? +
(Table 1). The increased stability might be attributed o HO B2
to high basicity of the metal-bound N1 nitrogen, as OH OH °
well as increased electron density at O° which OH OH

serves as the H-bond acceptor. Binding of the fully
deprotonated 5-G*™pG-3' to the binary aqua species
is even more favored, as indicated by the high sta-
bilities of the (Zn?"),GL' and (Zn®");GL? species (Table 1). It is
also worth noting that the ternary complexes are considerably
more stable in the case of L*> compared to L' (log Kz 1. 6=
7.82, logKz,,2.6=9.91, Table 1). This suggests that the position
of the azacrown rings on the xylyl spacer plays an important
role in determining the stability of the ternary species. The
m-xylyl linked L accommodates better than the p-substituted
L' to the steric requirements of binding to 5'-G*™pG-3’, which
increases the stability of the ternary complex by two orders of
magnitude.

The ternary species (Zn*>*),GL? undergoes two further depro-
tonations, with pK values 9.25 and 10.28. The first one is relat-
ed to the deprotonation of the water molecule coordinated to
the Zn?" ion of the third azacrown ligand, not engaged in the
base-moiety binding. Similar processes have been already de-
scribed for the binary system. The second deprotonation can
probably be attributed to loss of proton from an aqua ligand
of one of the N1-bound Zn?* ions. The analogous deprotona-
tion of (Zn?*),GL" exhibits a very similar pK (10.29).

One has to bear in mind that the ternary complexes that are
described above might appear as protonation isomers. For ex-
ample, the major species for (Zn’"),GL' is probably that with
two Zn’T-bound guanine bases, but its protonation isomer
with the formula (Zn**),(HG)L'(OH™), that is, with one Zn?'-
bound hydroxide ion, might also exist. The presence of these
protonation isomers might have a notable impact on the phos-
phodiester cleavage by the complexes described below.

Cleavage of dinucleoside-3',5'-monophosphates by Zn**
complexes of L' and L?

The cleavage of dinucleoside-3',5'-monophosphates that was
promoted by the Zn’* complexes of L' was followed by ana-
lyzing the composition of aliquots that were withdrawn at ap-
propriate intervals by RP-HPLC. The products were identified
by spiking with authentic samples. The compounds that were
studied were 5-ApC-3’, 5'-CpA-3’, 5'-CpC-3’, 5'-ApG-3’, 5'-GpA-
3, 5'-CpG-3’, 5-GpC-3', 5'-UpG-3’, 5'-GpU-3’ and 5'-GpG-3'. The
reactions were carried out with an excess of the cleaving

1744

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 1. Cleavage of dinucleoside-3',5'-monophosphates.

The pseudo-first-order rate constants for the disappearance of
the starting dinucleoside-3’,5'-monophosphates were deter-
mined over a pH range of 5.90-7.15 (T=90°C, /=0.1 molL™'
with NaNQ,). The cleavage of 5-ApG-3’, 5-GpA-3’, 5-GpC-3/,
5-UpG-3’ and 5-GpU-3’ was additionally studied at a higher
concentration of Zn?>" and L' in the pH range of 5.9-6.9: [Zn*"
1=4.0 mmolL™", [L'1=2.0mmolL™" (T=90°C, /=0.1 molL™'
with NaNO;). At a higher pH, precipitation took place. When
the kinetic data is compared to the potentiometric data, one
should bear in mind that the pH values at 25 °C correspond to
0.8 unit lower values at 90°C, because the ionic product of
water is 1.6 log units lower than at 25°C."™!

Figure 7 shows the pH-rate profiles that were obtained for
the cleavage of dinucleoside 3',5-monophosphates at [Zn**]=
1.00 mmolL™" and [L']1=0.50 mmolL™" at 90°C. At pH 6.9, the
half-lives range from 7.5 min to 8.4 h, depending on the iden-
tity of the base moieties. Consistent with the various base
moiety interactions that are discussed above, the compounds
fall into five different categories. The cleavage of dimers that
contain only adenine and cytosine bases is not markedly accel-
erated compared to the cleavage that is promoted by mono-
nuclear Zn?"[12]aneN; (Table 2). In fact, the rate enhancement
is only 10-20% when the catalytic activity of T mmolL™" Zn?*
solution in the presence of 0.5 mmolL™" L' is compared to that
observed in the presence of 1.0 mmolL™" [12]aneN,. According
to the UV spectrophotometric titrations, there is no interaction
with the base moiety, and evidently no cooperation between
the two azacrown moieties of (Zn*"),L'. Consistent with the
absence of marked pre-equilibrium binding to the base
moiety, the cleavage rate of 5'-ApA-3’ has been shown” to be
increased with increasing concentration of Zn** and L', al-
though not strictly proportionally to their concentration
(Table 2).

Dimers that contain a guanine base in addition to either ad-
enine or cytosine form the second category. They are cleaved
two to fourfold more readily than the dimers that contain only
A or C, but still considerably less readily than 5-ApU-3’ or 5'-
UpA-3'. UV spectrophotometric data do not lend much sup-
port to formation of a ternary complex between of Zn?", L',

ChemBioChem 2008, 9, 17391748
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Figure 7. pH-rate profiles (A-E) for the cleavage of dinucleoside-3',5-monophosphates in the presence of Zn?* (1.0 mm) and L' (0.5 mm) in the pH range
5.9-7.2 at 90°C (/=0.1 m adjusted with NaNO;). The figure that refers to cleavage of 5'-GpG-3’ and 5-UpU-3’ additionally includes the pH-rate profiles that
were obtained with the trinuclear complex (Zn?*),L? (curves UpUL2 and GpGL2 in D). The data that refer to 5'-ApA-3’, 5'-ApU-3’, 5-UpA-3’ and 5'-UpU-3’ are

taken from ref. [7].

Table 2. Pseudo-first-order rate constants for the cleavage of dinucleoside-3',5'-monophosphates promoted by the Zn?>* complexes of L', L2 and [12]aneN,

at pH 6.9 and 90°C (/=0.1 m with NaNO,).
[Zn*"1=1.0 mmol L™’ [Zn*"]1=4.0 mmol L™’ [Zn*1=1.5 mmol L™’ [Zn*"1=1.0 mmol L™’
[L'1=0.5 mmolL™ [L'1=2 mmolL™’ [L2]=0.5 mmol L™’ [12aneN;] = 1.0 mmol L™

5-ApC-3’ 0.46+0.01 0.42+0.02

5'-CpA-3’ 0.64+0.01 0.59+0.03

5'-CpC-3' 0.23+0.01

5-ApA-3'® 0.65+0.02 1.27 £0.04 1.43+0.03 0.54+0.01

5-ApG-3’ 2.01+0.03 4.54+0.09 1.47 £0.05

5'-CpG-3’ 1.85+£0.02 244+0.02 1.48+0.03

5'-GpA-3' 1.82+£0.04 3.16+0.06

5'-GpC-3’ 1.24+£0.03 2.80+0.01 0.45+0.03

5'-UpA-3'@ 6.6+0.5 7.6+0.1 133405 0.60+0.01

5-ApU-3'@ 15.6+0.2 13.5+£0.2 20.3+0.6 0.27 +£0.01

5'-GpG-3’ 0.60+0.02 43+0.2

5-UpU-3'% 0.49+0.02 1.58+£0.02 158+0.3 0.26+£0.01

5'-GpU-3’ 4.36+£0.03 3.04+0.10 0.32+0.02

5-UpG-3’ 1.47 £0.01 2.86+0.07 1.18+0.07

[a] Taken from ref. [7].

and 5-GpA-3’, but evidently a weak interaction exists, and rate is independent of the catalyst concentration at

some pre-equilibrium binding of the cleaving agent to the
substrate takes place. The starting material is not, however,
saturated with the Zn?* complex of L', but the cleavage rate
depends on the catalyst concentration (see the data for 5'-
ApG-3’, 5'-CpG-3', 5-GpA-3’, and 5-GpC-3’ in Table 2).

With 5’-ApU-3" and 5’-UpA-3’, which form the third category,
pre-equilibrium anchoring of the catalyst has been shown to
increase the cleavage rate from one to two orders of magni-
tude.” As discussed previously, one of the Zn?'-azacrown
moieties is evidently bound to the uracil base, whereas the
other azacrown moiety might interact with the phosphodiester
bond and facilitate the departure of the 5'-linked nucleoside
by intracomplex general acid catalysis; the Zn*"-bound aqua
ligand serves as the proton donor (Figure 8).”'® The cleavage
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[(Zn*"),L'1>0.5 mmolL™' (Table 2).

5-GpG-3' and 5-UpU-3’ constitute the fourth category. Their
cleavage in not markedly accelerated on going from a Zn**-
[12]aneN; complex to the dinuclear Zn’>" complex of L, but
the introduction of a third azacrown ligand to obtain a trinu-
clear Zn** complex of L? accelerates the hydrolysis by a factor
of 7 and 32 with 5-GpG-3’ and 5’-UpU-3’, respectively. Evident-
ly the dinuclear cleaving agent is largely anchored to both
base moieties of the dinucleoside-3,5-monophosphate and it
is, hence, unable to serve as a catalyst. In fact, under the condi-
tions that were used in the kinetic experiments, such ternary
complexes predominate more clearly than indicated in Fig-
ure 6A due to the tenfold excess of Zn*>"-L' complexes over
the dinucleoside-3',5-monophosphate. The speciation diagram
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that refers to the concentrations of kinetic experiments (but
25°C) is given in the Supporting Information. In spite of this
macrochelate formation, the cleavage is not inhibited, and it
shows almost first-order dependence of the rate on the con-
centration of Zn’" and L' (see the data for 5-UpU-3’ in
Table 2). In other words, the phosphodiester bond is cleaved
by the excess of the cleaving agent, in spite of the fact that
both of the base moieties are engaged in formation of a
mixed-ligand Zn?* complex together with L'.

Finally, 5'-UpG-3" and 5’-GpU-3’ exhibit features of the forma-
tion of both productive and nonproductive complexes
(Scheme 2). The uracil base anchors the dinuclear Zn** com-
plex of L' through one of its azacrown moieties, whereas the
other azacrown moiety might interact either with the guanine
base or the phosphodiester linkage. Accordingly, the rate
acceleration is more marked than with 5-UpU-3’, but less
marked than with 5’-UpA-3" or 5-ApU-3".

H\
N
/_an‘ N—H

P \—N
E{)\NHZ 20

T. Gajda, H. Lénnberg et al.

moiety binding, the third Zn’*-azacrown moiety might serve
as an intracomplex cleaving agent. For this reason, 5-GpG-3’ is
cleaved by the Zn’" complex of L? seven times as fast as by
the Zn?" complex of L'. Compared to 5'-UpU-3",” the cleavage
still is three times slower.

Experimental Section

Materials: Dinucleoside-3',5-monophosphates, nucleosides, nu-
cleoside 2',3'-cyclic monophosphates, nucleoside 2-monophos-
phates, nucleoside 3’-monophosphates and 1,5,9-triazacyclodode-
cane were products of Sigma and they were used as received after
checking the purity by HPLC. The syntheses of the di- and triaza-
crown ligands, 1,4-bis[(1,5,9-triazacyclododecan-3-yloxy)methyl]-
benzene (L") and 1,3,5-tris[(1,59-triazacyclododecan-3-yloxy)me-
thyllbenzene (L?), have been reported previously.” The buffer solu-
tions that were used in kinetic studies and UV spectrophotometric
titrations were prepared in quartz distilled water. All the reagents
that were used for the preparation of the reaction solu-
tions were of reagent grade.

2'-0-Methylguanylyl-3',5'-(2',3’-O-isopropylidenegua-

nosine): N’-(Dimetylaminomethylene)-2',3'-O-isopropyl-
ideneguanosine (0.53 mmol, 200 mg) was phosphitylat-
ed with Nz-(dimetylaminomethylene)-S’-O-(4,4’-dime-
thoxytrityl)-2"-O-methylguanosine  3'-(2-cyanoethyl-N,N-
diisopropylphosphoramidite) (0.53 mmol, 453 mg) in
MeCN by using tetrazole as an activator. The phosphite
triester that was obtained was oxidized to the corre-

N o
O_I oy O—T_O O sponding phosphate triester with 1, in THF/H,0/2,6-luti-
0 0O H /_g o] o HN/ </ dine (4:2:1). The product was purified by silica gel chro-
4 /_ZI:Z N 4 NQ“/:Z SN matography by using CH,Cl, that contained MeOH
0 N%\ N 0, N_ﬁo (10%) and Et;N (1%) as an eluent. The volatiles were re-
HO 0 H HO H moved by evaporation and the residue (455 mg) was
HO HO

Scheme 2. Structures of the mixed-ligand Zn?*
binucleating ligand L.

complex of 5-GpU-3’ and the

In summary, the results of the present paper indicate that, in
addition to uracil,” guanine base might serve as a site of an-
choring for the Zn?" complexes of 1,5,9-triazacyclododecan-3-
yloxy-derived ligands, L' and L? that is, azacrown-derived li-
gands that contain an ether oxygen as a potential H-bond ac-
ceptor site. Binding to N1-deprotonated guanine is, however,
considerably weaker than binding to N3-deprotonatyed uracil
and, hence, dinucleoside-3',5'-monophosphates that bear one
guanine base in addition to adenine or cytosine base are
cleaved by the dinuclear Zn** complex of L' approximately
one order of magnitude less readily than their uracil counter-
parts, but still three times as fast as the dimers that contain
only adenine and/or cytosine bases. 5-GpG-3’ forms a stable
ternary complex with Zn>* and L', where both of the Zn’"
ions bridge the N1 sites of the base moieties to L. In excess of
Zn?" and L, the cleavage is as fast as with dinucleoside phos-
phates that are derived from adenosine and cytosine, which in-
dicates that a macrochelate formation through the N1 sites
does not inhibit the phosphodiester cleavage by free Zn**
complexes in solution. The trinuclear complex that forms be-
tween Zn®", L2 and 5-GpG-3' is even more stable. Because
only two of the azacrown ligands are engaged in the base-
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subjected to ammonolysis in concentrated aq. ammonia

(10 mL) for 16 h. The solution was evaporated to dry-

ness, and the residue was dissolved in ag. AcOH (80 %,

50 mL). After 50 min, the solution was evaporated to

dryness and the residue was purified on a silica gel
column by using MeCN that contained water (20%) as an eluent.
Yield 38% (0.18 mmol, 120 mg as ammonium salt). 'H NMR
(500 MHz, [DJDMSO+D,0, 25°C, TMS): d=7.95 (s, 1H), 7.93 (s,
1H), 592 (d, J=3.0Hz, 1H), 5.75 (d, J=7.0 Hz, 1H), 5.18 (dd, J;=
3.0, ,=6.0 Hz, 1H), 5.04 (dd, J,=2.5, ,=6.0 Hz, 1H), 4.67 (ddd,
J;=25,J,=5.0,/5=7.5Hz, 1H), 4.28 (m, 1H), 423 (m, 1H), 4.11 (m
TH), 3.96 (dd, J,=5.5, J,=11.0Hz, 1H), 3.86 (dd, J,=55, J,=
11.0 Hz, 1H), 3.56 (dd, J;=3.5, J,=12.5Hz, 1H), 3.50 (dd, J,=3.0,
J,=12.5Hz, 1H), 3.20 (s, 3H), 1.48 (s, 3H), 1.28 (s, 3H); *C NMR
(125.8 MHz, [Dg]DMSO + MeOD, 25°C, TMS): 6 =157.4, 157.3, 154.2,
154.1, 151.9, 151.2, 136.8, 135.9, 117.0, 116.8, 113.5, 89.5, 85.7, 85.6,
84.9, 84.0, 82.3, 82.1, 72.7, 65.0, 64.9, 57.7, 27.1, 25.2; HRMS (ESI*):
calcd for CyH;,N,40,,P: 683.1933 [M+H]*, found: 683.1982; calcd
for C,,H;3;N;00;,PNa: 705.1753 [M+Na]*, found 705.1799; calcd for
C,aHsiN;04,PK: 721.1492 [M+K]*, found: 721.1451.

2'-0-Methylguanylyl-3',5'-guanosine:  2’-O-Methylguanylyl-3',5'-
(2',3'-O-isopropylideneguanosine (0.13 mmol, 90 mg) was dissolved
in THF/H,O (30 mL, 1:1, v/v). The pH was adjusted to 1.5 with aq.
1M HClI and this mixture was stirred at 35 °C for 48 h. The removal
of the 2',3'-O-isopropylidene group was monitored by taking ali-
quots from the reaction mixture at appropriate intervals, and ana-
lyzing their composition by HPLC on a RP column. After the reac-
tion was completed, the solution was neutralized with 1.0 molL™"
NaOH, and lyophilized to dryness. The crude compound was puri-
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fied by HPLC by using aq. MeCN as eluent. The Na salt of the puri-
fied compound was lyophilized again. The purity was checked by
HPLC, ESI-MS, 'H NMR and potentiometric titrations; yield 60%. An-
alytical data: m/z643.1 [M+H]"™ and 641.1 [M—H]" (ESI-MS, posi-
tive and negative mode, respectively). The calculated monoisotopic
molecular mass is: 642.15.

UV spectrophotometric titrations: A 50 umolL™' solution (3 mL)
of either 5-GpA-3’, 5-GpU-3’ or 5-GpG-3’, the pH of which had
been adjusted to the desired value (7.0, 7.5 or 8.0), was placed in a
quartz cell that had an optical path of 1 cm. The temperature of
the cell housing block was adjusted to 25.0+0.1°C, and the UV
spectrum was measured in the wavelength range of 230-300 nm.
A much more concentrated solution of the ligand (7.19 mmolL™")
and Zn®" (14.4 mmolL™") was added portionwise, and after read-
justing the pH to the desired value, the UV spectrum was mea-
sured after each addition.

Potentiometric measurements: The protonation and coordination
equilibria were investigated by potentiometric titrations in aque-
ous solution (/=0.1mM NaNO,, and T=298.0+0.1 K) under argon
atmosphere by using an automatic titration set that included a PC-
controlled Dosimat 665 (Metrohm, Herisau, Switzerland) autobur-
ette and an Orion 710A (Beverly, MA, USA) precision digital pH
meter. The Metrohm Micro pH glass electrode (125 mm) was cali-
brated with the modified Nernst equation [Eq. (1)]:

E=Ey+ K xlog [H]+Jy x [H'] + Jou x (K, /[H']) (M

where J,; and Jo, are fitting parameters in acidic and alkaline media
for the correction of experimental errors, mainly due to the liquid
junction and to the alkaline and acidic errors of the glass elec-
trode;"” the value of 107*7*m? was used for the autoprotolysis
constant, K,, of water."® The parameters were calculated by the
nonlinear least-squares method. The protonation and complex for-
mation constants were calculated by using the PSEQUAD comput-
er program.™ The highest pK, values of the azacrown rings (pK, >
11) could not be determined at the concentrations that were used
in the present study. However, their Zn’*"-promoted deprotonation
takes place below pH 8-9, which should be taken into account
with negative stoichiometric numbers (for example, Zn,H,L' de-
notes the species where a metal ion is bound to both azacrown
rings of L"). This kind of denotation is the correct way of data han-
dling, but would be confusing in the body text of manuscript.
Therefore, the full details of the evaluation of the potentiometric
data are described in the Supporting Information. Consequently, in
the text body L' and L? denote the neutral ligand molecules, and
the charges of the complexes are omitted for the sake of clarity.

The protonation constants were determined from 3-4 independent
titrations (60-80 data points per titration). The complex formation
constants were evaluated from 5-10 independent titrations (50—
100 data points per titration), depending on the complexity of the
system. The metal-to-ligand ratios varied between 4:1-1:1, 2:1-1:1
and 3:1-1:1 in the binary Zn*"-5'-G*™pG-3’, Zn**-L' and Zn*"-L?
systems, respectively, the Zn** concentration fell in the range of
7.0x107%-25x107°m. In the Zn*"-5-G*™pG-3'-L'(L?) ternary
system the concentration ratios were 2:1:1 and 2:2:1 (3:1:1, 2:1:1
and 3:2:1) with the Zn?" concentration in the range of 7.0x107*-
2.0%x107%Mm.

Kinetics measurements: The pH of the reaction solutions was ad-
justed with 0.1m HEPES [N-(2-hydroxyethyl)piperazine-N'-(ethane-
sulfonic acid)] buffer. The pH that was measured at room tempera-
ture was extrapolated to the temperature of the kinetic measure-
ments with the aid of the known temperature dependence of the
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pK, value of HEPES.”” The ionic strength was adjusted to 0.1m
with NaNO;. The final concentration of the Zn>* complex, 0.5 or
2.0 mmolL™", was obtained by adding appropriate amounts of the
ligand and Zn(NO,),.

The reactions were carried out in sealed tubes that were immersed
in a water bath, the temperature of which was adjusted to 90.0+
0.1°C. Aliquots (ten for each reaction) were withdrawn at suitable
intervals to cover at least one half-life (usually 2-3) of the cleavage
and immediately cooled in an ice-water bath. A 0.5m aqg. AcOH so-
lution (10 pL) was added to every sample to quench the reaction
and the samples were stored in a freezer before analysis.

The composition of the aliquots was analyzed by RP-HPLC by
using a Waters Atlantis column dC18 (Milford, MA, USA; 250X
4.6 mm, particle size 5 um). For the analysis of the reaction prod-
ucts, a 0.1m KH,PO,/KOH buffer (pH 6.0, that contained 2.0 mwm
EDTA) and a gradient elution from 1% to 21% of MeCN was
employed. The flow rate was 1.0 mLmin™' and the UV detection
wavelength was 260 nm throughout the work. The products (nu-
cleosides, nucleoside 2',3'-cyclic monophosphates, nucleoside 2'-
monophosphates, and nucleoside 3’-monophosphates) were iden-
tified by spiking with authentic samples.

The pseudo-first-order rate constants (k) for the cleavage of di-
nucleoside-3',5-monophosphates were calculated by applying the
integrated first-order rate law to the area of the peak of the start-
ing material that was obtained upon using a 10 pL loop injection.
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Exploring the Conserved Water Site and Hydration of a
Coiled-Coil Trimerisation Motif: A MD Simulation Study

Jozica Dolenc,®® Riccardo Baron,™ John H. Missimer,'@ Michel O. Steinmetz,' and

Wilfred F. van Gunsteren*?!

The solvent structure and dynamics around ccf3-p, a 17-residue
peptide that forms a parallel three-stranded a-helical coiled coil
in solution, was analysed through 10 ns explicit solvent molecular
dynamics (MD) simulations at 278 and 330 K. Comparison with
two corresponding simulations of the monomeric form of ccf-p
was used to investigate the changes of hydration upon coiled-
coil formation. Pronounced peaks in the solvent density distribu-
tion between residues Arg8 and Glul3 of neighbouring helices
show the presence of water bridges between the helices of the
ccp-p trimer; this is in agreement with the water sites observed
in X-ray crystallography experiments. Interestingly, this water site
is structurally conserved in many three-stranded coiled coils and,

Introduction

Water plays a crucial role in determining the structure of bio-
logical macromolecules, because the thermodynamics and dy-
namics of water and biomolecules are tightly coupled." Dif-
ferent dynamical behaviour can be distinguished for water
molecules that are buried in cavities or surface clefts in the in-
terior of a macromolecule, for hydration water that interacts
with the surfaces of macromolecules, which is more mobile
than internal water, or for bulk water.®® Therefore, under-
standing the hydration of macromolecules requires an atomic-
level structural and dynamical description of the system of in-
terest.

A variety of experimental techniques such as X-ray and neu-
tron diffraction”" and NMR spectroscopy " have been em-
ployed successfully to investigate the hydration of biological
macromolecules. However, experiments provide only temporal
or ensemble averages®®'*'® and for technical reasons may be
carried out on samples that are in other physicochemical envi-
ronments than the biologically relevant one; this makes the in-
terpretation of the results nontrivial.”'®""*2% On the other
hand, computer simulations are able to provide an atomistic
description of the system that includes the temporal and en-
semble distributions of both solute and solvent.® %233

Here, we investigate the hydration behaviour of the de-
novo-designed 17-residue ccB-p peptide with the amino acid
sequence S-IRELEAR-IRELELR-IG which forms a parallel three-
stranded a-helical coiled coil in solution®-¢ by using explicit
solvent molecular dynamics simulations at two temperatures,
278 and 330 K. The structure of the ccf-p trimer has been
solved to high resolution by X-ray crystallography.*¥ A promi-
nent feature of the three-stranded coiled coil is a bifurcated
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together with the Arg and Glu residues, forms part of a motif
that determines three-stranded coiled-coil formation. Our findings
show that little direct correlation exists between the solvent den-
sity distribution and the temporal ordering of water around the
trimeric coiled coil. The MD-calculated effective residence times
of up to 40 ps show rapid exchange of surface water molecules
with the bulk phase, and indicate that the solvent distribution
around biomolecules requires interpretation in terms of continu-
ous density distributions rather than in terms of discrete mole-
cules of water. Together, our study contributes to understanding
the principles of three-stranded coiled-coil formation.

salt-bridge contact formed between Arg8:Ng,Nn2 of one chain
and Glu13:0e1,0e2 of the neighbouring chain (Figure 1). A
water-mediated hydrogen bond between Arg8:0 and Glu13:
Og2 completes this network. Remarkably, this distinct motif, in-
cluding the position of the crystallographic water site, as illus-
trated in Figure 1, is conserved in many three-stranded coiled-
coil domains of intracellular, extracellular, viral, and synthetic
proteins.®” Mutation of Arg8 resulted in a change of the oligo-
merisation state;*® this further supports the importance of the
characteristic electrostatic interactions and the bridging water
molecule for determining the trimeric ccf3-p coiled-coil struc-
tural stability. The contribution to protein stability that is pro-
vided by these salt-bridge networks has been recently investi-
gated by MD simulations in explicit water and analysis of con-
figurational entropy.*®

In the present analysis, we explore the role of the conserved
water site in the trimerisation motif by characterising both the
spatial and temporal ordering of the water molecules around
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Figure 1. The ccf-p coiled coil including the crystallographic water sites that
correspond to helices 1 and 2. The amino acid sequence, including the
heptad repeats (abcdefg), is indicated, and the trimerisation motif is under-
lined. The peptide backbones are represented as ribbons. The Arg8 and
Glu13 side chains of neighbouring helices 1 and 2 that form an interhelical
network with the conserved water site WAT4 are shown in stick representa-
tion. The spheres show the location of water oxygen atoms and their desig-
nations as in Table 1.

the cc-p coiled coil in terms of solvent spatial probability dis-
tributions, hydrogen bonding, solvent accessibility, water ex-
change and residence times. We focus on the identification of
the regions with the highest solvent probability density and
their relation to the water sites that are observed in a high-res-
olution X-ray study.??

W. F. van Gunsteren et al.

Results and Discussion

Solvent density distribution

In Figure 2, the position of the conserved hydration site WAT4
between the Arg8 and Glu13 residues of the neighbouring
helices of the ccf3-p trimer is compared with the peaks in the
solvent density distribution derived from the MD simulations
at 278 and 330 K. The number density distribution of the water
oxygen in Figure 2 corresponds to 2.5 times the bulk water
density (that is, 83.6 nm™). The results show that the water
site, WAT4, that is close to Arg8 and Glu13, which is the highly
conserved structural motif appears between all helix pairs of
the ccp-p trimer at both temperatures. The pattern becomes
particularly clear at higher temperature; this indicates 1) better
sampling of the (solvent) configurational space at 330K and
2) a reduction of solvent-shielding effects with increased tem-
perature 2839

Regarding the additional water sites reported in the X-ray
crystal structure of the ccf-p coiled coil, a maximum of two
times the bulk water number density (that is, 66.9 nm~3) has
been observed at 278 K for water site WAT7, which is located
close to the Cd atom of Glu11 and carbonyl oxygen of Ala7. At
330 K two weak maxima in the number density distribution
have been found in the vicinity of the crystallographic water
sites WAT3 and WAT7. On the other hand, the crystallographic
water sites WAT1, WAT2 and WAT5 do not stand out as hydra-
tion sites in the solvent density distribution, which suggests
that the water molecules are trapped at the specified positions
because of crystal packing effects. A detailed analysis of the
crystal structure reveals that the water molecule that corre-
sponds to the site WAT1 is hydrogen bonded to water mole-
cule WAT6. Similarly, the water molecule that occupies water
site WAT2 is hydrogen bonded to the water molecule that cor-
responds to site WAT3 (Table 1).

Figure 2. Comparison of the position of the conserved crystallographic water site WAT4 (dotted sphere) with the peaks in three-dimensional solvent (oxygen)
number density distribution around the cc3-p coiled coil (red contours) at 278 K (upper panels) and at 330 K (lower panels). Each of the three helices is col-
oured distinctively (helix 1 in purple, helix 2 in green, helix 3 in blue) and the side chains of Arg8 and Glu13 of the neighbouring helices are shown in stick
representation. The contour threshold corresponds to 2.5 times the bulk water density.
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Table 1. Designations of crystallographic water sites and their distances
(d) from nearest residue side chains and water sites for the ccf3-p coiled
coil.
Water Location d Water Location d
site [nm] site [nm]
1:WAT1 1 GLU4:Cd 0.46 1:WAT4 1 Glu13:Cd 0.35
1 GLU11:Cd 0.45 3 Arg8:0 0.30
1 WAT6:0 0.30 1:WAT5 1 Glu7:Cd 0.40
1:WAT2 1 Arg10:Cd 0.46 1 Arg4:0 0.32
1 Leu14:Cy 0.49 1:WAT6 1 Arg8:Cy 0.33
1 WAT3:0 0.31 1 Glu11:Cd 0.36
1:WAT3 1 Arg10:0 0.35 1 WAT1:0 0.30
1 Glu13:Cd 0.36 1:WAT7 1 Glu11:Cd 0.31
1 WAT2:0 0.31 1 Ala7:0 0.31

In order to clarify the structural role of water in the con-
served water site between the Arg8 and Glu13 residues, the
number density distribution for water hydrogen atoms has
been calculated and superimposed on the water oxygen densi-
ty maps (Figure 3). Although the maxima in the number densi-
ty distribution of the water hydrogen atoms are less well-de-
fined as in case of the water oxygen distribution due to the ro-
tational movements of the water molecules®” (Figure 3), the
water hydrogens appear to be oriented with respect to the
carbonyl of Arg8 and the side chain of Glu13. Particularly the
density distribution between helices 2 and 3 at 330 K clearly
shows a water molecule bridging the two helices. As in the
case of the water oxygen atoms, the maxima in the number
density distribution of hydrogen atoms are more distinct at
the higher temperature.

Solvent-accessible surface area

The solvent-accessible surface area (SASA) for the cc3-p mono-
mer and the ccf3-p coiled coil at 278 and 330 K, is displayed in

FULL PAPERS

Figure S1 in the Supporting Information. The SASA time series
for the helices 1, 2 and 3 of the ccf3-p coiled coil at 278 and
330 K are shown in the lower three panels, the time series for
the monomer is shown in the upper panel. The average areas
for the three helices of the trimer at the two temperatures are
indistinguishable within the standard deviations; the values
are 20.6(%0.5) and 21.1(£0.6) nm? 21.2(+ 0.6) and 20.9(+0.7)
nm?, 21.8(£0.7) and 20.9(£0.7) nm?, respectively. The similarity
among the helices suggests that the simulations have con-
verged well. The similarity between temperatures confirms the
stability of the ccf3-p coiled coil in both molecular dynamics
simulations. Averages and standard deviations are about half
those of the monomer at the two temperatures: 41.0(41.2)
and 41.6(+£1.4) nm?; this reflects the inaccessibility of the
trimer interior to solvent. In other words, about 489% and 50%
of water molecules (at 278 and 330 K, respectively) vacate the
peptide surface when three ccf-p heptadecamer strands form
the coiled-coil trimer. This reflects the tight packing of the
trimer that is produced by salt-bridge networks between the
neighbouring chains and by the presence of several hydropho-
bic contacts between the strands of the ccf3-p coiled coil.

Solute-solvent hydrogen bonding

Figure 4 displays the solute-solvent hydrogen bonds for the
ccf-p monomer and the ccf3-p trimer at 278 and 330 K. The
Oel and Oe2 side-chain atoms of the Glu residues exhibit
strong hydrogen bonding; the average number of hydrogen
bonds, (Nyg), ranges from 1.46 in the case of the Glu4 Og1
atom of the ccf3-p monomer at 330 K to 3.43 in the case of the
Glu11 Oe2 atom of the ccf-p helix 3 at 278 K. In addition to
the two-centred hydrogen bonds, three-centred hydrogen
bonds between water and the Oe1 and Oe2 atoms of the Glu
side chains were observed. Equally important for binding
water to the surface of both ccf-p monomer and ccf-p trimer

Figure 3. Number density distribution for water oxygens (red contours) and hydrogens (grey contours) around the conserved water site WAT4 at 278 K
(upper panels) and 330 K (lower panels) that indicate the proximity of WAT4 to the side chains of Arg8 and Glu13 residues. The contour threshold corre-
sponds to 2.5 times the bulk water density for water oxygens and three times the bulk water density for water hydrogens. The representation of the three

helices of the ccf3-p trimer is the same as in Figure 2.

ChemBioChem 2008, 9, 1749 - 1756
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Figure 4. Average number of solute-solvent hydrogen bonds (Nyg) per donor or
coiled coil at 278 K (dark) and 330 K (light).

are the Arg residues. Of the seven water sites that were ob-
served in the X-ray data (Table 1), five are proximate to Arg
side chains, and four of these are proximate to Glu side chains
as well. The average number of hydrogen bonds for a donor/
acceptor atom of a Arg residue ranges from 0.12 for the car-
bonyl oxygen of the Arg8 residue in the cc3-p monomer at
330K to 1.08 for the carbonyl oxygen of the Arg15 residue in
helix 1 of the cc-p trimer at 278 K. The overall occurrence of
hydrogen bonds between water and the backbone amide
hydrogens of all the residues is low. In particular, the amide
hydrogens that are buried in the core of the coiled coil do not
form hydrogen bonds with the surrounding water.

The average number of hydrogen bonds (Nyg) slightly de-
creases with increasing temperature from 278 to 330 K. For
some residues of the cc3-p monomer, the average number of
hydrogen bonds increases with temperature, which reflects
the pronounced structural differences between the monomers
at 278 and 330 K. In the trimer, an increase in the average
number of hydrogen bonds at 330 K was observed for the
Glu6 side chain of helix 2, which at 330 K becomes more ex-
posed to the surrounding solvent, and for some of the hydro-
gen-bond donors/acceptors that form the more flexible ends
of the ccf3-p trimer strands.

1752 www.chembiochem.org © 2008 Wiley-VCH Verlag

acceptor group for the ccf-p monomer and the three helices of the cc-p

Average solvation and water exchange

The average solvation numbers, (Ns), for the backbone carbon-
yl oxygen and amide hydrogen atoms of the ccf-p trimer are
shown in Figure 5. In the case of amide hydrogens, the solva-
tion numbers reflect that only the end groups of the coiled
coil are exposed to the solvent, whereas amide hydrogens of
the interior residues, which are buried in the a-helices of the
coiled coil, are not hydrated. On the other hand, the solvation
numbers for the carbonyl oxygen indicates solvation in the in-
terior as well as at the end groups. Consistent with the results
of the solute-solvent hydrogen bond analysis, pronounced sol-
vation of the carbonyl oxygen atoms of Arg3, Arg8, Arg10,
Glu13, Leu14 and Arg15 residues is observed, whereas the car-
bonyl oxygen atoms of the remaining residues are less solvat-
ed (lle2, Glu4, Glu6, Ala7z, lle9, Glu11) or not solvated at all
(Leu5, Leu12).

The exchange of water molecules in the first hydration shell
of the well-solvated carbonyl oxygen atoms is fast and increas-
es with temperature. The rate of exchange events ranges from
0.11 to 5.2 ps~" at 278 K and from 0.09 to 5.5 ps™' at 330 K (see
Table S1). Interestingly, the rate of exchange events, (N,,), cor-
relates very well with the average solvation number (Figure 6)

GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 1749 - 1756
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hydration shell of the backbone atoms of the ccf3-p
trimer, (that is, backbone carbonyl oxygen and
amide hydrogen atoms). The values are consistent
with both the hydrogen bond and solvation number
patterns described above. The residence times at
330K are expected and found to be systematically
lower than at 278 K, due to thermal effects. Of the
amide hydrogen atoms, only the residues of the end
groups exhibit broad residence time distributions
that range between 10 and 40 ps; these show large
variations, especially at 278 K, with long residences
at Arg3 at 278 K and Leu5 at 330 K, which are likely
to be caused by a long visit of a single water mole-
cule in the first hydration shell of the corresponding
amide hydrogens. Because such an event can occur
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Figure 5. Average solvation number (N;) for the amide hydrogens (panels A and B) and
carbonyl oxygens (panels C and D) of the ccf-p trimer at 278 and 330 K. The symbols x,

o and + designate the three helices of the trimer: o helix 1, x helix 2, + helix 3.

for all residues except Gly17, Arg15, and Glu13 and Leu14; this
indicates that the interactions of these residues with water de-
viate from the average solute-solvent interactions.

Residence time distributions

Figure 7 shows the distribution along the backbone of the ef-
fective residence times, t. for water molecules within the first

Aoz +

only once over the course of the 10 ns simulation
periods, the particular residence time is statistically
rather unreliable. However, similar deviations are not
observed for the backbone carbonyl oxygen atoms,
which are generally more exposed to the surround-
ing solvent; this is consistent with the greater ability
of the surface water molecules to exchange with the bulk
phase. The effective residence times that characterise the sol-
vation of carbonyl oxygens show larger variations at 278 K
than at 330 K. This is consistent with the above-mentioned en-
hanced sampling of the configurational space at 330 K. The
well-converged pattern of effective residence times at 330 K,
which range between 5 and 20 ps, exhibits marginal peaks for
Ser1, Arg8 and Glu13. A pronounced hydration of a serine resi-
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Figure 6. Correlation between the average number of water exchanges per ps, (N,,), and the average solvation number, (N), for the backbone carbonyl
oxygen atoms of the ccf3-p monomer (panels A and E) and the three helices of the trimer (panels B, C, D, F, G and H) at 278 and 330 K. Outliers are explicitly

denoted.
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Figure 7. Effective residence times t; of water molecules within the first hydration shell of amide hydrogens
(panels A and B) and carbonyl oxygens (C and D) of the ccf3-p trimer at 278 and 330 K. The symbols o, x and +
designate helices 1, 2 and 3, respectively, of the trimer The time corresponding to the 99th percentile of the resi-

dence time distribution was used as effective residence time.

due due to its polar side chain is well known,*"*? and the
longer effective residence times for the backbone carbonyl
oxygen atoms of Arg8 and Glu13 are compatible with the pre-
viously reported maxima in the water density distribution and
with the position of the crystallographic water site WAT4 that
is located between Arg8 and Glu13 residues of the neighbour-
ing chains. However, the correlation between long effective
residence times and maxima in the solvent density distribution
is weak; prominent maxima do not imply distinctly longer resi-
dence times.

The lack of correlation between the spatial and temporal pa-
rameters that describe the hydration shell of the ccf3-p coiled
coil is also observed when analysing water residence times
within the spherical shells that surround the crystallographic
water sites. The maximum residence times for the crystallo-
graphic water sites are tabulated in Table 2; the effective resi-
dence times range between 1 and 1.5 ps and do not distin-
guish among these sites. At 278 K, site WAT4, which corre-
sponds to a maximum in the water density distribution ranks
at least second among maximum residence times for all heli-
ces. At 330 K the maximum water residence times become

Table 2. Maximum residence times (in ps) of water molecules within
0.15 nm diameter spherical shells around the crystallographic water sites
of helices 1, 2 and 3 of the ccf}-p coiled coil at 278 and 330 K.

Water tax (helix 1) toax (helix 2) trax (helix 3)
site 278 K 330K 278 K 330K 278K 330K
WAT1 35 20 25 20 35 3.5
WAT2 25 25 3.0 20 35 25
WAT3 3.0 3.0 5.0 35 55 3.0
WAT4 5.0 4.0 2.0 4.5 6.0 6.0
WAT5 75 35 8.0 4.5 6.0 6.0
WAT6 5.0 3.0 4.5 3.0 7.0 3.0
WAT7 3.0 3.0 35 20 25 25
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experiments. Analysis of the sol-
vent number density distribu-
tion yields well-defined maxima
that are compatible with the
crystallographic water site that
bridges the neighbouring helices of the coiled coil. The results
suggest that the presence of the water molecule between resi-
dues Arg8 and Glu13 of the neighbouring helices might make
an important contribution to stabilising the trimeric ccf3-p
coiled-coil structure. Analysis of the number density distribu-
tion of water hydrogen atoms provided evidence about the
orientation of water molecules that correspond to the con-
served water site that is beyond crystallographic resolution.
Analysis of the residence times of water molecules around the
ccB-p coiled coil showed that the correlation between the
maxima in the solvent number density distribution and the dis-
tribution of the residence times of water molecules in the hy-
dration shell of ccf3-p is weak due to the fast exchange of sur-
face water with bulk water. Nevertheless, water density distri-
butions, hydrogen bonds, solvation numbers, water exchange
rates, and effective residence times provide consistent, if not
definitive, evidence that the conserved water site is an essen-
tial component of the coiled-coil trimerisation motif. The
agreement of the simulated results with the experimental data
is encouraging, because it shows that MD simulations per-
formed in an explicit solvent can complement experimental
data and contribute to understanding the principles of three-
stranded coiled-coil formation.

Experimental Section

Molecular dynamics simulations: Four 10 ns long trajectories of
previously reported MD simulations®® of the ccff-p monomer and
the three-stranded a-helical ccf-p coiled coil at 278 and 330K
were submitted to the solvation analysis. Each trajectory was sam-
pled every 0.5 ps, and yielded 2x 10* configurations. The four MD
simulations employed the GROMOS96 program modules and the
43A1 force field*' The X-ray structure of ccf-p (Protein Data
Bank“ ID: 159z) supplied the initial coordinates of the peptides in
the three-stranded a-helical coiled-coil trimer configuration.®¥ The
crystallographic asymmetric unit consisted of a ccf-p monomer,

ChemBioChem 2008, 9, 1749 - 1756
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seven water oxygens, a Zn and a Na ion. The coordinates for the
three-stranded o-helical coiled coil were generated by using the
crystallographic symmetry transformations. All MD simulations of
the ccf3-p monomer and the three-stranded a-helical ccf3-p coiled
coil reported in this paper were carried out in solution.

For each simulation, the initial configuration placed the solute at
the centre of a periodic truncated octahedral box; this required
that the minimum distance from any atom of the peptide to the
square box walls exceeded 1.4 nm. A cubic periodic array of 216
pre-equilibrated SPC*” water molecules provided the initial config-
uration of the solvent in the box such that the distance between
an oxygen atom of water and nonhydrogen atoms of the solute

exceeded 0.23 nm.

Relaxation of the solute-solvent contacts, while positionally re-
straining the solute atoms by using a harmonic potential energy
function with a force constant of 250 kJmol 'nm™2, entailed a
steepest-descent energy minimisation of the system. A second
steepest-descent energy minimisation of the system without re-
straints followed to eliminate any residual strain; the energy mini-
misations terminated when the energy change per step became
smaller than 0.1 kJmol ™.

Sampling from a Maxwellian distribution at 100 K provided the ini-
tial velocities for the MD simulations. Solvent and solute were inde-
pendently weakly coupled to a temperature bath with a relaxation
time of 0.1 ps.*® The systems were also coupled to a pressure bath
at 1 atm with a relaxation time of 0.5 ps and an isothermal com-
pressibility of 0.4575x1073 (kJmol'nm~3) """ The SHAKE algo-
rithm constrained bond lengths with a geometric tolerance of
10749 50 that the leapfrog integration time-step could be set to
0.002 ps. Treating the nonbonded interactions employed a triple-
range method with cut-off radii 0.8 nm and 1.4 nm.*® Qutside the
outer cut-off radius, a reaction field with a relative dielectric per-
mittivity of 66.6°" approximated the electrostatic interactions.
Within the inner cut-off radius, the evaluation used a charge-group
pair list. Short-range interactions entailed updating the list at every
time step; interactions between pairs that were separated by dis-
tances longer than 0.8 nm and shorter than 1.4 nm entailed updat-
ing only every fifth time step.

Analysis: The analysed characteristics were solvent number density
distributions, hydrogen bonding, solvent accessibility, water ex-
change events and residence times.

The solvent number density distributions were obtained by placing
the initial solute configuration at the centre of a three-dimensional
cubic grid with a 0.05 nm grid step as a reference frame. The roto-
translational least-squares fit®>*® of the protein backbone atoms
C,, N and C onto the reference frame removed the effects of
centre-of-mass translations or solute rotations. The three-dimen-
sional water density distribution was calculated by averaging the
number of oxygen atoms in each grid cell over the entire trajecto-
ry.2>27.54 Hydration sites were defined as maxima in the water den-
sity distribution that had a density no lower than two times the
value of bulk water. A water density of 1gcm™3 corresponded to
an oxygen number density of 33.5 nm™>.

Solvent-accessible surface area (SASA) values for individual ccf3-p
structures were calculated by using the program NACCESS®**% by
using a probe with a radius of 0.14 nm.

Hydrogen bonds between cc-p and water were defined by the
following geometric criterion: the hydrogen-acceptor distance
must be less than or equal to 0.25 nm and the donor-proton-
acceptor angle at least 135°. Because the hydration of ccf-p is a
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highly dynamic process, each ccf-p donor or acceptor atom
formed hydrogen bonds with many different water molecules.
Thus, the average number of hydrogen bonds (N of a ccp-p
donor/acceptor atom with the surrounding water molecules was
calculated as a sum over the average number of hydrogen bonds
the donor/acceptor atom forms with each of the water molecules
in the simulation box [Eq. (1)]:

T
<NHB> = N_c ; NHB,Wj (1)

where Nyg; is the number of hydrogen bonds a donor or acceptor
group forms with the water molecule Wj, N¢ is the number of con-
figurations analysed and N, is the number of water molecules in
the simulation box. Because of the possible occurrence of three-
centre hydrogen bonds, the average number of hydrogen bonds
per donor or acceptor group of the ccf3-p can exceed one.

To gain insight into the solvation of the ccf-p monomer and coiled
coil, the average solvation numbers and number of exchange
events as well as the average, maximal and effective residence
time of water molecules were calculated for the carbonyl oxygen
and amide hydrogen atoms of the ccf3-p backbone. Moreover, resi-
dence times were also calculated for the water molecules in spheri-
cal shells that surrounded the crystallographic water sites. The hy-
dration shell radii, ry, of a solute atom was defined as [Eq. (2)]:

rsh:rex+ArRT (2)

where r,, is the first minimum of the radial pair distribution func-
tion for the solute atom and the oxygen atom of water and Arg;=
0,05 nm accounts for positional fluctuations.?" Analysis of the crys-
tallographic water sites was performed by monitoring the ex-
change of water molecules within the 0.15 nm diameter spherical
shells that were constructed around the positions of the water
oxygen atoms as determined by X-ray crystallography. With the
definition of the spherical shells, the average solvation number,
number of exchange events, average and maximal residence times
could be deduced directly from the simulated trajectories. Howev-
er, these times are not experimentally accessible, and a fit of the
temporal autocorrelation function to a single exponential®" served
to define an observable effective residence time. Several authors
have observed that the temporal autocorrelation function from
MD simulations cannot be approximated by a single exponential
function very well.#3*3738 Oyr simulations confirmed the nonex-
ponential behaviour of this autocorrelation function, and we decid-
ed to choose as an effective residence time the time that defined
the 99th percentile of the cumulative distribution of residence
times, that is, 1% of the water residencies lasted longer than the
effective residence time.
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Benzene Polyphosphates as Tools for Cell Signalling:
Inhibition of Inositol 1,4,5-Trisphosphate 5-Phosphatase
and Interaction with the PH Domain of Protein Kinase Ba

Stephen J. Mills,” Fabrice Vandeput,” Melanie N. Trusselle,”’ Stephen T. Safrany,”

Christophe Erneux,”™ and Barry V. L. Potter*®

Dedicated to Dr. Melanie N. Trusselle (1973-2008).

Novel benzene polyphosphates were synthesised as inositol poly-
phosphate mimics and evaluated against type-I inositol 1,4,5-tris-
phosphate 5-phosphatase, which only binds soluble inositol poly-
phosphates, and against the PH domain of protein kinase Ba
(PKBa), which can bind both soluble inositol polyphosphates and
inositol phospholipids. The most potent trisphosphate 5-phospha-
tase inhibitor is benzene 1,2,4-trisphosphate (2, ICs, of 14 um), a
potential mimic of b-myo-inositol 1,4,5-trisphosphate, whereas
the most potent tetrakisphosphate Ins(1,4,5)P; 5-phosphatase in-
hibitor is benzene 1,2,4,5-tetrakisphosphate, with an ICs, of 4 um.
Biphenyl 2,3',4,5',6-pentakisphosphate (4) was the most potent
inhibitor evaluated against type | Ins(1,4,5)P; 5-phosphatase (ICs,

Introduction

p-myo-Inositol 1,4,5-trisphosphate [Ins(1,4,5)P;, 1] is a second
messenger that releases Ca’" ions from intracellular stores."?
The crystal structure of Ins(1,4,5)P; bound in the ligand-binding
domain of the typel Ins(1,4,5)P; receptor [Ins(1,4,5)PsR] has
been reported.”) Many compounds have been synthesised™
and evaluated at the Ins(1,4,5)P;R and against the Ins(1,4,5)P,
metabolising enzymes—Ins(1,4,5)P; 3-kinase and Ins(1,4,5)P; 5-
phosphatase. There are several inositol polyphosphate 5-phos-
phatase isoenzymes®™ some can dephosphorylate water-solu-
ble inositol polyphosphates and some their lipid counterparts,
whilst others can hydrolyse both water-soluble and lipid sub-
strates. Some of these enzymes are directly linked with human
disease (for example, the Lowe syndrome)® and insulin signal-
ling.” Type | Ins(1,4,5)P; 5-phosphatase is probably the best
characterised of the inositol 5-phosphatase enzymes, and we
have a longstanding interest in discovering inhibitors of this
enzyme class.®'

Because of the complexities of inositol polyphosphate chem-
ical synthesis, we""' and others">'® have proposed that sur-
rogate benzene polyphosphates might be useful tools for cell
signalling studies. Benzene polyphosphates are compounds
that accommodate phosphate groups around a six-membered
planar aromatic ring: benzene 1,2,4-trisphosphate [Bz(1,2,4)P;,
2], for example, has the same regioisomeric arrangement of
phosphate groups as in Ins(1,4,5)P; 1. Such compounds are
synthetically accessible, planar, achiral derivatives, in contrast

ChemBioChem 2008, 9, 1757 - 1766
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of 1um). All new benzene polyphosphates are resistant to de-
phosphorylation by type | Ins(1,4,5)P; 5-phosphatase. Unexpect-
edly, all benzene polyphosphates studied bind to the PH domain
of PKBa with apparent higher affinity than to type | Ins(1,4,5)P;
5-phosphatase. The most potent ligand for the PKBa PH domain,
measured by inhibition of biotinylated diC,-Ptdins(3,4)P, binding,
is biphenyl 2,3',4,5',6-pentakisphosphate (4, K;=27 nm). The ap-
proximately 80-fold enhancement of binding relative to parent
benzene trisphosphate is explained by the involvement of a
cation- interaction. These new molecular tools will be of poten-
tial use in structural and cell signalling studies.

with the ring-puckered conformations and optical activity of
most of their inositol polyphosphate counterparts.

In particular, we have shown that such compounds can
inhibit PI 3-kinase,"™ Ins(1,4,5)P; 5-phosphatase!™ or the SH2
domain of inositol 5-phosphatase (SHIP2),"* and one such
derivative—Bz(1,2,3,4)P,, 3—binds to the PH domain of PKBa
with relatively high affinity and has been co-crystallised with
the protein and studied by X-ray crystallography, even though
it is structurally very different from the natural lipid head-
group.l™¥

Protein kinase B (PKB, also known as Akt) is an enzyme in-
volved in inositol lipid signalling and is made up of three dis-
tinct, highly conserved enzymes: PKBa, PKBB and PKBy (also
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known as Akt1, Akt2 and Akt3), which have their own func-
tions within cells.'”" A pleckstrin homology domain (PH
domain) binds phosphatidylinositol 3,4,5-trisphosphate [PtdIns-
(3,4,5)P;1, which is required for PKB phosphorylation and acti-
vation.”” The kinase activity of PKB has received considerable
attention as a drug target, since PKBa is constituently active in
some cancerous cells and requires strict regulation. However,
inhibition of PtdIns(3,4,5)P; binding to the PH domain by small
molecules has also become a priority target for anticancer
treatment.?"*?

Here we report a structure-activity study of some novel re-
gioisomeric benzene polyphosphates against type | Ins(1,4,5)P;
5-phosphatase and PKBa. PH domain and demonstrate further
their potential as high-affinity ligands and emerging signalling
tools.

Results and Discussion

We describe the preparation of a new series of benzene poly-
phosphates designed to interact with the same proteins as in-
ositol polyphosphates and their lipids. Benzene 1,2,3,4-tetrakis-
phosphate (3)™ and biphenyl 2,3',4,5',6-pentakisphosphate
()" have been used in other studies and were synthesised by
published procedures.

Chemistry

Benzene 1,2-bisphosphate (7), benzene 1,2,3-trisphosphate
(10) and benzene 1,3,5-trisphosphate (13) were synthesised by
phosphitylation of the appropriate polyphenols with diethyl
chlorophosphite to give the corresponding bis- or trisphos-
phites (Scheme 1). The intermediates were oxidised with m-
chloroperoxybenzoic acid (mCPBA) to afford the corresponding
polyphosphorylated derivatives (6, 9 and 12) in approximately
50% vyield for each compound. The ethyl groups of the pro-
tected phosphates were removed by treatment with bromotri-
methylsilane to give the corresponding silylphosphate deriva-
tives. These reactions were monitored by 'H NMR spectrosco-
py, since the ethyl groups from these compounds (6, 9 and 12)
were replaced by the corresponding trimethylsilyl groups; the
corresponding 'H NMR shifts moved upfield and the extent of
the reaction was easily observed. *'P NMR spectroscopy, how-
ever, was not always a reliable method for monitoring the up-
field shifts of phosphorus peaks, due to the broad nature of
the resonances for some of the crude silylphosphate inter-
mediates. Methanol removed the temporary trimethylsilyl pro-
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tecting groups to give the phos-
phate monoesters 7, 10 and 13
in high yields; final purification
of each benzene polyphosphate
was accomplished over a
column of Q-Sepharose Fast
Flow by using a gradient of tri-
ethylammonium bicarbonate
(TEAB) buffer, and each com-
pound was isolated as its glassy
triethylammonium salt.

BiPh(2,3',4,5',6)Ps (4)

Q Q
@[OH a) @EOP(OEt)z b) @1[09022
—_— —_—
OH OP(OEt), 2 OPO,>

0 o)
5 6 Bz(1,2) P2 (7)
9 1 2
OH OP(OEt), OPO,™
OH g OP(OEt), b) A2 OPO*
— 6 E—— o
OH OP(OEt), 3 057022-
o) 0
8 9 Bz(1,2,3) P3 (10)
OH 8 PO
OP(OEt), 1OPOz
b
a) )
9 ? 20.p07 P 0po.2
HO OH (Et0),PO OP(OEt), "0,PO Oﬁoz -
1 12 o
Bz(1,3,5) P5 (13)

Scheme 1. Synthesis of benzene polyphosphates 7, 10 and 13. Reagents
and conditions: a) CDCl,, N,N-diisopropylethylamine (EtO),PCl, then addition
to mCPBA in CH,Cl, cooled in dry ice/acetone (6 52%, 9 51%, 12 47 %);

b) TMSB, dry CH,Cl,, 20-21.5 h, then MeOH; purification over Q-Sepharose
Fast Flow with TEAB (0—2.0m) (7 89.5%, 10 93%, 13 57.5%).

3,4,5-Trihydroxybenzaldehyde monohydrate (14) was benzyl-
ated with benzyl bromide in the presence of caesium carbon-
ate to provide 15 (Scheme 2). This 3,4,5-tribenzyloxybenzalde-
hyde (15) was oxidised to the formate ester 16 by treatment
with mCPBA, the formate ester was removed by treatment
with acid in methanol to give 3,4,5-tribenzyloxyphenol (17),
and the remaining hydroxyl group was benzylated to give the
fully protected 1,2,3,5-tetrabenzyloxy derivative 18. The benzyl
groups were removed by Pd(OH),-catalysed hydrogenolysis to
provide 1,2,3,5-tetrahydroxybenzene (19). Compound 19 was
added to the phosphitylating mixture at room temperature—
ultrasound-aided dissolution of the solid was required—and
the colour of the solution turned a deeper yellow/orange as
phosphitylation occurred. The phosphitylated mixture was
then added to a cooled solution of mCPBA in CH,Cl,, and com-
pound 20 was isolated in 51% yield after chromatography.
Treatment with bromotrimethylsilane followed by methanoly-
sis and addition of TEAB to the residue provided 21 as the tri-
ethylammonium salt. Compound 21 was purified by ion ex-
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2 0 2
CH CH OCH
a) b)
—_—» —_—
HO OH BnO OBn BnO OBn
OH OBn OBn
14 15 16
c)
OH OBn OH
e) d)
—————— -
HO OH BnO OBn BnO OBn
OH OBn OBn
19 18 17
)

Bz(1,2,3,5) P, (21)

Scheme 2. Synthesis of benzene 1,2,3,5-tetrakisphosphate (21). Reagents
and conditions: a) BnBr, Cs,CO;, DMF, 80°C, 17 h, 87 %; b) mCPBA, CH,Cl,;
¢) CH,Cl,/MeOH (1:1, 100 mL), 1% Amberlyst, 85%; d) BnBr, Cs,CO;, DMF,
18 h, 80°C, 89%); e) 20% Pd(OH), on carbon, H,, THF, 71 %; f) CDCl;, N,N-di-
isopropylethylamine (EtO),PCl, then addition to mCPBA in CH,Cl, cooled in
dry ice/acetone, 51%; g) TMSBr, CH,Cl,, 17 h, then MeOH; purification over
Q-Sepharose Fast Flow with TEAB (0—2.0 m), 80 %.

change chromatography to give the target compound in 80%
yield.

2,4,5-Trihydroxybenzaldehyde (22) was benzylated in the
presence of benzyl bromide and caesium carbonate to give
2,4,5-tribenzyloxybenzaldehyde (23, Scheme 3). Aldehyde 23
was oxidised to give ester 24 by treatment with mCPBA, and
acidic methanolysis gave the phenol 25 in 73 % yield over two
steps. Palladium hydroxide was added to a solution of 2,4,5-tri-
benzyloxyphenol dissolved in warm ethanol. The mixture was
then stirred under hydrogen at room temperature, the remain-
ing yellow solution was filtered over a bed of Celite, and the
solvent was evaporated to give 1,2,4,5-tetrahydroxybenzene
(26) in high yield.

Phosphorylation of compound 26 was accomplished with
the P" reagent diethyl chlorophosphite. 1,2,4,5-Tetrahydroxy-
benzene (26) was added in small portions to the P" solution,
ultrasound-aided dissolution of the solid being accompanied
by a number of colour changes during phosphitylation, and
the P" intermediate was oxidised with mCPBA under cooling
conditions. The reaction mixture was immediately purified by
flash chromatography, and 1,2,4,5-tetrakis(diethoxyphosphory-
loxy)benzene (27) was isolated as a yellow oil in 66 % yield. Tet-
raol 26 was a difficult compound to phosphorylate; however,
the reaction proceeded smoothly when the polyphenol was
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Scheme 3. Synthesis of benzene 1,2,4,5-tetrakisphosphate (28). Reagents
and conditions: a) BnBr, Cs,CO;, DMF, 70°C, 17 h, 89%; b) mCPBA, CH,Cl,;
¢) CH,Cl,/MeOH (1:1, 100 mL), 5 drops conc. HCl, 73%; d) EtOH, Pd(OH),, H,,
94 %; e) (EtO),PCl, N,N-diisopropylethylamine, CH,Cl,, 30 min, then mCPBA
in CH,Cl,, dry ice/acetone, 66 %; f) bromotrimethylsilane, CH,Cl,, 20 h, then
MeOH; purification Q-Sepharose Fast Flow, gradient of TEAB buffer (0—
2.0 m), 86 %.

added to the phosphitylating reagent followed by oxidation to
give 27. The ethyl groups were removed in the presence of
bromotrimethylsilane to give the corresponding symmetrical
octatrimethylsilyl derivative, as a single peak by *'P NMR at 6 =
—22.53 ppm (cf. —5.96 ppm for the octaethyl derivative 27).
The temporary protective groups were removed by treatment
with methanol, and final purification of Bz(1,2,4,5)P, 28 was
achieved by ion-exchange chromatography to give the pure
compound in 86 % yield.

Biochemistry

5-Phosphatase inhibition: The 1Cs, values of the benzene poly-
phosphates against 5-phosphatase were derived from a mini-
mum of three experiments for each compound, measured by
an inositol phosphatase assay with [*HlIns(1,4,5)P; as sub-
strate.” Values are reported in Table 1, and all compounds
except 29 were resistant to hydrolysis by type | 5-phosphatase.
The general trend of activity for these compounds suggests
that the number of phosphates and their positions on the ben-
zene ring dictate their potencies against type-l Ins(1,4,5)P; 5-
phosphatase. Benzene 1,2-bisphosphate [Bz(1,2)P,, 7] possess-
es two adjacent phosphates on a benzene ring—like Ins-
(4,5)P,—but is a poor inhibitor of 5-phosphatase (ICs, is
>200 pm). Benzene 1,2,3-trisphosphate [Bz(1,2,3)P;, 10] pos-
sesses three adjacent phosphates and is also a weak inhibitor
(ICso =286 um), providing a marginal improvement relative to 7.
However, benzene 1,3,5-trisphosphate [Bz(1,3,5)P;, 13, IC5o=
16 um], which has three non-adjacent phosphates evenly
spread around the ring, is more potent than both 7 and 10.
Compound 13 is similar in structure to Ins(1,3,5)P; (K;=45 um
for 5-phosphatase);** however, Ins(1,3,5)P; is less potent than
its aromatic counterpart 13. We demonstrated earlier that the
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Table 1. Inhibition of Ins(1,4,5)P; 5-phosphatase and PKBo. PH domain by
benzene polyphosphates.

Compound Type | Ins(1,4,5)P; PKBo. PH domain
5-phosphatase ICs, [um]  plCs, Ki [nm]
Bz(1,2)P, (7) >200 n.d. n.d.
Bz(1,2,3)P; (10) 86428 5.51+0.06 590
Bz(1,3,5)P; (13) 16+9 495+0.21 2180
Bz(1,2,4)P; (2) 14+9 5.504+0.20 610
3-OH Bz(1,2,4)P; (29) 21479 nd. nd.
3-OBn Bz(1,2,4)P; (30) 68416 n.d. n.d.
Bz(1,2,3,4)P, (3) 98+16 6.36£0.15 8o™
Bz(1,2,3,5)P, (21) 78+50 5.954+0.29 220
Bz(1,2,4,5)P, (28) 4+2 6.23+0.59 10
biphenyl(2,3,4,5',6)Ps (4) 1+2 6.85+0.09 27
diC4PtdIns(3,4,5)P, « 5924009 230
Ins(1,3,4,5)P, “@ 6224020 120

ICs, values were obtained for benzene polyphosphates evaluated against
type | Ins(1,4,5)P; 5-phosphatase in the presence of Ins(1,4,5)P; (1 um) as
substrate; data are from a minimum of three experiments. K; values for
inhibition at the PH domain of PKBa were obtained for a series of ben-
zene polyphosphates measured by competition with biotinylated
diCgPtdIns(3,4)P,. Ins(1,3,4,5)P, and PtdIns(3,4,5)P; are shown for compari-
son. [a] Compound 30 is the only benzene polyphosphate that is a sub-
strate. [b] Data taken from ref.[13]. [c] See ref.[14] for data obtained
under different conditions. [d] See ref. [6] for data obtained under differ-
ent conditions. n.d. =not determined.

trisphosphorothioate analogue of Ins(1,3,5)P; had a K; for this
enzyme of 430 nm.”! We would thus predict that the corre-
sponding modification for 13 should provide an even better
inhibitor.

Benzene 1,2,4-trisphosphate [Bz(1,2,4)P;, 2], 3-hydroxyben-
zene 1,2,4-trisphosphate [3-HO-Bz(1,2,4)P;, 29] and 3-benzyl-
oxybenzene 1,2,4-trisphosphate [3-BnO-Bz(1,2,4)P;, 30] were
synthesised as described previously"'? and possess the same
1,2,4-trisphosphate pattern, albeit with different functional
groups at position 3. Compound 29 is the first example of a
non-inositol polyphosphate substrate for 5-phosphatase, in
which phosphate-2 can be hydrolysed to provide 2,3-dihy-
droxybenzene 1,4-bisphosphate."” The presence of the phe-
nolic —OH group at the 3-position in 29 did not markedly alter
the IC;, value towards type-I 5-phosphatase relative to that of
2."? However, the presence of a benzyl group at the 3-position
of the related compound 30 increases the hydrophobic bulk,
and makes it a weaker 5-phosphatase resistant inhibitor than
29 (Table 1). The 3-position in compound 30 can thus most
probably accommodate a small functional group such as OH.
D-2,3,6-Trideoxy myo-inositol 1,2,4-trisphosphate (K,=81.4 um),
reported some 15 years ago by Kozikowski,* is similar in

(6] (@]
11 1
OPO,2 OPO,?
OH OBn
(0] (0]
Il f
OPO,2 OPO,2
OPO,2 OPO,%"
11 9 1
(0] (o]
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structure to Bz(1,2,4)P; 2 (IC5o=14 um), but the inositol 1,2,4-
trisphosphate derivative is a substrate and much less potent
than compound 2 against 5-phosphatase from human erythro-
cyte membranes, illustrating that these aromatic compounds
are potentially useful Ins(1,4,5P; 5-phosphatase-resistant
inhibitors.

The addition of a fourth phosphate to Bz(1,2,4)P; 2 provides
three possible compounds: benzene 1,2,3,4-tetrakisphosphate
[Bz(1,2,3,4)P, 3], benzene 1,2,3,5-tetrakisphosphate [Bz-
(1,23,5P, 21] and benzene 1,2,4,5-tetrakisphosphate [Bz-
(1,2,4,5)P, 28]. Surprisingly, compound 21, which has the same
phosphate pattern as Ins(1,3,4,5)P, (the most potent inhibitor
of 5-phosphatase, as a substrate),’®? is a poor inhibitor of the
enzyme [IC5,=78 um, close to the value for Bz(1,2,3)P; 10 (ICs,
value 86 um)]. The IC, value of Bz(1,2,3,5)P, is approximately
five times higher than that of Bz(1,3,5)P;, which has one phos-
phate fewer, suggesting that phosphate-2 of the three adja-
cent phosphate groups in Bz(1,2,3,5)P, is making an unfavour-
able interaction or is displacing phosphates-1 and -3 into an
unfavourable environment by repulsion. Thus, for typel Ins-
(1,4,5)P; 5-phosphatase, more phosphates on an aromatic ring
does not necessarily mean more potent inhibition per se, only
their number together with their position on the aromatic
ring. It would probably be naive to assume that benzene poly-
phosphates ostensibly possessing the same regioisomeric
phosphate arrangements as their inositol polyphosphate coun-
terparts will necessarily behave in a similar manner. Bz-
(1,2,3,4)P, 3 is a good example of this effect.” Therefore, each
compound must be evaluated against an inositol phosphate
binding protein individually. For benzene polyphosphates, two
adjacent phosphate groups is the optimum number for a
good 5-phosphatase inhibitor, since three adjacent phosphate
groups reduce the potency of the resulting compound, as is il-
lustrated by the IC;, values of compounds 10 and 21. Further-
more, compound 3 (ICs,=98 um) has four adjacent phosphate
groups, indicating that the potency dramatically decreases
when more than two adjacent phosphates are present on a
single benzene ring. Finally, tetrakisphosphate Bz(1,2,4,5)P, 28
was found to be the most potent 5-phosphatase inhibitor in
the tetrakisphosphate series of compounds (IC5,=4=+2 pm).
Compound 28 has two pairs of adjacent phosphates, showing
that benzene 1,2-bisphosphate (7) is successively made a more
potent inhibitor of 5-phosphatase by the addition of another
non-adjacent phosphate, firstly to give Bz(1,2,4)P; 2 (IC5, 14+
2 um), and the same pattern of phosphates as in Ins(1,4,5)P;
(K,=15 um) and scyllo-Ins(1,2,4)P; (K,,=24.2 um),”® and then,
by the addition of another phosphate group to Bz(1,2,4)P; 2,
to give Bz(1,2,4,5)P, 28 (IC;,=4+2 pm). Compound 28 nomi-
nally corresponds to the Ins(1,3,4,6)P, counterpart, which has a
K; value of 7.7 um,® and the known derivative scyllo-inositol
1,2,4,5-tetrakisphosphate also has a K; value of 4.3 um.”® Both
inositol polyphosphates are substrates with the same arrange-
ment of phosphates as Bz(1,2,4,5)P,; however, 28 is resistant to
5-phosphatase. Biphenyl 2,3',4,5',6-pentakisphosphate (4) was
the most potent of all the compounds evaluated against type |
Ins(1,4,5)P; 5-phosphatase, with an 1Cs, of 1 um. While there is
no inositol polyphosphate equivalent of the biphenyl com-
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pound, it is apparent that the two adjacent phosphorylated
benzene rings increases the affinity for this enzyme. Further
studies should optimise the number and positions of phos-
phate groups on the biphenyl structure, yielding tighter bind-
ing of these novel derivatives. These data demonstrate that
while benzene polyphosphates are apparently better inhibitors
of 5-phosphatase than their inositol polyphosphate counter-
parts, the effects are not substantial. However, unlike inositol
polyphosphates, benzene phosphates without free hydroxyl
groups are as a rule not dephosphorylated by 5-phosphatase.
Another important issue for compounds of this class is the in-
teraction with the metabolic enzyme Ins(1,4,5)P; 3-kinase and
the Ins(1,4,5)P; receptor, an issue we have dealt with in a
recent publication.'” The benzene phosphates are rather poor
inhibitors of Ins(1,4,5)P; 3-kinase A, but biphenyl pentakisphos-
phate may well compete with Ins(1,4,5)P; at the level of the
Ins(1,4,5)P; receptor.

Inhibition at the PH domain of PKBa. detected by FRET analy-
sis: Table 1 shows the benzene polyphosphates that inhibit the
binding of biotinylated diCg-PtdIns(3,4)P, to the PH domain of
PKBa." Interestingly, the lipid analogue diC4-PtdIns(3,4,5)P,
and water-soluble headgroup Ins(1,3,4,5)P, show only a two-
fold difference in K; values, demonstrating that the 1-position
has available space for the hydrophobic lipid motif. Bz(1,2,3)P;
10 and Bz(1,2,4)P; 2 also have similar K; values (0.59 um and
0.61 um respectively); however Bz(1,3,5)P; 13 (K;=2.18 um) is
four times weaker. The 1,3,5-trisphosphate motif exhibits the
weakest binding of the three possible arrangements of the
three phosphate groups, and these inhibition data do not
follow the pattern observed for 5-phosphatase.

Biphenyl 2,3',4,5',6-pentakisphosphate (4), also a molecule of
the benzene phosphate class, consists of two phosphorylated
benzene rings that, from modelling studies, appear to interact
with more sites on PKBa PH domain than any other com-
pound, resulting in a potent binding affinity (K;=27 nm), 8.5
times higher than that of diCgPtdIns(3,4,5)P;. The binding affini-
ty for Bz(1,3,5)P; 13 (K;=2.18 um) is interesting in the context
of 4, since one ring is functionalised with the same benzene
1,3,5-trisphosphate motif (2,4,6-trisphosphate of 4) and the ad-
jacent ring has a benzene 1,3-bisphosphate motif (3',5-bis-
phosphate of 4). The latter motif thus appears to enhance the
affinity of 13 some 80-fold. In an attempt to explain this we
undertook molecular modelling of biphenyl 2,3',4,5',6-pentakis-
phosphate 3, using the known X-ray crystal structure of the PH
domain of PKBa.

Molecular modelling

Compound 4 was modelled into the binding site of the PKBa
PH domain on the basis of the published X-ray crystal structure
for this protein™ as described in the Experimental Section
(Figure 1). The aryl 2,4,6-trisphosphate motif of 4 seems to
dock to the same amino acid residues as the simpler com-
pound 13, although 4 binds with an additional H-bond be-
tween phosphate-6 and Asn53 (Tables S1 and S2 in the Sup-
porting Information; see above for numbering of 4). One phos-
phate of the aryl 3',5'-bisphosphate motif interacts with Arg25
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Figure 1. Minimised structure of biphenyl 2,3',4,5,6-pentakisphosphate (4)
docked in the PH domain of PKBa.. For purposes of clarity, not all amino acid
residues that interact with 4 are shown.

and Arg23, whilst the other interacts only with Arg23
(Figure 1). Interestingly, the aromatic core of the 3',5'-bisphos-
phorylated aryl motif is also close to—and is nearly parallel
with—the guanidinium cation of Arg23, initiating a potential
cation—7t interaction, an interaction obviously not possible for
inositol polyphosphate derivatives. However, GOLD does not
recognize cation-m interactions, so an X-ray crystal structure
would be the only definitive approach to identify this interac-
tion. Cation—7 interactions are noncovalent forces important in
small molecule recognition with some amino acids.”” Energeti-
cally, they are similar to, and possibly stronger than, hydrogen
bonds. Cation—t interactions are also recognized in highly con-
served arginine residues among known Src Homology 2 (SH2)
domain-phosphotyrosine-peptide complexes,”® and our model
illustrates this type of interaction. The cation—-m interaction and
the favourable location of the 3',5-bisphosphate motif of 4
could potentially account for the majority of the 80-fold
increase in binding affinity (K;=27 nm) relative to Bz(1,3,5)P;,
13 (K;=2.18 um). Cation-m interactions are now increasingly
recognised as important interactions and have been
reviewed.??3"

Bz(1,2,3)P; 10 also has reasonable affinity for the PH domain
of PKBa, but it is not obvious why three adjacent phosphates
on a benzene ring give a more potent binder than the other
phosphate arrangements. When 10 was minimized in the pre-
sumed binding site of the PH domain, only potential interac-
tions with phosphate-1 (Arg23) and phosphate-3 and a single
H-bond of phosphate-2 with Lys14 were revealed (Table S1
and Figure 2). There seem, however, to be fewer obvious inter-
actions of compound 10 than with Bz(1,2,4)P; 2 (Table S1 and
Figure S1). The model of compound 10 also suggests a poten-
tial cation-m interaction between Arg23 and the aromatic ring
(Figure 2). Compounds such as Bz(1,2,3,5)P, 21 (Figure S2) and
Bz(1,2,3,4)P, 3 possessing three or four adjacent phosphates
do not appear to enter into such a cation- interaction, since
Arg23 and the aromatic ring are not parallel or close to each
other. However, 3 is nevertheless a potent binder at the PH
domain of PKBa and seems to be able to accommodate more
phosphate groups in its binding site than for 5-phosphatase,
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Figure 2. Minimised model of Bz(1,2,3)P; docked in the PH domain of PKBa.
For purposes of clarity, not all amino acid residues of the PKBa. are shown.

since three or four adjacent phosphates can be present on a
single benzene ring with increasing potency, whereas Ins-
(1,4,5)P; 5-phosphatase can only accommodate a maximum of
two adjacent phosphates without binding being affected.
Interestingly, only the same 1,2,4-trisphosphorylated motif is
recognized in Bz(1,2,3,5)P, (1-, 2- and 5-phosphates) and Bz-
(1,2,3,4)P, (1-, 3- and 4-phosphates), demonstrating that this
protein binds a specific pattern of phosphate groups present
on a benzene ring. In Bz(1,2,3,4)P, this was demonstrated by a
crystal structure analysis!"® that showed that H-bonding only
occurred at phosphates-1, -3 and -4. Since the PKBa PH
domain binds the phospholipids Ptdins(3,4)P, and Ptdins-
(3,4,5)P;, this means that the common pharmacophore is the
two phosphates at the 3- and 4-positions of the inositol ring,
together with the diacylglycerol phosphodiester link at the 1-
position. X-ray crystal structure data for Ins(1,3,4,5)P,, the head
group of PtdIns(3,4,5)P;, have shown that phosphate-5 is sol-
vent exposed, and only phosphates-1, -3 and -4 are important
binding partners.?? Recognition of 3 and 21 is thus most prob-
ably achieved through interaction of the protein with the sur-
rogate 1,3,4-trisphosphate arrangement of the benzene tris-
phosphate.

Conclusions

Recently, we have shown that benzene polyphosphates, most
of which appear to be 5-phosphatase-resistant, can substitute
for inositol polyphosphates and their lipid counterparts in a
number of structural™ and in vitro cell-signalling contexts.'™
Benzene polyphosphates are also good candidates for explor-
ing membrane-permeable pro-drug forms in which the phos-
phate charge can be masked with suitable lipophilic groups
and potentially provide more versatile tools for investigation
of whole-cell inhibition of inositol polyphosphate and inositol
lipid-binding proteins. Benzene 1,2,4-trisphosphate (2) is the
most potent inhibitor of 5-phosphatase in the trisphosphate
series, whereas benzene 1,2,4,5-tetrakisphosphate (28) is most
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potent in the tetrakisphosphate series. Inhibition of Ins(1,4,5)P;
5-phosphatase is considerably reduced when three or more
adjacent phosphate groups are present on a single benzene
ring, leaving a maximum number of adjacent phosphates as
two per benzene ring for 5-phosphatase. Contrastingly, we ob-
served a small increase in potency at the PH domain of PKBa
for molecules possessing three or more adjacent phosphate
groups. Since there is no X-ray crystal structure of typel 5-
phosphatase we are unable fully to interpret our results for
this enzyme in a structural context at this stage as in the case
of the PKBa. PH domain. Synthesis of new benzene polyphos-
phates and exploration of improved biphenyl derivatives with
new functionality could provide new tools to investigate the
phosphoinositide signalling pathways. The identification here
of potential cation—mx interactions provides interesting poten-
tial for introducing phenyl motifs in a number of structural
contexts and possible examination of binding to inositol phos-
pholipid binding proteins and enzymes. Exploration of the
structural biology of such proteins in complex with benzene
phosphates could be of particular interest. Their simple struc-
tures and lack of chirality mean that they could be easily tail-
ored to provide ligands for this purpose and subsequently
optimized for a given protein by structure-based design. Our
recent report!® paves the way for this exploration. We have
thus demonstrated that benzene polyphosphates can bind to
and inhibit proteins, both an inositol polyphosphatase and
one that also bind phospholipids, and in one case with high af-
finity. Studies to explore cocrystallisation of members of this
ligand class with a range of signalling protein targets are
underway.

Experimental Section

Chemistry: Chemicals were purchased from Acros, Aldrich, Alfa
Aesar and Fluka. Thin-layer chromatography was performed on
precoated plates (Merck TLC aluminium sheets silica 60 Fs,): prod-
ucts were visualised by dipping in an ethanolic solution of phos-
phomolybdic acid, followed by heating at high temperature. Or-
ganic compounds were dried over MgSO,. Flash chromatography
was carried out on Fisher Scientific Silica 60 A (particle size 35-70
micron). All final compounds were judged by standard spectro-
scopic methods, purified by ion-exchange chromatography and
used in all biological evaluations as their triethylammonium salts.
lon-exchange chromatography was performed on an LKB-Pharma-
cia Medium Pressure lon Exchange Chromatograph on Q-Sepha-
rose Fast Flow with gradients of triethylammonium bicarbonate
(TEAB, 0—2.0Mm) as eluent. Column fractions containing benzene
polyphosphates were identified by UV spectroscopy at 254 nm and
were quantified for total phosphate by a modification of the
Briggs test.”” NMR spectra (proton frequency 270 or 400 MHz) were
referenced against SiMe, (HDO), (CD),CO or CD;CN. The *'P NMR
shifts were measured in ppm relative to external 85% phosphoric
acid. Melting points (uncorrected) were determined with a Reich-
ert-Jung Thermo Galen Kofler block. Microanalysis was carried out
at the University of Bath. Mass spectra were recorded by electron
impact (El), electrospray (ES) and positive and negative Fast Atom
Bombardment (FAB) with 3-nitrobenzyl alcohol (NBA) as the matrix,
and the standard for electrospray was sodium formate. It was
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assumed that mCPBA used in oxidation reactions was 100% for
calculation purposes only, and it was always used in excess.

Enzyme methods

Expression and purification of recombinant type | 5-phosphatase: Ex-
pression and purification of human brain Type | InsP; 5-phospha-
tase in pTrcHis was performed as previously described.®?

Ins(1,4,5)P; 5-phosphatase assay: The assay was carried out accord-
ing to the literature procedure,"¥ with Ins(1,4,5)P; (1.0 um) as sub-
strate to calculate the ICs, values.

Malachite green phosphatase assay: This assay was only used to
evaluate an analogue in terms of inorganic phosphate release at
100 um, and thus its potential to function as a substrate. Phospha-
tase activity was measured by a phosphate release assay with an
acidic malachite green dye as reported.””’ The benzene polyphos-
phates (100 um) were diluted in assay buffer (30 pL) consisting of
Hepes (50 mm, pH7.4), MgCl, (2 mm), bovine serum albumin
(1 mgmL™") and DTT (5 mm). The phosphatase reaction was initiat-
ed by adding the enzyme diluted in assay buffer (15 uL) to the
substrate. Samples were incubated at 37 °C. After 10 min, reactions
were stopped by the addition of EDTA (0.1m, 15 pul). Malachite
green reagent [ammonium molybdate (0.5% w/v), Tween 20
(0.057% v/v) and malachite green oxalate (0.34 mm), 75 plL] was
added to the reaction solution (50 pL). Samples were left for
10 min for colour development, after which absorbance was mea-
sured at 650 nm. Inorganic phosphate release was quantified by
comparison with a standard curve of KH,PO, in MilliQ water.

Determination of ICs: All analogues were evaluated over the 1-
100 um range by the published procedure by Erneux et al.,””® and
data were adjusted by nonlinear regression with use of GraphPad
prism4 (http://www.graphpad.com).

FRET binding experiments at the PH domain of PKBo: Quantitative
time-resolved-fluorescence resonance energy transfer (TR-FRET)
analysis of binding was performed with a BMG Labtech PHERAstar
at the following settings: excitation 337 nm filter, emission 665 and
620 nm filters, 300 flashes per well, 10 ps flashes, read for 400 ps
following a 50 us delay. The PH domain of PKBa (corresponding to
amino acids 1-123) was subcloned into the BamH1 restriction site
of the Escherichia coli expression vector pGEX2T. The resulting con-
struct encodes for the bacterial expression of the PH domain of
PKBo. with an N-terminal glutathione S-transferase (GST) tag, as
previously described.®? Assays were performed in a buffer (pH 6.8)
consisting of HEPES (50 mm), NaCl (150 mm), MgCl, (5 mm), DTT
(5 mm), CHAPS (0.5%) and EDTA (1 mm).

Determination of K; values: To determine K; values for biotinylated
diCg-PtdIns(3,4)P,, increasing amounts (0-100 nm) of biotinylated
diCg-PtdIns(3,4)P, (Cell Signals) were incubated with GST-tagged
PKBa. PH domain (20 nm) in the presence of excess europium-la-
belled goat anti-GST antibody and streptavidin-conjugated allophy-
cocyanin (APC). The binding of the biotinylated lipid to the protein
allowed FRET to occur between europium (donor) and APC (ac-
ceptor). Fluorescence was monitored at 665 and 620 nm; the ratio
of these signals allows the determination of the relative amount of
binding. The pKj, for biotinylated diCg-PtdIns(3,4)P, was 8.23 +0.09
(mean +S.E.M., n=3), giving a K, of 5.9 nm. Competition assays
were performed with a fixed amount (25 nm) of biotinylated diCg-
PtdIns(3,4)P, and increasing amounts of competing agent. ICs,
values were determined, from which K; values were calculated.®
All curve fitting was performed with Prism (GraphPad).
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Molecular modelling methods: Biphenyl 2,3',4,5',6-pentakisphos-
phate (4) was built with the program SYBYL (v7.1) and optimized
to convergence with the MMFFs force field with MMFF charges.
Angles between the carbon atoms were constrained by use of a
force constant of 200 kcalmol™' during the optimization proce-
dure, and this induced a twisted conformation of the biphenyl
moiety; the angle between the planes of the rings post-optimiza-
tion was 109.6°.

The experimentally determined structure of the PKB PH domain
crystallized with benzene 1,2,3,4-tetrakisphosphate!® was used for
the docking study (residue 17 modelled as Glu). Waters of crystalli-
zation, the triethylammonium bicarbonate counter ions and Bz-
(1,2,3,4)P, were removed. Hydrogen atoms were added, and their
positions were optimized to convergence with the TRIPOS force
field and Gasteiger-Hiickel charges within the SYBYL program
(v7.1). Biphenyl 2,3',4,5,6-pentakisphosphate (4) was docked a
total of 40 times to the PKB PH domain by use of the GOLD pro-
gram® (v3.0.1) with the GOLDScore fitness function. The terminal
phosphate oxygen atoms of the ligand were specified as type
0.co2. The binding site of the PH domain was defined as a 10 A
sphere around atom NZ of Lys14. A similar method was used to
model Bz(1,2,3)P.

1,2-Bis(diethoxyphosphoryloxy)benzene (6): Dry N,N-diisopropylethyl-
amine (2.1 mL, 12 mmol) was stirred in dry CDCl; (5 mL) at room
temperature. Benzene-1,2-diol (5, 330 mg, 3 mmol) was added to
the solution, which produced a grey/green suspension. The solu-
tion was cooled with dry ice, diethyl chlorophosphite (1.22 mL,
7 mmol) was added, and the mixture was stirred for a further
10 min to give a yellow solution. At this stage *'P NMR showed
dp=+ 134 ppm, which indicated phosphitylation of the phenolic
groups. The solution was cooled with dry ice in acetone, mCPBA
(1.72 g, 10 mmol) in CH,Cl, (5 mL) was then added, and the mix-
ture was stirred for 30 min. The reaction mixture was allowed to
warm to room temperature and stirred overnight. The mixture was
diluted with CH,Cl, (50 mL) and washed with aqueous sodium
metabisulfite (10%, 2x50 mL), aqueous sodium hydrogen carbon-
ate (2x50 mL) and water (50 mL). The compound was purified by
flash chromatography (EtOAc, Ri=0.27) to give compound 6 as an
oil (598 mg, 52%). '"HNMR (270 MHz, CDCl,): 6=1.28-1.33 (m,
12H; 2ArOP(O)(OCH,CH,),), 4.15-426 (m, 8H; 2ArOP(0)-
(OCH,CH,),), 7.06-7.12 (m, 2H; CH, Ar), 7.33-7.38 ppm (m 2H; CH,
Ar); *'P NMR (109 MHz, CDCl): 6=—5.81 ppm (s, 2P; 2ArOP(0)-
(OCH,CH,),); MS (FAB¥): m/z: 383.0, 355.0, 270.9, 252.9, 190.0,
173.0, 98.9; HRMS (FAB®): m/z calcd for C,,H,O4P,: 383.1024
[M+H]*; found: 383.1011.

Benzene 1,2-bisphosphate (7): A mixture of compound 6 (76 mg,
200 umol) and bromotrimethylsilane (1.0 mL, 7.58 mmol) in dry
CH,Cl, (5 mL) was stirred for 20 h under nitrogen. The solvents
were evaporated, the residue was dissolved in MeOH (5 mL), and
the solution was stirred for 5 min. MeOH was evaporated, and
TEAB (2M, 1 mL) was added to form the salt. Final purification was
achieved over Q-Sepharose Fast Flow with a gradient of TEAB (0—
2.0m) to give compound 7 as a glass (179 pmol, 89.5%). 'H NMR
(270 MHz, D,0): 6=7.00-7.09 (m, 2H; CH, 2ArOPO,*), 7.24-
7.27 ppm (m, 2H; CH, 2ArOPO;*>7); 3P NMR (109 MHz, D,0): 6=
—2.83 (s, 2P; 2ArOPO,*"); MS (FAB™): m/z: 539.0, 349.0, 269.0,
189.0, 171.0, 78.9; HRMS (FAB"): m/z calcd for CgH,04P,: 268.9616
[M—H]~; found: 268.9616.

1,2,3-Tris(diethoxyphosphoryloxy)benzene (9): Dry N,N-diisopropyl-
ethylamine (2.1 mL, 12 mmol) was stirred in dry CDCl; (5 mL) at
room temperature. The mixture was cooled with dry ice alone, and
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diethyl chlorophosphite (1.74 mL, 10 mmol) was added to the mix-
ture. Pyrogallol (8, 378 mg, 3 mmol) was added in small quantities,
dissolution of the solid was aided with ultrasound, and the mixture
was stirred for a further 30 min. mCPBA (2.58 g, 15 mmol) in dry
CH,Cl, (10 mL) was added to the intermediate with cooling (dry ice
and acetone), and the mixture was stirred overnight. The solution
was diluted with CH,Cl, (50 mL) and washed with aqueous sodium
metabisulfite (10%, 2x50 mL), saturated aqueous sodium hydro-
gen carbonate (2x50 mL) and water (50 mL). The solvent was
evaporated, and the residue was purified by flash chromatography
(EtOAc, then EtOACc/EtOH 5:1) to give compound 9 (814 mg, 51 %)
as an oil (EtOAc/EtOH 5:1). R=0.35; 'H NMR (400 MHz, CDCl,): 6=
1.33-1.40 (m, 18H; 3ArOP(O)(OCH,CH,),), 4.23-4.34 (m, 12H;
3 ArOP(0)(OCH,CH,),), 7.13 (dt, J=1.2, 9.1 Hz, 1H; CH, ArOP(O)-
(OCH,CH,),), 7.31 ppm (d, J=8.5 Hz, 2H; CH, 2ArOP(0)(OCH,CH,),);
BCNMR (100 MHz, CDCl): 6=15.71, 1577 (2q; ArOP(0O)-
(OCH,CH,),), 64.56, 64.61, 64.67 (3t; ArOP(O)(OCH,CH;),), 116.41,
124.82 (2d; CH, ArOP(O)(OCH,CH,),), 143.42, 143.47, 143.51 ppm
(C4; ArOP(O)(OCH,CHs),); 3'P NMR (162 MHz, CDCl,): 6 =—6.39 (s,
1P; ArOP(O)(OCH,CH,),), —7.01 ppm (s, 2P; 2 ArOP(O)(OCH,CH,),);
MS (FAB*): m/z: 535.1, 507.0, 268.9; HRMS (FAB*): m/z calcd for
CigH3404,P5: 535.1263 [M+H]"; found: 535.1242; elemental analysis
calcd (%) for C,gH330,,P5: C 40.46, H 6.22; found: C 40.3, H 6.37.

Benzene 1,2,3-trisphosphate (10): 1,2,3-Tris(diethoxyphosphoryloxy)-
benzene (9, 107 mg, 200 pmol) was dissolved in dry dichlorome-
thane (5 mL). Bromotrimethylsilane (1.0 mL, 7.58 mmol) was added
to the solution, and the mixture was stirred for 20 h at room tem-
perature. The volatile solvents were evaporated, and the residue
was dissolved in methanol (5 mL). Final purification of compound
10 was achieved by ion-exchange chromatography over Q-Sephar-
ose Fast Flow with elution with a linear gradient of triethylammo-
nium bicarbonate buffer (0—2.0 m). Compound 10 eluted between
1.3 and 1.7 m buffer and was isolated as a glassy triethylammonium
salt (186 umol, 93%). 'H NMR (270 MHz, D,0): §=7.01 (m, 1H; CH,
ArOPO;>), 7.05 ppm (brm, 2H; CH, 2ArOP0O,%"); *'P NMR (109 MHz,
D,0): 6=-2.17 (s, 2P; 2ArOP0,*"), —2.33 ppm (s, 1P; ArOPO;*");
MS (FAB™): m/z: 365.0, 335.1, 303.1, 285.0, 264.0, 200.1, 121.1;
HRMS (FAB™): m/z calcd for C¢HgO,,P5: 364.9228 [M—H]~; found:
364.9239.

1,3,5-Tris(diethoxyphosphoryloxy)benzene (12): A mixture of dry
CDCl; (5 mL) and dry N,N-diisopropylethylamine (2.1 mL, 12 mmol)
was cooled with dry ice. Diethyl chlorophosphite (1.74 mL,
10 mmol) was added, and the solution turned yellow. Benzene-
1,3,5-triol (11, 378 mg, 3 mmol) was added, and the solution was
stirred for 30 min. The mixture was cooled with dry ice in acetone,
mCPBA (2.58 g, 15 mmol) in CH,Cl, (10 mL) was then added, and
the mixture was stirred for a further 30 min. The solution was dilut-
ed with CH,Cl, (50 mL) and washed with aqueous sodium metabi-
sulfite (10%, 2x50 mL), saturated aqueous sodium hydrogen car-
bonate (2x50 mL) and water (50 mL). The organic solvent was
evaporated to give an oil and purified by flash chromatography
(EtOAc, then EtOAc/EtOH 5:1) to give compound 12 (760 mg,
47%) as an oil, R=0.56 (CHCl,/acetone, 1:1). '"H NMR (400 MHz,
CDCly): 6=1.33-1.39 (m, 18H; 3 ArOP(O)(OCH,CH.),), 4.21-4.25 (m,
12H; 3ArOP(O)(OCH,CH,),), 6.99 ppm (s, 3H; CH, ArOP(0)-
(OCH,CH,),); *CNMR (100 MHz, CDCly): 6=16.03, 16.11 (2q;
ArOP(O)(OCH,CH,),), 64.95, 65.01 (2t; ArOP(O)(OCH,CHs),), 108.96,
109.01, 109.07 (3d; CH, ArOP(O)(OCH,CH,),), 151.62, 151.69 ppm
(Cq; ArOP(O)(OCH,CH;),); *'P NMR (162 MHz, CDCl,): d=—7.12 ppm
(s, 3P; 3ArOP(O)(OCH,CH,),); MS (FAB*): m/z: 1076.1, 877.1, 724.1,
643.2, 535.2, 507.1, 366.9; HRMS (FAB*): m/z calcd for C,gH;,0;,P5:
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535.1263 [M+H]"; found: 535.1245; elemental analysis calcd (%)
for C,gH330,,P5: C 40.46, H 6.22; found: C 40.2, H 6.26.

Benzene 1,3,5-trisphosphate (13): 1,3,5-Tris(diethoxyphosphoryloxy)-
benzene (12, 107 mg, 200 umol) was dissolved in dry dichlorome-
thane (5 mL). Bromotrimethylsilane (1.0 mL, 7.58 mmol) was added
to the solution, which was stirred for 21.5 h at room temperature.
The volatile solvents were evaporated, and the residue was dis-
solved in methanol (5 mL). Final purification of compound 13 was
achieved by ion-exchange chromatography over Q-Sepharose Fast
Flow with a gradient of triethylammonium bicarbonate buffer (0—
2.0m). Compound 13 eluted between 1.3 and 1.7 m buffer and was
isolated as a glassy triethylammonium salt (115 umol, 57.5%).
'HNMR (270 MHz, D,0): 6=6.67 ppm (s, 3H; CH, 3ArOPO,>);
3P NMR (109 MHz, D,0): 6 =—3.03 ppm (s, 3P; 3ArOPO,>"); HRMS
(FAB™): m/z calcd for CgHgO,,P5: 364.9228 [M—H]~; found: 364.9234.

3,4,5-Tribenzyloxybenzaldehyde (15): A mixture of 3,4,5-trihydroxy-
benzaldehyde monohydrate (14, 3.08 g, 17.89 mmol), caesium car-
bonate (3258 g, 100 mmol) and benzyl bromide (11.9 mL,
100 mmol) in dry DMF (100 mL) was stirred at 80°C for 17 h. The
solution was filtered over a bed of Celite and washed with ace-
tone, and the solvents were evaporated to give the crude product.
The residue was dissolved in CH,Cl, (200 mL) and washed with
water (200 mL), the organic layer was dried, and the solvent was
evaporated. The crude product was purified by flash chromatogra-
phy (CH,CL) to give compound 15 as a solid (6.62 g, 87 %), m.p.
103-105°C from CH,Cl,/hexane, R;=0.42 (CHCl;. 'HNMR
(400 MHz, CDCly): 6=5.14 (s, 6H; 3ArOCH,Ph), 7.15 (s, 2H; 2CH,
An), 7.21-7.41 (m, 15H; 3ArOCH,Ph), 9.76 (s, 1H; ArCHO); *C NMR
(100 MHz, CDCl,): 6=71.18, 75.16 (t; ArOCH,Ph), 108.70 (d; CH, Ar),
127.30, 127.89, 127.97, 12835, 128.45 (d; ArOCH,Ph), 131.59,
136.19, 137.04, 143.50, 15299 (s; C, ArOCH,Ph), 190.69 ppm
(ArCHO); MS (FAB*): m/z: 425.1, 333.1, 91.0; HRMS (FAB®): m/z
calcd for CygH,s0,: 425.1752 [M+H]™; found: 425.1745; elemental
analysis calcd (%) for CygH,4,0,: C 79.23, H 5.70; found: C 79.0, H
5.77.

3,4,5-Tribenzyloxyphenol (17): mCPBA (2.9 g, 16.8 mmol) was added
to a solution of 3,4,5-tribenzyloxybenzaldehyde (15, 4.245g,
10 mmol) in dry CH,Cl, (100 mL), and the mixture was stirred for
20 h at room temperature. The yellow solution was washed with
aqueous sodium metabisulfite (10%, 2x 100 mL), saturated sodium
hydrogen carbonate (2x 100 mL) and water (100 mL). The organic
layer was dried, and the solvent was evaporated to give the crude
formate ester (R;=0.60, CH,Cl,) as an orange residue that was puri-
fied by flash chromatography to give 16 as a yellow solid. Com-
pound 16 was dissolved in a mixed solvent (CH,Cl,/MeOH 1:1,
100 mL) and stirred for 4 h in the presence of Amberlyst 15 ion-ex-
change resin (1.0 g). TLC indicated a new compound with a lower
R:=0.32 (CH,Cl,). The Amberlyst was filtered off, and the organic
solution was concentrated. Compound 17 was purified by flash
chromatography with CH,Cl, as eluent (3.50 g, 85%); m.p. 110-
111°C, from CH,Cl,/hexane. 'H NMR (400 MHz, CDCl,): 6=4.99 (s,
4H; 2ArOCH,Ph), 5.02 (s, 2H; ArOCH,Ph), 5.42 (s, D,O exch, 1H;
ArOH), 6.12 (s, 2H; 2CH, Ar), 7.26-7.46 ppm (m, 15H; 3 ArOCH,Ph);
3C NMR (100 MHz, CDCly): 6=70.92 (t; 2ArOCH,Ph), 75.60 (t; Ar-
OCH,Ph), 95.36 (d; 2CH, Ar), 127.41, 127.90, 128.20, 128.53, 128.80
(d; ArOCH,Ph), 131.80, 136.93, 137.75, 152.27, 153.23 ppm (C,, Ar-
OCH,Ph, ArOH, ArOBn); MS (FAB™): m/z: 412.2, 321.1, 181.1, 71.0,
55.0; elemental analysis calcd (%) for C,;H,,0,: C 78.62, H 5.86;
found: C 78.3, H 5.88.

1,2,3,5-Tetrabenzyloxybenzene (18): A mixture of 3,4,5-tribenzyloxy-
phenol (17, 2.17g, 5.26 mmol), caesium carbonate (3.26g,
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10 mmol) and benzyl bromide (1.19 mL, 10 mmol) in dry DMF
(50 mL) was stirred for 18 h at 80°C. The solvent was evaporated,
and the residue was partitioned between CH,Cl, and water
(100 mL of each). The crude product was dried, the solvent was
evaporated, and the residue was purified by flash chromatography
(CH,Cly/hexane 2:1, then CH,Cl,), to give the title compound 18 as
a white crystalline solid (237 g, 89%), m.p. 113-114°C (from
hexane), R=0.22 (CH,Cl,/hexane 2:1). '"H NMR (400 MHz, CDCl,):
0=4.90 (s, 2H; ArOCH,Ph), 4.97 (s, 2H; ArOCH,Ph), 5.04 (s, 4H;
2ArOCH,Ph), 6.27 (s, 2H; 2CH, Ar), 7.21-7.40 ppm (m, 20H; 4Ar-
OCH,Ph); *C NMR (100 MHz, CDCl,): 6 =70.24 (t; ArOCH,Ph), 71.05
(t; 2ArOCH,Ph), 75.21 (t; ArOCH,Ph), 95.15 (d; 2CH, Ar), 127.07,
127.28, 127.40, 127.51, 127.72, 127.79, 128.14, 128.27, 128.29 (d; Ar-
OCH,Ph), 136.45, 136.70, 137.61, 152.82, 154.80 (C,; ArOCH,Ph, Ar-
OCH,Ph); MS (FAB*): m/z: 503.0, 411.0, 91.0; HRMS (FAB®): m/z
caled for C3,H;,0,: 503.2222 [M+H]"; found: 503.2204; elemental
analysis calcd (%) for C3,H;,0,: C 81.25. H 6.02; found: C 81.4, H
5.94.

1,2,3,5-Tetrahydroxybenzene (19): Palladium hydroxide on carbon
(20%, 500 mg) was added to 1,2,3,5-tetrabenzyloxybenzene (18,
2.29 g, 4.56 mmol), dissolved in THF (100 mL). The air was expelled
from the vessel, and the mixture was stirred under hydrogen for
17 h at room temperature. The resulting yellow solution was fil-
tered over a bed of Celite and washed with more THF, which was
then evaporated to give compound 19 as a brown solid (461 mg,
71%). '"H NMR (400 MHz, CD,CN): 6=5.89 (s, 2H; 2CH, Ar), 6.24-
6.71 ppm (br, 4H; 4 ArOH); *C NMR (100 MHz, CD,;CN): 6 =94.69 (d;
CH, Ar), 124.94, 143.74, 146.28, 150.52 (C,; ArOH); HRMS (EI™): m/z
caled for CgHgO,: 142.0266 [M]*; found: 142.0264.

1,2,3,5-Tetrakis(diethoxyphosphoryloxy)benzene (20): A mixture of di-
ethyl  chlorophosphite  (0.77 mL),  N,N-diisopropylethylamine
(1.05 mL, 6.0 mmol) and CDCl; (5 mL) was stirred at room tempera-
ture. 1,2,3,5-Tetrahydroxybenzene (19, 142 mg, 1 mmol) was added
to the solution in small amounts and ultrasound was used to solu-
bilise the solid, which was stirred for 15 min, becoming a deeper
yellow/orange colour as it dissolved.

In a second flask, mCPBA (1.38 g, 8.0 mmol) in CH,Cl, (25 mL) was
stirred in a dry ice/acetone bath (some mCPBA precipitated out).
The phosphitylated 1,2,3,5-tetrahydroxybenzene derivative was
added to the cooled solution of mCPBA in dichloromethane, which
was stirred for a further 30 min. The solvents were evaporated, and
the residue was redissolved in dichloromethane and applied to the
column, where the product was purified directly by elution with
ethyl acetate and then ethyl acetate/ethanol 5:1 to give the prod-
uct as a pale yellow syrup (346 mg, 51%), R;=0.37 (EtOAc/EtOH
5:1, only visualised at high concentration, by UV at 254 nm).
'HNMR (270 MHz, CDCl;):: 6=1.29-136 (m, 24H; 4ArOP(O)-
(OCH,CH,),), 4.13-4.29 (m, 16 H; 4ArOP(O)(OCH,CH,),), 7.20 ppm (s,
2H; CH, Ar); *'P NMR (109 MHz, CDCl,): 0=—5.43 (s, 1P; ArOP(0)-
(OCH,CH;),), —6.28 (s, 1P; ArOP(O)(OCH,CH;),), —6.46 ppm (s, 2P;
ArOP(0)(OCH,CH,),); MS (ES™): m/z calcd for C,,H,30:¢P,: 687.1496
[M+H]"; found: 687.1493.

Benzene 1,2,3,5-tetrakisphosphate (21): A mixture of compound 20
(171 mg, 249 umol) and bromotrimethylsilane (2.0 mL, 15.16 mmol)
was stirred in dry CH,Cl, for 17 h. The solvents were evaporated,
MeOH (5 mL) was added, and the mixture was stirred for a further
5 min. TEAB (2 mL) was added to the residue, and the solvents
were evaporated. The compound was purified by ion-exchange
chromatography over Q-Sepharose Fast Flow with a gradient of
TEAB (0—2.0 M), in which compound 21 eluted at 2.0m buffer to
give a glassy triethylammonium salt (220 mg, 200 pmol, 80%).
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'HNMR (270 MHz, D,0): 6=6.85ppm (s, 2H; CH, Ar); *'P NMR
(109 MHz, D,0): 6=0.60 (s, 1P; ArOPO,>"), 0.66 (s, 2P; 2 ArOPO;*"),
1.25 ppm (s, 1P; ArOPO;*); MS (FAB™): m/z: 923.0, 760.5, 562.3,
461.1, 381.1, 283.1, 159.1; HRMS (FAB"): m/z calcd for CgHgO,6P,:
460.8841 [M—H]~; found: 460.8836.

2,4,5-Tribenzyloxybenzaldehyde (23): A mixture of 2,4,5-trihydroxy-
benzaldehyde (22, 3.08 g, 20 mmol), caesium carbonate (32.58 g,
100 mmol) and benzyl bromide (11.9 mL, 100 mmol) in dry DMF
(100 mL) was stirred for 17 h at 70°C. TLC indicated one major
product, which appeared fluorescent on the TLC plate under UV
light at 254 nm. The solution was cooled and was then filtered
over a bed of Celite and washed with a further portion of acetone
until it remained colourless. The solvents were evaporated to give
a solid, which was partitioned between CH,Cl, and water (200 mL
of each). The organic solvent was evaporated to give the crude
product. Crude 23 was purified by flash chromatography (CH,Cl,)
to give the title compound as a white crystalline solid (7.58 g,
89%), from EtOAc/hexane, R;=0.40, m.p. 136-137°C. 'H NMR
(400 MHz, CDCl;): 6=5.02, 5.08, 5.14 (3s, 6H; 3 ArOCH,Ph), 6.54 (s,
1H; CH, Ar), 7.28-7.42 (m, 16 H; CH, Ar, 3ArOCH,Ph), 10.30 ppm (s,
1H; ArCHO); *C NMR (100 MHz, CDCl,): 6=70.84, 71.13, 71.34 (3¢;
ArOCH,Ph), 100.05, 112.31 (2d; CH, Ar), 118.05 (s; C,, Ar), 126.75,
126.99, 127.14, 127.59, 127.86, 127.97, 128.15, 128.37, 128.40 (d; Ar-
OCH,Ph), 135.70, 136.46 (C,; ArOCH,Ph), 143.00, 155.06, 157.25 (s;
C, Ar), 187.45 ppm (d; ArCHO); MS: (FAB)*: m/z: 91, 425.1; HRMS
(FAB™): m/z calcd for CygH,50,: 425.1752 [M+H]"; found: 425.1738;
elemental analysis calcd (%) for C,H,,0,: C 79.23, H 5.70; found: C,
79.3, H, 5.74.

2,4,5-Tribenzyloxyphenol (25): mCPBA (2.9 g, 16.8 mmol) was added
to a solution of 24,5-tribenzyloxybenzaldehyde (23, 4.245g,
10 mmol) in dry CH,Cl, (150 mL), and the mixture was stirred at
room temperature for 22 h. The organic layer was washed with
aqueous sodium metabisulfite (10%, 2x 100 mL), saturated sodium
hydrogen carbonate (2x 100 mL) and water (100 mL). The organic
layer was dried, and the solvent was evaporated to give the crude
formate ester derivative 24 (R;=0.40, CHCl;). The crude mixture
was dissolved in a mixed solvent (CH,Cl,, 25mL and MeOH,
25 mL), and concentrated hydrochloric acid (5 drops) was added.
The reaction mixture was stirred for 90 min and then neutralised
by the addition of solid NaHCO; (5 g). The solid was filtered off,
and the solvents were evaporated to give the crude product. Pu-
rification of the title compound 25 was achieved by flash chroma-
tography (CH,Cl,) to give the product as a solid (3.0 g, 73%); Ri=
0.50 (CH,Cl,); m.p. 75-77°C from ether/hexane. 'H NMR (400 MHz,
CDCly): 6=4.91, 5.00, 5.03 (35, 6H; 3ArOCH,Ph), 5.30 (s, D,0 exch,
1H; ArOH), 6.60 (s, 1H; CH, Ar), 6.61 (s, 1H; CH, Ar), 7.24-7.40 ppm
(m, 15H; 3ArOCH,Ph); *C NMR (100 MHz, CDCl,): 6 =71.81, 71.97,
73.30 (3t; ArOCH,Ph), 103.48, 105.08 (2d; CH, Ar), 127.15, 127.45,
127.49, 127.50, 127.54, 128.05, 128.08, 128.13, 12837 (d; Ar-
OCH,Ph), 136.08, 136.92, 137.18, 138.96, 140.66, 141.31, 144.19 (C,;
ArOCH,Ph, ArOH, ArOBn); MS (FAB)*: m/z: 91, 412.3; HRMS (ESI™):
m/z caled for CyHys0,: 413.1747 [M+H]T; found: 413.1739; ele-
mental analysis calcd (%) for C,;H,,0,: C 78.62, H 5.86; found: C
78.8, H 5.88.

1,2,4,5-Tetrahydroxybenzene (26): 2,4,5-Tribenzyloxyphenol (25,
2.20 g, 5.33 mmol) was dissolved in warm EtOH (100 mL), and pal-
ladium hydroxide (20%, 500 mg) was added. The air was expelled,
and the solution was stirred under hydrogen for 20 h at room tem-
perature. The yellow solution was filtered over a bed of Celite, and
the solvent was evaporated to yield a dark coloured solid (708 mg,
94%); 'HNMR (270 MHz, CD,CN): 6=6.09 (brs, 4H; 4ArOH),
6.35 ppm (s, 2H; 2CH, Ar); MS (EI*): m/z: 142.0, 129.1, 113.0, 96.0,
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84.0, 73.0, 69.0, 60.0, 55.0, 43.0; HRMS (EI*): m/z calcd for CHsO,:
142.0266 [M]™*; found: 142.0266.

1,2,4,5-Tetrakis(diethoxyphosphoryloxy)benzene (27): A mixture of di-
ethyl chlorophosphite (0.77 mL, 4.5 mmol) and N,N-diisopropyl-
ethylamine (1.05 mL, 6.0 mmol) was stirred at room temperature
in dry CH,Cl, (10 mL). 1,2,4,5-Tetrahydroxybenzene (26, 142 mg,
1 mmol) was added in small portions, and ultrasound was used to
dissolve the solid. The solution turned yellow and then orange and
was stirred for a further 30 min. The clear solution was cooled with
dry ice and acetone, and mCPBA (1.035 g, 6 mmol) dissolved in dry
CH,Cl, (5.0 mL) was added in one portion to the tetrakisphosphite.
The solution was stirred for a further 30 min and became a dark
orange colour. The mixture was purified by flash chromatography
(EtOAC/EtOH 5:1) without workup to give the title compound as a
dark yellow oil (450 mg, 66%), R;=0.30 (EtOAc/EtOH 5:1); 'H NMR
(270 MHz, CDCly): 6=1.28-1.34 (m, 24H; 4ArOP(0)(OCH,CH,),),
4.14-4.26 (m, 16H; 4 ArOP(O)(OCH,CH,),), 7.45 ppm (s, 2H; 2CH,
ArOP(O)(OCH,CHs),); *'P NMR (109 MHz, CDCl,): 6 =—5.96 ppm (s,
4P; 4ArOP(0)(OCH,CH,),); MS (FAB"): m/z: calcd for Cy,Hy0,6P,:
687.1501 [M+H]*; found: 687.1521; elemental analysis calcd (%)
for C,,H4,046P,: C 38.49, H 6.17; found: C 38.0, H 5.97.

Benzene 1,2,4,5-tetrakisphosphate (28): 1,2,4,5-Tetrakis(diethoxyphos-
phoryloxy)benzene (27, 303 mg, 441 pmol) was dissolved in dry
CH,Cl, (10 mL). Bromotrimethylsilane (2 mL, 15.16 mmol) was
added to the solution, which was then stirred for 20 h. The sol-
vents were evaporated, and the residue was stirred in MeOH
(5 mL). The title compound was purified on a column of Q-Sepha-
rose Fast Flow with a linear gradient of TEAB buffer (0—2.0m) in
which the compound eluted between 1.3 and 1.5m buffer
(379 umol (86%); 'HNMR (270 MHz, D,0): 6=7.18 ppm (s, 2H;
2CH, ArOPO;*); *P NMR (109 MHz, D,0): = +2.57 ppm (s, 4P;
4ArOPO.>); MS (FAB™): m/z: calcd for CoHoO44P,: 460.8841 [M—H];
found: 460.8838.
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An Indole-Binding Site is a Major Determinant of the
Ligand Specificity of the GABA Type A Receptor-Associated

Protein GABARAP

Yvonne Thielmann,®®' Jeannine Mohrliider,” " Bernd W. Koenig,*™ " Thomas Stangler,'

a, b, c]

Rudolf Hartmann,® Karin Becker,” Hans-Dieter Héltje, and Dieter Willbold*®

The role of tryptophan as a key residue for ligand binding to the
ubiquitin-like modifier GABA, receptor associated protein (GA-
BARAP) was investigated. Two tryptophan-binding hydrophobic
patches were identified on the conserved face of the GABARAP
structure by NMR spectroscopy and molecular docking. GABARAP
binding of indole and indole derivatives, including the free amino
acid tryptophan was quantified. The two tryptophan binding
sites can be clearly distinguished by mapping the NMR spectros-

Introduction

Recurrent protein-interaction domains recognize a specific
amino acid sequence or a structural motif. Signature residues
or common residue patterns are a hallmark of ligand sequen-
ces that bind to a specific domain type. For example, Src ho-
mology 3 (SH3) domains recognize a PxxP motif (where x de-
notes any natural amino acid) while binding of Src homology 2
(SH2) domains requires a phosphorylated tyrosine (pTyr) in the
ligand. The presence of such key or anchor residues (e.g., Pro,
pTyr) is crucial for binding affinity. Variable amino acid patterns
in the immediate vicinity of the anchor ensure binding specif-
icity. Nevertheless, the binding affinity of a protein interaction
domain for an isolated anchor residue, that is, a key amino
acid taken out of sequence context, is usually rather low. For
example, millimolar concentrations of free pTyr are required to
partially disrupt binding of the SH2 domain of abl protein tyro-
sine kinase to cellular proteins; this suggests that there is
direct but weak binding of pTyr to abl-SH2.I" The affinity of
the SH2 domain of lymphocyte-specific protein tyrosine kinase
(Lck) for pTyr is weaker than 1 mm according to isothermal
titration calorimetry (ITC) data.”’ Binding of pTyr to Src-SH2 is
temperature dependent with K; values between 200 and
333 um based on ITC data.” In contrast, the affinity of SH2
domains to physiological pTyr-containing ligands is typically in
the high nanomolar range.”

The y-amino butyric acid receptor type A (GABA, receptor)
is a ligand-gated chloride ion channel that mediates the effects
of the major inhibitory neurotransmitter y-amino butyric acid
(GABA) in the central nervous system.” The Y2 subunit of
GABA, receptors interacts with the GABA, receptor-associated
protein (GABARAP). This interaction was first identified in a
yeast two-hybrid screen, and confirmed by colocalization ex-
periments in cultured cortical neurons and by coimmunopreci-
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copy-derived residue-specific apparent dissociation constant, K,
onto the three-dimensional structure of GABARAP. The biological
relevance of tryptophan-binding pockets of GABARAP was sup-
ported by a highly conserved tryptophan residue in the GABARAP
binding region of calreticulin, clathrin heavy chain, and the
gamma2 subunit of the GABA, receptor. Replacement of trypto-
phan by alanine abolished ligand binding to GABARAP.

pitation of GABARAP with GABA, receptor subunits from brain
extracts.”

GABARAP belongs to a family of proteins that are evolutio-
narily highly conserved among eukaryotic species from yeast
over plants to mammals.® Sequence identities between
human GABARAP and its orthologues are 100% (rat, mouse,
bovine), 79% (C. elegans), 55% (S. cerevisiae), and 54%
(A. thaliana), respectively; this suggests a critical function of
the protein.”® Several GABARAP-like homologues have been
identified in humans including GATE-16 (Golgi-associated
ATPase enhancer of 16 kDa), GEC1 (estrogen-induced 1.8 kb
RNA-coded protein; this was first isolated in guinea pig endo-
metrial cells) and LC3 (microtubule-associated protein light
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chain 3).”! The sequence similar-
ities of these homologues to

GABARAP range from ~87%
(GEC1) to ~30% identity
(LCS).[& 10,11]

Available crystal structures of
GABARAP!"™ GATE-16,"" and
LC3™ as well as the only NMR
structure of GABARAP!® mani-
fest a high degree of structural
similarity within the GABARAP
family. All structures share a
stable ubiquitin-like (UBL) fold
in the C-terminal region (amino
acids 30 to 117 or 120, respec-
tively) and two additional heli-
ces (a1 and a2) at the N termi-
nus (Figure 1A). The UBL core
domain comprises two parallel
B strands (2 and (3) that are
flanked by one antiparallel
[ strand on either side (1 and
p4), and a helices a3 (between
B2 and B3) and a4 (between (33
and (34). Both a3 and a4 pack
towards the concave surface of
the central 3 sheet, whereas a1
and o2 are located on the
convex side. One face of the
UBL core structure is highly
conserved at the amino acid

level, but the opposite side
shows  considerable  diver-
gence.'"™ The conserved sur-

face features two prominent
patches of partially exposed hy-
drophobic residues that consti-
tute hydrophobic pockets and
will be referred to as HP1 and
HP2 in what follows. In the
three-dimensional structure of
GABARAP"® HP1 is lined by
lle21, Pro30, Leu50, Phe104 and
the aliphatic portions of Glu17
and Lys48, while HP2 is formed
by Tyr49, Val51, Pro52, Leu55,
Phe60, Leu63 and lle64
(Figure 1). Notably, pocket 1 is
surrounded by several basic
side chains (Arg28, Lys46,
Lys48).

Recently, we screened a
randomized library of phage-

displayed dodecapeptide sequences for binding to GABAR-
AP The resulting set of GABARAP-binding sequences shows
at least one tryptophan residue in 80 out of the 85 dodeca-
peptides (94 %) that were identified. This is even more remark-
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Figure 1. Localization of the IAA-binding site at the conserved face of GABARAP. Shown are surface and ribbon di-
agrams of the GABARAP crystal structure (PDB ID code 1gnu)"'? and the bound IAA molecule. A) Ribbon diagram
of GABARAP; B) the surface of GABARAP with the colors based on the electrostatic potential, with basic and
acidic side chains in blue and red, respectively; C) the protein surface is color coded according to the residue-spe-
cific CSP observed upon addition of IAA (28 mm). The darker the shade of blue, the stronger is the shift perturba-
tion. Two hydrophobic patches (HP1 and HP2) on the surface of GABARAP are indicated. D) Color of shifting resi-
dues reflects the strength of the interaction between GABARAP and IAA: shades of red indicate K, ~6 mm; shades
of green indicate a very weak and perhaps unspecific interaction with an apparent K, above 30 mm; yellow resi-
dues show an intermediate apparent K. Color saturation reflects the magnitude of the CSP. Residues that have a
CSP above the arbitrary threshold of 0.18 are mapped onto the ribbon representation of GABARAP in panel A;
the color coding is identical to panel D. Panels B and D also show a ball-and-stick representation of IAA that is
bound to GABARAP in the energetically most favorable position and orientation, which was determined by molec-
ular docking. In addition, panel D contains a J-surface that encloses the region that exhibited a dot density great-
er than 2.8 (o is the standard deviation of the dot density from the mean).

able considering that tryptophan is, with an observed frequen-
cy of 2.2%, significantly underrepresented in the phage-dis-
played peptide library (Ph.D.-12 manual, New England Biolabs).
Two tryptophan-containing consensus motifs were derived

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 1767 - 1775
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Tryptophan-binding pocket of GABARAP

from subsets of the identified peptide sequences that led us to
discover the previously unknown GABARAP-binding capacity
of calreticulin™ and clathrin heavy chain."® In the current
manuscript we address the significance of the conserved tryp-
tophan for the binding of calreticulin, clathrin heavy chain and
the y2 subunit of the GABA, receptor to GABARAP. We pro-
pose that tryptophan might play the role of a signature amino
acid residue that must be present in protein domains that
bind to the hydrophobic patch HP1 on the conserved face of
GABARAP.

Results and Discussion

The persistent appearance of a tryptophan residue in the
phage display-selected GABARAP-binding peptides is very
likely related to its peculiar side chain, which is comparably
large and consists mainly of a flat, rigid, hydrophobic, and aro-
matic indole ring. Therefore, we characterized the interaction
of GABARAP with indole and three indole derivatives. Binding
between GABARAP and the uncharged indole, the zwitterionic
free amino acid L-Trp, the anionic indole-3-acetic acid (IAA),
and the uncharged N-acetyl-L-tryptophan amide (NATA) was
experimentally confirmed by saturation transfer difference
(STD) NMR spectroscopy (Figure 2)."*2? A STD spectrum of
a sample that contained glucose (10 mm) and GABARAP

s
4 3 %
5
6@2
N

(0.1 mMm) was recorded as a negative control. As expected, the
STD spectrum did not show any NMR signals of glucose. The
STD experiment is capable of detecting protein-ligand interac-
tions with dissociation constants (K;) between the upper nano-
and the lower millimolar range. Selective saturation of a pro-
tein 'H resonance spreads rapidly to other nuclei of the protein
by intramolecular spin diffusion. In the case of ligand binding,
saturation is also transferred to the spins of the ligand. Obser-
vation of ligand signals in the difference spectrum that is cal-
culated from two '"H NMR spectra recorded with and without
selective saturation of protein signals, respectively, indicates
ligand binding (Figure 2).

Prediction of indole binding sites on GABARAP

A molecular docking algorithm was applied for localization of
tryptophan-binding sites on the previously determined three-
dimensional structure of GABARAP. Docking of indole to GA-
BARAP resulted in two highly preferred sites that match the
two hydrophobic patches, HP1 and HP2, on the conserved
face of the GABARAP fold, which is described above. In 35 out
of the 100 configurations that were calculated the indole was
found in HP1. Moreover, the six configurations with the high-
est-scoring values (“fitness”) belonged to this subset of 35 con-
figurations. However, close inspection of the docked indole

2
6 o
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Figure 2. Saturation transfer difference (STD) NMR spectra prove the interaction of GABARAP with indole and the indole derivatives IAA, L-Trp, and NATA. The
depicted ionization state reflects the predominant state at neutral pH according to published pK, values. The spectral region around the saturation frequency
(S) is slightly disturbed. Very weak protein signals (P) are observed in addition to the marked proton resonances of all four ligands.
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molecules revealed that the rigid molecules were deeply im-
merged in the hydrophobic pockets with their pyrrole moiety
of the indole ring pointing towards the bottom of the tight
cavities. Although this ligand orientation apparently reflects
the energetically most favorable position of an isolated indole
on the surface of GABARAP, it is incompatible with an indole
side chain of a tryptophan in the context of a GABARAP-
bound polypeptide for steric reasons.

In another set of docking experiments, we studied the inter-
action of GABARAP with IAA. This indole derivative has an
acetic acid group covalently attached to position three of the
indole ring (Figure 2). The carboxyl group is ionized at neutral
pH, which results in a negative net charge of IAA. Docking re-
vealed just one energetically highly favorable IAA-binding site
on GABARAP, which matches the hydrophobic pocket HP1
(Figure 1C). Importantly, the orientation of the indole ring of
IAA with respect to GABARAP is opposite to the one observed
with the bare indole. In the case of IAA, the benzene ring
points towards the bottom of the hydrophobic pocket. The
indole ring of IAA is sandwiched between the side chains of
Lys48 and Leu50 and the carboxyl group sticks out of the hy-
drophobic cavity. Cationic amino groups of the side chains of
Lys46 and Lys48 directly flank HP1 and provide favorable inter-
action sites for the carboxyl moiety of IAA (Figure 1B). The pre-
dicted orientation of the IAA molecule indicates that an indolic
tryptophan side chain of a GABARAP-bound peptide could be
favorably accommodated in HP1.

Experimental localization of interaction site

For experimental verification of the predicted binding site of
the indolic side chain of tryptophan we conducted HSQC titra-
tion experiments on *N-labeled GABARAP. The NMR frequen-
cies of the protein backbone atoms are exquisitely sensitive
probes of the chemical environment of the observed spins.
Ligand binding usually disturbs the electron current density in
the immediate vicinity of the binding site, and results in local-
ized chemical shift changes of nearby protein spins, which are
often referred to as chemical shift perturbation (CSP). Two-di-
mensional 'H,”’N HSQC spectra provide residue-specific amide
'H and "N resonance frequencies. A series of protein HSQC
spectra that were recorded with increasing amounts of ligand
in the sample (often called HSQC titration) allows mapping of
the ligand-binding site onto the protein surface. It provides in-
sight into the kinetics and perhaps the mode of binding, and
in favorable cases also yields the dissociation constant of the
protein-ligand complex.”’? Aromatic ring currents can
induce profound through-space NMR shielding of nearby spins
that depend both on the distance and on the planar orienta-
tion of the aromatic ring relative to the observed spin. Iso-
chemical-shielding surfaces of +0.1 ppm of an indole ring are
roughly 9 A away from the center of the fused ring.*” There-
fore, CSP mapping provides an excellent tool for the character-
ization of the interaction of indole derivatives with GABARAP.

Chemical shift perturbation at GABARAP backbone amide
sites relative to ligand-free protein was studied at large ligand
excess for indole, IAA, L-Trp, and NATA in aqueous buffer
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(Figure 3). Indole and NATA showed rather limited solubility
and were added at their saturation concentration of 13 and
14 mm, respectively. Normalized '"H-N and "N composite CSP
values that were detected for each of these four ligands in GA-
BARAP HSQC spectra are presented as a function of sequence
position in Figure 3C. The overall pattern of ligand-induced
chemical shift changes is very similar for all four ligands. The
strongest perturbations occur in the f strands 1 (K48, Y49,
L50) and B2 (R28, V31) and in the loop that connects 02 and
1 (Y25). Clusters with smaller but nevertheless significant
changes are also observed in the C-terminal half of a2 (G18,
121, K23), in a3 (F60, F62, L63, R67), and in the loops between
B3 and o4 (N81, N82) and between 04 and (34 (E101, F103,
F104). Figure 1C maps the strength of the CSP observed upon
addition of 28 mm IAA relative to ligand-free GABARAP on a
surface contour of GABARAP. Surface-exposed residues are
indicated in shades of blue if the normalized composite CSP of
the corresponding backbone amide exceeded a threshold
value of 0.18 (Figure 3C). The darkness of the blue reflects the
strength of the CSP. The cluster of dark blue residues around
HP1 is in agreement with the prediction of IAA binding at HP1.
However, the surface-mapping approach is of limited use for
exact localization of the bound ligand. Residues that show sig-
nificant shift perturbations are spread over the entire face of
GABARAP (Figure 1C). Significant CSPs are not unexpected
even at a distance of ~10 A from the center of the indole ring
due to the exceptionally strong dipolar field caused by the -
electron currents of indole. The observed CSP pattern alone is
apparently insufficient for precise localization of 1AA.

J-surface localization of binding site

McCoy and Wyss introduced two approaches for the spatial lo-
calization of weakly interacting aromatic ligands from binding-
induced CSP data. Protein chemical shift changes can be simu-
lated for a range of ligand positions and orientations relative
to the surface of the target with the aim of minimizing the dif-
ference between the measured and predicted CSP data.” Al-
ternatively, the effect of an aromatic ring current that origi-
nates from the ligand on the resonance position of neighbor-
ing protein spins can be approximated by a point-dipole at
the center of the ring.”® The detected CSP of a single protein
spin is compatible with a multitude of possible positions (dots)
of the point-dipole that causes the perturbation. These posi-
tions define a sphere that is centered at the monitored protein
spin and occupied by N dots. The local dot density is a mea-
sure of the probability of finding the source of the shift pertur-
bation at a given voxel. The superposition of dot densities de-
rived from the measured CSPs of all affected protein spins ex-
hibit maximal dot density close to the center of the aromatic
ring that is causing the shifts.””? Surfaces that enclose the re-
gions of substantially elevated dot density are referred to as
“J-surfaces” because the electron current density J that is re-
sponsible for the observed CSPs is most probably localized
within these surfaces.”” Using the software Jsurf we derived a
J-surface for IAA, which is centered within pocket HP1 (Fig-
ure 1D). As expected, this J-surface also engulfs the location of
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Figure 3. A) and B) 'H,"”N HSQC titration of GABARAP with IAA and C) normalized chemical shift perturbation (CSP) of GABARAP resonances at the maximum
ligand concentrations studied as a function of sequence position for indole (13 mwm, black), IAA (28 mwm, red), NATA (14 mm, green), and L-Trp (42 mm, blue) in
DMSO-free buffer. Secondary structure elements of GABARAP are indicated at the bottom of panel C. GABARAP resonances characterized by a normalized
CSP of more than 0.18 upon addition of IAA (28 mm) are labeled in the HSQC spectra. Five out of ten titration steps are shown in panels A and B that corre-
spond to 0 mm (red contours), T mm (orange), 4 mm (yellow), 9 mm (light green), and 28 mm IAA (dark green) in the NMR spectroscopic sample. The follow-
ing protocol was used to generate the normalized composite CSP values shown in panel C: for each ligand, all backbone 'HN and '°N CSPs of GABARAP reso-
nances observed at the maximum ligand concentration were normalized to the largest 'HN and "°N CSP value, respectively, that was observed for this particu-
lar ligand. The normalized 'HN and "°N chemical shifts were then summed up for each residue, and the resulting composite shifts were normalized again by
scaling the maximum shift observed for each ligand to a value of 1.0.°¢
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the indole ring derived by molecular docking. Together with
the similarity of the CSP pattern observed for all four indole
derivatives (Figure 3C), these results indicate that HP1 is the
dominating binding site of the tryptophan analogues that
were studied.

K4 map of binding sites

A series of HSQC experiments of isotope-labeled protein re-
corded with varying amounts of ligand might allow the deter-
mination of K, provided that the dissociation of the protein-
ligand complex occurs either in the fast or slow exchange
range compared to the NMR chemical shift timescale.”® The
gradual shift of GABARAP resonances that are observed during
HSQC titration with all four indole derivatives studied is typical
for fast exchange and weak binding (Figure 3). The largest 'H
chemical shift change that was observed for IAA corresponds
to 192 Hz. Assuming that fast exchange is occurring, this
observed maximum shift indicates a dissociation rate constant
of the GABARAP-IAA complex of more than ~1200 Hz. Close
inspection of the HSQC trajectories of individual peaks reveals
qualitative differences (Figure 3). Some resonances (e.g., K48,
Y49) shift strongly even at low IAA concentrations (red-
orange-yellow), whereas others (e.g., F62, L63, R67) move pre-
dominantly at higher IAA content (yellow-light green-dark
green). Different rates of peak movement indicate the pres-
ence of more than one binding site with unequal ligand affini-
ties. This hypothesis was verified by determining Ky values for
all GABARAP backbone amides with strongly shifting peaks in
the HSQC titration of IAA that were not compromised by
strong overlap with neighboring peaks (peaks labeled in
Figure 3). A graphical representation of the Kj fits for the titra-
tion of GABARAP with IAA is shown in Figure 4. The derived Ky
values clearly indicate the presence of two ligand-binding sites
on GABARAP. Titration with IAA results in a sizable cluster of
GABARAP residues that experience ligand binding with a K; of
612 mm (K48, Y49, V31, R28, Y25, F3, K23, 132, G18, 121, F103).
A second cluster (F60, F62, L63, R67) shows very weak and ar-
guably unspecific binding with fitted K, values between 38
and 208 mm. The latter K, estimate has a large uncertainty,
partially because the range of ligand concentrations that was
studied (up to 28 mwm) is too low for a better characterization
of such a weak interaction. However, realizing the existence of
this second interaction site is important for the interpretation
of the observed CSP pattern in Figure 1C irrespective of the
question of the biological relevance of this second site. Finally,
there are two residues that do not fit into either one of these
two clusters. The most prominent is L50, which shows the
strongest CSP of all GABARAP HSQC cross-peaks upon titration
with |AA. Despite severe peak overlap with F60 in one of the
ten HSQC spectra recorded during the titration, the remaining
nine data points fit nicely to our simple binding isotherm and
yield an apparent K, value of 13+ 1 mm. The shift changes of
F104 showed some scatter, which resulted in a poorly defined
Ky of 104+3 mm. Inspection of the known structure of GABA-
RAP revealed that L50 is located proximal to both identified
ligand-binding sites. Also F104 might sense the influence of
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Figure 4. Representation of binding curves that were derived from the
HSQC titration of GABARAP with IAA. GABARAP residues proximal to the pri-
mary IAA-binding site are characterized by Kj in the range between 4 and

8 mm and are displayed in the upper two panels. The residues presented in
the lower panel reflect weaker IAA affinity than the major binding site. F60,
F62, L63, and R67 on helix a3 are in the vicinity of the hydrophobic patch 2.
The estimated Ky values might indicate unspecific binding of IAA at HP2.
The observed CSP of L50 and F104 is most likely a superposition of shifts
caused by IAA binding to both sites; this results in apparent K, values of 13
and 10 mwm, respectively.

IAA binding to both hydrophobic patches. Figure 1A and D
shows residues of cluster 1 (K; ~6 mm) in shades of red, of
cluster 2 (Ky>30 mm) in green, and L50 and F104 in yellow.
We speculate that the backbone amide resonances of L50 and
F104 are influenced by ligand binding to both interaction sites
and perhaps by localized conformational changes. In summary,
mapping Ky values to individual backbone amides of the spa-
tial protein structure allows a more stringent interpretation of
the binding topology than simple CSP mapping.
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Comparison of binding affinities of indole derivatives

Based on HSQC titration experiments we were able to estimate
the dissociation constants for binding of IAA, indole and L-Trp
to the hydrophobic pocket HP1 on the conserved face of GA-
BARAP. The limited solubility of NATA (saturating concentration
of ~14 mm) interfered with a quantitative characterization of
its interaction with GABARAP. Of the three remaining com-
pounds, the anionic IAA binds most strongly (K; ~6 mwm), fol-
lowed by the noncharged indole (K; ~12 mm) and the weakly
interacting zwitterionic L-Trp (Ky values between 30 and
60 mM were estimated).

The solubility of indole in buffer (13 mm as estimated by
quantitative 'H NMR spectroscopy) was not sufficient for an
accurate determination of K. Addition of 10% (v/v) [Dg]DMSO
to the buffer increased the solubility of indole to ~27 mm and
permitted the K, value for indole and GABARAP to be deter-
mined (~12 mm) after correction for DMSO-induced chemical
shift changes. All other measurements were carried out in the
absence of DMSO.

The negatively charged IAA shows a higher affinity than the
bare indole ring and the zwitterionic free amino acid L-Trp. Ap-
parently, there is an electrostatic contribution to the binding
energy, which most likely results from attraction between the
ionized carboxyl group of IAA and the basic side chain of
either K46 or K48 of GABARAP (Figure 1B). Interestingly, the
prominent tryptophan in phage display-selected GABARAP-
binding peptides is frequently flanked by negatively charged
amino acids in the polypeptide chain."” Thus, in addition to
the absolutely required tryptophan, a negatively charged side
chain might support specific binding to the hydrophobic
patch HP1 of GABARAP.

Tryptophan plays a key role for GABARAP binding

The undecapeptide P1 corresponds to the amino acid se-
quence of human calreticulin CRT(178-188), which was identi-
fied as a GABARAP-binding protein based on phage display
experiments."” The only difference between P1 and peptide
P1(W6A) is a tryptophan-to-alanine substitution of the single
tryptophan in the sequence. The interaction between GABA-
RAP and the two peptides was probed by surface plasmon res-
onance. GABARAP binds P1 with a K, of 11.4 um. However, in
case of P1(W6A) no interaction with GABARAP was detectable.
This indicates that the affinity between P1(W6A) and GABARAP,
if any, must be millimolar or weaker.

The loss of GABARAP binding of the P1 peptide upon tryp-
tophan replacement strongly suggests a key role of the trypto-
phan within the binding motif despite the rather low GABA-
RAP affinity of the free amino acid L-Trp and the indole deriva-
tives studied. The importance of tryptophan for GABARAP
binding is reminiscent of the key role of phosphotyrosine
within the SH2 domain-binding motifs.
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Biological relevance of the indole-binding pocket

Compared to other amino acids, tryptophan occurs least fre-
quently in proteins; further it is often found at protein surfaces
or in the vicinity of the membrane-water interface in the case
of membrane proteins. This interfacial exposure of tryptophan
might suggest a preferential involvement of Trp in specific pro-
tein—protein interactions.”® Indeed, statistical analysis of pro-
tein—protein interaction sites in a representative sample of pro-
tein complexes revealed that tryptophan is the amino acid
with the highest propensity for residing in an interface patch,
immediately followed by phenylalanine, another aromatic
amino acid.? The peculiar interfacial preference of tryptophan
might result from its profound dipolar character, the m elec-
tronic structure of the indole moiety and perhaps cation-m
interactions,®” or from its flat rigid shape.”

If the identified tryptophan-binding site on GABARAP is rele-
vant for functional interactions with other proteins, then one
would expect to find highly conserved tryptophan residues
within the GABARAP-binding regions of at least some of GA-
BARAP’s interaction partners. Indeed, strongly conserved tryp-
tophans are found in calreticulin (CRT), in the y2 subunit of the
GABA, receptor, and in the clathrin heavy chain. Multiple
sequence alignment of human CRT (precursor protein; Swiss-
Prot accession number P27797) with 24 orthologous from
other eukaryotes ranging from plants to mammals revealed
100% conservation of W200 of hCRT (precursor protein). An ar-
bitrary selection of six out of these 25 sequences is shown in
Figure 5A. Interestingly, the CRT alignment shows also 92%
conservation of aspartic acid residues both in the i—1 and i+1
positions relative to W200. Multiple sequence alignment of
human GABA, receptor y2 subunit (Swiss-Prot accession
number P18507) with all five known homologues also indicates
strong conservation of the tryptophan at sequence position
424 (Figure 5B). This tryptophan is part of a short stretch of
amino acids (427-437) that was shown to be sufficient for
binding to GABARAP."¥ Finally, W514 in the GABARAP-binding
site. of human clathrin heavy chain 1 (Swiss-Prot accession
number Q00610) and 2 (Swiss-Prot accession number P53675)
is conserved in the homologues of mouse and rat, but is con-
servatively substituted by phenylalanine or tyrosine in the ho-
mologues of three organisms, which interestingly do not code
for GABARAP (Figure 5C). Even more intriguing, the reported
GABARAP binding affinities for calreticulin, clathrin heavy chain
and GABA, receptor y2subunit of 64 nm,"” ~1 um,"® and
>200 um,"? respectively, correlate with their local electrostatic
net charge around the central tryptophan residue. The more
negative the net charge, the lower is the reported K, value.

Conclusions

GABARAP exhibits a specific binding site for indole and indole
derivatives. This binding site was traced to a hydrophobic
pocket on the conserved face of the GABARAP structure by
using NMR spectroscopy-based ligand affinity mapping. The
presence of a tryptophan residue appears to be a major deter-
minant of GABARAP ligands that bind to this site. Support for

1773

www.chembiochem.org



www.chembiochem.org



BIO

A)

CALR_HUMAN LEDDWDFLPPKKIKDPDA 213
CALR_MOUSE LEDDWDFLPPKKIKDPDA 213
CALR_RAT LEDDWDFLPPKKIKDPDA 213
CALR_DROME LEDDWDFLAPKKIKDPTA 213
CALR_CAEEL LEEDWDLLPAKKIKDPDA 208
CALR_DICDI LADDWELLPSKQIKDPKQ 213
B)

GBRG2_HUMAN RTGAWRHGRIHIRIAKMD 442
GBRG2_PONY RTGAWRHGRIHIRIAKMD 442
GBRG2_MOUSE RTGAWRHGRIHIRIAKMD 449
GBRG2_RAT RTGAWRHGRIHIRTAKMD 441
GBRG2_BOVIN RTGAWRHGRIHIRIAKMD 450
GBRG2_CHICK RTGAWRHGRIHIRIAKMD 449
C)

CLH1_HUMAN YTPDWIFLLRNVMRISPD 527
CLH2_HUMAN YTPDWIFLLRGVMKISPE 527
CLH_MOUSE YTPDWIFLLRNVMRISPD 527
CLH_RAT YTPDWIFLLRNVMRISPD 527
CLH_YEAST YOPNFLVLISSLIRSSPD 531
CLH_DROME YTPDYVFLLRSVMRSNPE 528
CLH_DICDI YKPDFMFLLORMANANPM 526

Figure 5. Sequence alignments of the GABARAP-binding proteins calreticu-
lin, the y2 subunit of the GABA, receptor, and the clathrin heavy chain
reveal a highly conserved tryptophan over a broad variety of species.

A) Alignment of amino acids 196-213 of human calreticulin (precursor pro-
tein) with homologues from five other species indicates conservation of
W200 of human calreticulin. The arbitrarily chosen examples represent the
25 calreticulin sequences that are currently deposited in the Swiss-Prot data-
base. Notably, all 25 exhibit the conserved tryptophan. B) Alignment of
amino acids 425-442 of human GABA, receptor y2 subunit (precursor pro-
tein) with all five orthologues that are found in the Swiss-Prot database
shows 100% conservation of the tryptophan at position 429 in the human
protein. The stretch of underlined amino acids 427-437 of the human
GABA, receptor y2 subunit has been shown to be sufficient for GABARAP
binding."® Interestingly, this stretch contains the conserved tryptophan.

C) Alignment of amino acids 510-527 of the human proteins clathrin heavy
chain 1 and 2 (precursor proteins) with all five orthologues that are currently
present in the Swiss-Prot database. W514 of human clathrin is conserved in
the homologue proteins of mouse and rat, but conservatively replaced by
other aromatic residues in the homologues of yeast, drosophila melanogast-
er, and dictyostelium discoideum. Remarkably, the GABARAP protein has
been identified in human, mouse, and rat but not in the latter three species.

this hypothesis comes from: 1) the high abundance of trypto-
phan in GABARAP binding peptides that were selected by
phage display screens, 2) the loss of GABARAP affinity upon a
tryptophan-to-alanine replacement in a phage display-selected
peptide, and 3) the strong conservation of a tryptophan resi-
due in the GABARAP binding regions of calreticulin, clathrin
heavy chain and the GABA, receptor y2 subunit. Additional
studies are required to decide whether the indole-binding site
on GABARAP is also relevant for the binding of low-molecular-
weight indolic compounds that are ubiquitous in and outside
of cells.
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Experimental Section

Materials: GABARAP was recombinantly expressed with an N-ter-
minal GST affinity tag in E. coli and purified as described previous-
ly.2? Uniformly N-labeled protein was obtained by growing the
bacteria in minimal medium supplemented with "*N-labeled am-
monium chloride (Euriso-Top, Saarbriicken, Germany) as the sole
nitrogen source. Indole and indole-3-acetic acid (IAA) were pur-
chased from Aldrich. L-Tryptophan (L-Trp) and N-acetyl-L-trypto-
phan amide (NATA) were from Sigma. Perdeuterated [DsDMSO
and D,0 were obtained from Euriso-Top. The two peptides COCH,-
SLEDDWDFLPP-NH, (P1) and COCH,-SLEDDADFLPP-NH, (P1(W6A))
were custom synthesized and purified to >95% by the core facility
“Analytisches Zentrallabor” of BMFZ at the Heinrich-Heine Universi-
ty in Dusseldorf, Germany, and Jerini BioTools, (Berlin, Germany),
respectively.

NMR spectroscopy experiments: Data were recorded at 25°C and
14.1 T with a Varian Unity INOVA 600 instrument by using a 5 mm
'H{"3C,"*N} triple resonance probe that was equipped with an ac-
tively shielded z-axis pulsed field gradient coil. Saturation transfer
difference (STD) spectra were calculated from two 'H NMR spectra
that were recorded in an interleaved manner with 64 scans each
with and without, respectively, selective protein irradiation at
~1 ppm for 3's. The water signal was suppressed with the WATER-
GATE sequence and convolution of the time-domain data. Samples
that contained GABARAP (0.1 mm) and ligand (~10 mm) in PBS
buffer (pH 7.4) were prepared with a mixture of 2H,0 and H,0 (10
and 90 %, respectively). The buffer of the indole sample contained
[DcJDMSO (10 vol%) to facilitate solubility of the hydrophobic
ligand. Two-dimensional "H,"°N HSQC spectra of "*N-labeled GABA-
RAP were recorded on samples that contained protein (between
87 and 192 pum) and varying amounts of ligand (from 0 to 42 mm)
in buffer (25 mm sodium phosphate, pH 7.0, 100 mm NaCl, 100 mm
KCl). Indole samples were supplemented with [Dg]DMSO (10 vol %).

Ligand concentration was verified in all samples by quantitative
"H NMR spectroscopy based on comparison of the integral intensi-
ty of selected ligand signals with the trimethylsilyl peak of 2,2-di-
methyl-2-silapentane-5-sulfonate (DSS), which was added to the
samples as an internal standard.

Determination of dissociation constants from NMR spectroscopy
data: Ligand-binding-induced changes of protein chemical shifts
encode information on the population of the free and ligand-
bound states of the protein. Under fast exchange conditions, an af-
fected 'H-"°N correlation peak in the HSQC spectrum moves grad-
ually from the free to the bound state position upon titration with
increasing amounts of ligand, and the observed chemical shifts are
population-weighted averages over the shifts in the bound and
free states. The total ligand and protein concentrations along with
the fraction of complex at each titration step can be fitted to a
simple binding isotherm; this yields the dissociation constant K, if
the binding mode is compatible with a local one-to-one com-
plex.?¥ The composite chemical shift perturbation, Ad, that takes
both 'H and "N chemical shift changes of protein backbone
amides into account was employed in the fitting procedure
[Eq. (1)]:

AS = /[(ASTHNY + (Ad *N/5)?] )

Molecular docking: The molecular docking routine that was imple-
mented in the software package GOLD v3.0.1 (Cambridge Crystallo-
graphic Data Centre)®” was used to search the surface of the
three-dimensional structure of GABARAP for low-energy indole-
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binding sites. Ligands were docked within a radius of 10 A around
the C, position of Y49 by using the GoldScore scoring function
and default parameters.

J-surface localization: The software Jsurf (kindly provided by G.
Moyna of USP in Philadelphia, USA and M. A. McCoy of Schering-
Plough Research Institute) was used to derive a J-surface from HN
chemical shift changes of GABARAP that were induced by the addi-
tion of IAA (28 mm). Atomic coordinates of GABARAP were taken
from the crystal structure (PDB accession code 1 gnu).'” Standard
parameters were used, and the eleven amide protons of GABARAP
that shifted by more than 0.05 ppm upon addition of IAA were
considered in the calculation.

Surface plasmon resonance: Experiments were performed on a
Biacore X instrument (GE Healthcare). GABARAP was amine-cou-
pled to a CM5 sensor chip. Peptide was dissolved at various con-
centrations (100 nm to 1 mm) in buffer (10 mm HEPES, 150 mm
NaCl, 3 mm EDTA, 0.005% SP20, pH 7.4) and aliquots (60 uL) were
injected at a flow rate of 30 uLmin~' at 21.5°C. The BlAevaluation
software package was used for data analysis.

Sequence alignment: Protein amino acid sequence alignment was
performed by using ClustalW.®!
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Catalyzed Oxidative Corrosion of Porous Silicon Used as
an Optical Transducer for Ligand-Receptor Interactions

Nicolas H. Voelcker,*® Ignacio Alfonso,” and M. Reza Ghadiri*”

Biosensors fabricated on the nanoscale offer exciting new ave-
nues in the quest for better understanding and characterization
of biological systems. Porous silicon is an ideal nanostructured
material for the construction of optical transducer matrices be-
cause it is easily functionalized with biomolecular probes and dis-
plays strong optical interferences. Here, we show that certain
transition metal complexes, including nickel(ll)cyclam, are able to

Introduction

Significant efforts are currently being devoted to the develop-
ment of biosensors that exploit signal amplification to boost
sensitivity.™® These studies are fueled by the need for rapid
and sensitive sensors in areas such as biomedical diagnostics
and veterinary, food, and environmental monitoring, as well as
bioterrorism prevention. Signal amplifying elements are com-
monly incorporated into biosensors through activation of an
enzymatic pathway!" "™ by use of appropriate processes based
on organic or organometallic reactions or on the catalytic
properties of metallic nanoparticles.!'®'*

However, the involvement of a non-metallic inorganic mate-
rial in the critical signal amplification step has been rare.
Porous silicon is a nanostructured material with a large surface
area and unique electrical™ and optical properties™ that have
been exploited by several groups for the development of bio-
sensor devices."*?¥ As one example, the photoluminescence
of porous silicon is altered upon incorporation of molecules in
the porous layer.['”:%2%

Another common strategy is the fabrication of interferomet-
ric sensors® =" in which molecular recognition events can be
monitored by a red shift in the Fabry—Perot fringe pattern that
is essentially caused by a change in the refractive index of the
porous layer upon analyte binding."**? By interferometric re-
flectance spectroscopy, biomolecules such as streptavidin, im-
munoglobulins, and DNA have been detected in low concen-
trations.*>*33% However, these sensors are generally character-
ized by linear signal-response curves and often cannot incor-
porate signal amplifying elements, ultimately limiting their ach-
ievable sensitivity.

We have previously established a unique mechanism for
DNA detection using an interferometric biosensor based on p-
type porous silicon."®3® Our method relies on the hybridization
of a negatively charged DNA target to its complementary
strand immobilized on the silicon surface, which induces the
corrosion (oxidation-hydrolysis) of the porous interference
layer. While reflectance spectroscopy is typically not useful for
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induce corrosion in porous silicon films rapidly, generating a
strong optical interferometric signal that originates from the
porous layer. We subsequently exploit this effect to design a
transducer for ligand-receptor recognition. With a nickel(ll)cy-
clam derivative as a catalytic label, DNA- and avidin-binding
events are detected by time-lapse interferometric reflectance
spectroscopy in a fast, simple, and inexpensive fashion.

the detection of low concentrations of DNA-like molecules, the
binding-induced corrosion effectively amplifies the spectro-
scopic signal through the profound morphological change in
the solid support, an effect akin to the amplification of the
binding event in an enzyme-linked immunoassay.*” As our
previous sensors were limited to DNA detection, we set out
here to find a more general biosensor design framework that
exploits the accelerated corrosion of a porous silicon substrate
to amplify the analyte binding signal. We hypothesized that a
suitable chemical catalyst of porous silicon corrosion could be
localized at the surface of the silicon matrix by tethering it to a
ligand for a surface-immobilized receptor (Scheme 1). The spe-
cific ligand-receptor interaction would thus afford a high effec-
tive concentration of the corrosion catalyst in the porous layer,
accelerating oxidation and corrosion of the porous silicon
matrix, and thereby amplifying the signal of the ligand-binding
event.

Transition metal complexes derived from polyazamacrocy-
cles and salen-type ligands are a growing class of catalysts
with expanding utility in a variety of chemical transforma-
tions.’**? These complexes also show promise as biomimetic
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Receptor-functionalized porous silicon

@9

Binding of catalyst-
labeled ligand

) 0

Strong interferometric

signal Porous silicon

corrosion /oxidation

) &

/

Scheme 1. Transducer design based on the catalysis of oxidative corrosion
of a porous silicon matrix.

[43,44] and

A [45-47]

catalysts for the hydrolytic cleavage of peptide bonds
for the induction of oxidative damage or cleavage of DN
We conjectured that such transition metal complexes might
also be capable of inducing oxidative hydrolysis of a porous
silicon matrix.

Accordingly, we prepared a number of salen and cyclam
complexes that were known to possess oxidative or hydrolytic
activities and studied their effectiveness in catalyzing porous
silicon corrosion. Interferometric reflectance spectroscopy (IRS)
and atomic force microscopy (AFM) were used to characterize
the optical and morphological changes, respectively, in the
porous silicon layer. Building on findings from these initial
studies, we fashioned an optical transducer of DNA-DNA and
avidin-biotin interactions, in which biomolecule binding is
transduced into an optical response of the porous silicon layer.
This transducer shows potential for use in optical biosensors,
which—although being single-use—would nevertheless be at-
tractive for applications in point-of-care or laboratory diagnos-
tics, or in workplace or roadside testing. In these cases, simple,
fast, and miniaturizable transduction platforms are required,
and single-use devices are preferred over reusable ones.

ChemBioChem 2008, 9, 1776 - 1786
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Results and Discussion

Preparation of porous silicon interference layers

Macroporous silicon was fabricated by anodizing heavily
doped p-type (p**) silicon wafers in ethanolic HF solution.
Pores larger than 50 nm are desirable in order to minimize
steric hindrance for the entry of large analytes such as DNA or
proteins into the porous layer. We adjusted the etching condi-
tions to obtain pores of 100 to 300 nm diameter as measured
by AFM.E? The predominantly silicon-hydride-terminated
porous silicon surface was subsequently oxidized with ozone.
Time-lapse IRS confirmed that the porous layers prepared in
this fashion were sufficiently stable towards hydrolysis in neu-
tral aqueous medium. When the effective optical thickness
(EQT) of the porous silicon layer was plotted against incuba-
tion time, a decrease in EOT of 15-17 nmmin~' was measured
for the freshly etched porous silicon. This EOT drift is due to
the conversion of silicon into silica, leading to a decrease in
the effective refractive index (n.4) of the porous silicon layer.
Furthermore, dissolution of the porous layer results in a de-
crease in the layer thickness (/) or an increase in porosity. Given
that EOT =/n,4 both oxidation and dissolution lead to a decay
in EOT.®® Ozone oxidation is known to stabilize the porous sili-
con against rapid oxidation and corrosion,®** and in accord-
ance with this stabilizing effect, smaller EOT decays of about
0.2-0.4 nmmin~' were measured.

Porous silicon corrosion catalyzed by transition metal
complexes

Cyclam- and salen-based transition metal complexes have
been used as catalysts in a variety of chemical reactions includ-
ing epoxidations and hydroxylations.?®**? Several groups have
demonstrated the use of these complexes as potent enzyme
mimics in a variety of biomolecule fragmentation and oxida-
tion reactions.”***=*" |nspired by these studies, we investigated
several bis(salicylidene)ethylenediamine (salen) and 1,4,8,11-tet-
raazacyclotetradecane (cyclam) complexes of Cu", zn", Ti", C/",
Mn", Fe", Ru", Co", Rh", and Ni" for their activity in corroding
porous silicon layers. As well as the commercially available
parent salen ligand, bishydroxysalen was also synthesized. This
ligand was thought to create a hydroquinone system cooper-
ating with the transition metal redox system in the complex,
leading to higher efficiency in DNA cleavage. Changes to the
Fabry-Perot fringe pattern of ozone-oxidized porous silicon
upon incubation in millimolar solutions of metal complexes
were recorded by time-lapse IRS. Oxidant (ammonium persul-
fate) or reductant (dithiothreitol) was added in some cases to
increase oxidative or hydrolytic potency. The obtained normal-
ized EOT slope changes are listed in Table 1.

The results of a screening of transition metal complexes re-
vealed that the cyclam macrocyclic complexes of Ni'" and Cu"
in the presence of ammonium persulfate, as well as the bis-
hydroxysalen complexes of Cu", Ru" and Fe", induced rapid
porous silicon corrosion (Table 1). The highest EOT change—
(AEOT/At)/EOT,—was observed for Ni'cyclam in the presence
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of oxidant. Figure 1 shows the measured EOT traces for porous
silicon in contact with Ni'cyclam and Ru"bishydroxysalen solu-

Table 1. Observed change in effective optical thickness (EOT) of porous
silicon substrates under various conditions.

—(AEOT/At)/EOT,x 10° [min~"]
Complex Background Complex +oxidant +reductant
Cu'salen 0.034 0.028 - 0.038
Cu'bishydroxysalen 0.039 0232 - 0.195
Cu'phenylensalen 0.035 0.039 - 0.032
Cu'cyclam 0.103 0.228 0.386 0.112
Ni'salen 0.026 0.036 0.040 -
Ni'bishydroxysalen 0.029 0.068 -
Ni'cyclam 0.053 0.084 1.161 -
Zn'salen 0.023 0.064 0.084 -
Zn'cyclam 0.062 0.040 0.021 -
Fe"bishydroxysalen 0.085 0.329 0.216 0.211
Fe'cyclam 0.048 0.152 0.101 -
Co'salen 0.038 0.039 0.038 0.163
Co'cyclam 0.056 0.134 0.166 0.199
Mn"salen 0.024 0.035 0.028 -
Mn"cyclam 0.019 0.039 0.042 -
TiVsalen 0.052 0.058 -
TiVcyclam 0.116 0.052 0.015 0.107
Ru"bishydroxysalen 0.085 0.374 0.374
Ru"cyclam 0.091 0.143 0.340 -
Cr'salen 0.073 0.092 0.126 -
Cr'cyclam 0.057 0.073 0.083 -
Rh"salen 0.084 0.156 0.178 -
Rh"cyclam 0.104 0.113 0.134 -
[a] Data were obtained from time-lapse interferometric reflectance spec-
troscopy (IRS) measurements on porous silicon films etched at
250 mAcm~? upon incubation with solutions of metal complexes (1 mm)
in PBS (100 mm, pH 7.0). Incubation times of at least 20 min were allowed
for each measurement. Ammonium persulfate or DTT (1 mm) were used
as oxidant or reductant, respectively. The EOT slope (AEOT/At) was calcu-
lated and divided by the initial EOT (EOT,).

1.005 a

1.000 freoee...

far
o

0.995:,,“"‘ B 1
0.990

0.985

AEOT/EOT,

0.980 d

0.975

og97O0L . . . o+ . 0y
0 20 40 60 80

t/min

e
100

Figure 1. Change in effective optical thickness (AEOT/EOT,) over time for an
ozone-oxidized porous silicon chip etched at 250 mAcm™2 The measure-
ment was carried out in phosphate buffer (100 mm) at pH 7.0. Two different
experiments are shown: (0) a) Addition of Ni"cyclam (1 mm); b) addition of
Ni”cyclam (1 mm) in the presence of (NH,),S,0; (1 mm); (m) c) addition of
Ru"bishydroxysalen (1 mm); and d) addition of Ru"bishydroxysalen (1 mm) in
the presence of (NH,),S,0, (1 mm).
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tions. The background EOT slope for this experiment was
about —0.2 nmmin~". Upon addition of nickel cyclam in the
presence of (NH,),S,0; the EOT slope increased to
—6.1 nmmin~', whereas addition of Ru"bishydroxysalen gave a
slope of —1.93 nmmin~'. These are equivalent to 30- or tenfold
increases, respectively, in the corrosion rates. Control reactions
in which porous silicon was exposed to millimolar solutions of
the metal salts, the ligands, the oxidant, or the reductant alone
did not affect the background rate of porous silicon corrosion.
We verified by AFM imaging that the changes in the EOT slope
were due to pore widening and collapse (data not shown).
From these measurements, we concluded that Ni'cyclam was
the most effective catalyst, and further studies therefore uti-
lized this particular complex.

1

Redox behavior of Ni'cyclam

Several oxidizing agents convert Ni'cyclam into a radical Ni"

species;®*> we carried out experiments to study the
Ni'cyclam in the presence of ammonium persulfate. The parent
complex shows a characteristic UV absorption with a maximum
at 456 nm and an extinction coefficient of 52m'cm™'. Upon
addition of oxidant, we observed the disappearance of the ab-
sorption band at 456 nm and the emergence of a new absorp-
tion band peaking at 353 nm (¢=1289m 'cm™'), consistent
with the formation of Ni"cyclam. The 'H NMR spectrum of
Ni'cyclam was of low signal intensity, as would be expected for
a compound existing in equilibrium between its paramagnetic
high-spin and diamagnetic low-spin forms. Upon addition of
oxidant, we observed the complete disappearance of NMR sig-
nals, which can be explained by increased paramagnetism in
the sample, again consistent with the formation of a Ni"
species.

Finally, the oxidation of Ni" to Ni" was also monitored by ESI
mass spectrometry. Upon addition of oxidant, the peak at m/z
257 ([Ni"cyclam—H] ") disappeared and gave rise to a peak at
m/z 256 ([Ni"cyclam—2H] ™). After 7 days, mass spectra were
again acquired. Whilst an aged Ni'cyclam sample could not be
distinguished mass spectrometrically from a freshly prepared
complex, the aged oxidized Ni'cyclam showed a weak peak at
m/z 256 and two additional strong peaks at m/z 255 and 257.
This can be interpreted in terms of a disproportionation of Ni"
to Ni¥ and Ni" or alternatively in terms of the formation of an
unsaturated ligand species. These results are also consistent
with UV monitoring experiments of the oxidized Ni'cyclam at
353 nm, which showed a 6%h™" absorbance decrease. Inter-
estingly, the NMR results indicate that some Ni" still remained
after seven days. These results indicate that Ni"cyclam is the
reactive species in contact with porous silicon.

We next carried out a series of investigations to unravel the
mechanism of porous silicon corrosion by this metal complex.
To elucidate whether the process is a radical oxidation or a hy-
drolytic reaction, we performed the following quenching ex-
periments. The addition of p-hydroquinone solution (10 mm)
to a mixture containing the Ni'cyclam and ammonium persul-
fate (both 1 mm) completely inhibited the silicon degradation,
a result suggestive of a radical oxidation mechanism. On the

ChemBioChem 2008, 9, 1776 — 1786
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other hand, the presence of EtOH or tBuOH Cs,CO, / CH,CN m

(100 mm) failed to inhibit corrosion of the surface. s

This result indicates that a caged or partially ligated COOH MSOM¥:\/N\A/OMS P N%COOH
sulfate radical species is formed, as has also been RHN ANHR (60 %) [N N
proposed for other nickel-complex-catalyzed oxida- _ R U R
tions.®® Concluding these results, we confirmed that R= H:l TsCl/ K,CO,

the active species involved in porous silicon degrada- R=Ts (95 %) R=T

tion is the Ni"cyclam-sulfate radical and that this spe-

cies is stable enough to be useful in 2-3 h assays.

S
HBr / AcOH
(70 %)
R=H

Scheme 2. Preparation of a carboxy-derivatized cyclam ligand.

Preparation of a modified cyclam ligand

The parent cyclam ligand does not contain a reactive
functional group suitable for conjugation to biomolecules, so
derivatization with an anchoring moiety was necessary. We an-
ticipated that substitution on a nitrogen might change the in-
teraction between the metal and ligand, possibly compromis-
ing the catalytic properties of the Ni' cyclam complex. We
hence synthesized a modified cyclam ligand with a C-pendant
carboxy group, using a modification of the Richman-Atkins
procedure of cesium carbonate-promoted coupling between a
carboxyethylene-bis(sulfonamide) and the corresponding bis-
electrophilic system to construct the cyclic structure.®” Subse-
quent hydrolysis yielded the C-
carboxy-derivatized cyclam

(Scheme 2). The Ni'cyclam com- A)
plex was formed in DMF at ele-

vated temperature. Complex for- [
mation was followed by moni- NH HN

LA

NH HN

toring the UV absorption of the
complex at 450 nm.
Ozone-oxidized porous silicon
was incubated with the derivat- 2)
ized Ni'cyclam (1 mm), and the
EOT slope was recorded by
time-lapse  IRS. The EOT
background slope was
—0.31 nmmin™' for PBS
(100 mm) alone and
—0.40 nmmin~' for derivatized
Ni'cyclam  without  oxidant.
Upon addition of ammonium
persulfate (1 mm), the negative

1

COOH

_ N
jﬁ 4HBr 70°C [ M,

We anticipated that conjugating the pre-formed Ni'cyclam
complex to DNA would prevent chelation or electrostatic se-
questration of free nickel ions by the oligonucleotide.®® Such
ionic interactions could interfere with DNA hybridization, since
Ni" binding is known to destabilize the B-DNA double helix.”

We therefore investigated the effects of Ni'cyclam attach-
ment to DNA oligonucleotides both on hybridization proper-
ties and on stability. DNA melting curves in the presence of
Ni'cyclam or Ni'cyclam attached to DNA did not differ from
curves obtained in the absence of the complex. However,
upon addition of oxidant, the absorption of nucleobases at

NiCI, /DMF HN,  NH_,.COOH

HN NH

1) HBTU / DIEA / DMF

P10
O—3'DNAS'—O0" '\
OCNEt

~(CHa)s .
(CHa)e NH,

HN.  NH
NI,

OCNEt

. R S N T N
O/\o—s DNA5—0"'\ f |\/|

Deprotection and cleavage

. . . HN NH
slope increased in magnitude to o N
i1 1l L
—3. . - oy ST TS =
3.64 nmmin The carboxy o3 DNA 50RO NHTJJ uN. K
derivatized analogue of the o~ 0

Ni'cyclam was thus confirmed
to be an efficient catalyst for the B)
corrosion of porous silicon.

1) HATU / DIEA / DMF

0
Labeling biomolecules with 2) HNJ’kNH
Ni"cyclam U\
The carboxy-functionalized s” (CHa)
Ni'cyclam derivative was next 1

0
AL AcHas— N,
H

2C1

z—j\ o) HN, NH
& )J\NH NH N
(CHg)4 \( ! HN" NH

CHa)s 5 v

(o]
B R N

conjugated to DNA and biotin
as shown in Scheme 3.
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2Cl

Scheme 3. Conjugation of the derivatized Ni'cyclam to A) DNA, and B) biotin.
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260 nm above 60°C decreased
irreversibly, suggesting DNA

N. Voelcker et al.

Ozone-oxidized
porous silicon

i 8
damage (data not shown). Nota- MeQ” S'\/\/ e Meo™> " W/\/ 'S
bly, no significant change in op-

tical density at 260 nm was ob-
served for Ni'cyclam-DNA (2 pm)

AN H
Su N Si N s.
in the presence of ammonium L T(\Br g \n/\/ s

persulfate (1 mm) at room tem-
perature over 24 h (<0.1%h").
The amount of DNA strand
cleavage induced by Ni'cyclam
plus oxidant was assessed by

L)

P-DNAmS. Ij
E)S ~Spy &,

O

—O

-

electrophoresis in a denaturing SI\/\/“ s OS'\/\/N\H/\/SH
acrylamide gel. Strand cleavage o 7(\35 “Spy o}

was absent over 24 h at room
temperature (data not shown).
These results show that the
Ni'cyclam DNA conjugate is suf-
ficiently stable for hybridization

/j\ (CH2>4§ 2
experiments at room tempera- OS"/\/Nj(\S P DNA~~SH s,j \C (CHz)e
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Scheme 4. Functionalization of ozone-oxidized porous silicon.

Surface modification of porous silicon interference
layers

Porous silicon was functionalized to allow the immo-
bilization of receptors in the porous layer. Characteri-
zation of surface chemistry was carried out by diffuse
reflectance FTIR. Spectra of freshly etched silicon
wafers show the characteristic bands at 2110 and
2090 cm™' (vsi_n,and vy s0). The most prominent fea-
ture in IR spectra of p** porous silicon is the broad
interference band peaking at 1950 cm™"."*¢” Ozone
oxidation leads to disappearance of the Si—H vibra-
tional band and the appearance of a strong band at
1052 cm™ (v o). Silanizations on the oxidized
porous silicon surface were subsequently carried out
as shown in Scheme 4.

Upon functionalization with [3-(2-bromoacetami-
do)propylldimethylmethoxysilane, the surface dis-
plays additional bands attributable to the linker (Fig-
ure 2A): a band at 3290 cm™' (amide A), the amide |
band at 1662cm™, and the amidell band at
1549 cm™'. The aliphatic stretching vibrational bands
are also visible (at 2953, 2929, and 2860 cm™'; Fig-
ure 2 A, inset). Functionalization with (2-pyridyldithio-
propionamidopropyl)dimethylmethoxysilane leads to
a surface that displays the above bands (amide A at
3290 cm~', the amide | band at 1651 cm™, and the
amide Il band at 1567 cm™") and in addition an aro-
matic C—H stretching vibration at 3079 cm™' (Fig-
ure 2B, inset).

3000 2800
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\\
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3400 3200

3000 2800
e

4000 3600 3200 2800 2400 2000 1600 1200 800
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Figure 2. FTIR spectra of ozone-oxidized porous silicon layers derivatized with A) [3-(2-
bromoacetamido)propylldimethylmonomethoxysilane and B) (2 pyridyldithiopropionami-
dopropyl)-dimethylmonomethoxysilane. The broad band with a maximum at 1950 cm™"
is attributed to an IR interference effect.

detected by UVNis spectroscopy (Anx=343nm, &=

In order to quantify the surface coverage of the silane linker, 8080 m™'cm™'). Using the pyridine-2-thione reporter, we calcu-
the disulfide was reduced with dithiothreitol (DTT) to release lated the number of reactive functional groups to be 10-

pyridine-2-thione (Scheme 4). This reporter molecule could be 30 nmolcm

-2
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Corrosion of Porous Silicon Used as an Optical Transducer

A 5'-thiophosphate-modified oligonucleotide was immobi-
lized by alkylation of the [3-(2-bromoacetamido)propylldime-
thylmethoxysilane-modified surface (Scheme 4, left). The
amount of immobilized DNA was determined by reading the
UV absorption of the supernatant at 260 nm before and after
immobilization. We also immobilized 5’-thiophosphate-3'-pyri-
dyldisulfide DNA and quantified the amount of pyridine-2-
thione released by DTT. The DNA coverages obtained from
both methods are in good agreement (1-2 nmolcm™). Finally,
experiments employing 3'-fluorescein-5'-thiophosphate DNA
showed a decrease in solution fluorescence over 2-3 h that al-
lowed us to calculate a similar surface coverage of 2-
3 nmolcm™. This number is at least one order of magnitude
higher than that of a monolayer on a flat surface. However,
this surface coverage is still low in relation to the actual avail-
able surface area of a porous silicon chip.

Biotin was also immobilized on the thiol-functional porous
silicon surface (Scheme 4, right). The reaction of N-[6-(biotin-
amido)hexyl]-3-(2-pyridyldithio)propionamide (biotin-HPDP) on
a thiol-functional porous silicon surface proceeded smoothly
by disulfide exchange and afforded a surface coverage of 5-
10 nmol biotin per cm? (determined by UV monitoring of re-
leased pyridine-2-thione). The amount of probe molecules im-
mobilized on the porous silicon far exceeds the theoretical
monolayer coverage of a flat film. We calculated that approxi-
mately 8-16% of the actual pore surface is covered with
biotin.B?

It should be noted that functionalization of the porous sili-
con surface further stabilized the surface in aqueous medium
by capping of oxidation-susceptible sites and suppressing oxi-
dation and dissolution processes. The EOT decays for function-
alized porous silicon are of the order of 0.03-0.08 nmmin~".

Upon addition of a 1 mm solution of Ni'cyclam in the pres-
ence of oxidant, the EOT slope changes to —0.75 nmmin "
This is equivalent to a 15-fold increase in slope steepness and
we conclude that even silanized porous silicon is still suscepti-
ble to Ni'cyclam induced pore corrosion.

Interferometric detection of DNA hybridization

We undertook the following studies to investigate whether
Ni'cyclam-labeled biomolecules could transduce specific bimo-
lecular recognition into an optical response of the surface. Our
first focus was on the detection of DNA hybridization
(Figure 3). The porous silicon surface was first functionalized
with the 16-mer DNAT (attached through the 5’ terminus) and
then exposed to a solution (~1 pm) of noncomplementary
DNA2-Ni'cyclam (point a, Figure 3A). The EOT slope was not
affected either in the absence (point a) or in the presence of
ammonium persulfate (point b). After a buffer wash cycle
(point ¢), the functionalized porous silicon was exposed to a
solution (~1 um) of the complementary DNA1-Ni'cyclam (la-
beled with Ni'cyclam on the 5’ terminus; point d). Again, no
appreciable change in the EOT was detected. Similarly, addition
of complementary DNA without Ni'cyclam label did not result
in EOT slope changes. Successful hybridization of DNA in the
pores was confirmed by experiments with fluorescently labeled
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Figure 3. A) Change in effective optical thickness (AEOT) of porous silicon
derivatized with 5'-thiophosphate DNA1 over time. a) Addition of noncom-
plementary 5'-Ni'cyclam DNA (DNA2) (1 um); b) addition of (NH,),S,04

(1 mwm); ) washing with buffer; d) addition of complementary 5'-Ni'cyclam
DNA (DNA1) (1 um); e) addition of (NH,),S,05 (1 mm). The measurement was
carried out on a p** porous silicon layer in phosphate buffer (100 mm,

pH 7.0) functionalized with [3-(2-bromoacetamido)propylldimethylmonome-
thoxysilane and 5'-thiophosphate DNAT. B) Interferometric reflectance spec-
tra of biotin-functionalized porous silicon. (—) Before exposure to comple-
mentary DNA; (—) after 20 min incubation with complementary 5'-
Ni'cyclam DNA (DNA1) (1 um) and (NH,),S,0; (1 mm); and (-----) difference
spectra (difference between black and blue trace). C) Change in effective op-
tical thickness (AEQOT) of a porous silicon chip derivatized with 3'-thiophos-
phate DNA1 over time. a) Addition of noncomplementary 5'-Ni'cyclam DNA
DNA2) (1 um); b) addition of (NH,),S,0g (1 mm); ) washing with buffer;

d) addition of complementary 5'-Ni'cyclam DNA (DNA1) (1 um); e) addition
of (NH,),5,05 (1 mm). This measurement was carried out on a p** porous sil-
icon layer in phosphate buffer (100 mm, pH 7.0) functionalized with [3-(2-
bromoacetamido)propylldimethylmonomethoxysilane and 3'-thiophosphate
DNAT.
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DNA (data not shown). These results show that mere hybridiza-
tion of DNA in the pores does not lead to measurable inter-
ferometric reflectance changes.

However, upon addition of a solution (1 pm) of (NH,),S,0q
(point e) activating the catalyst, the EOT slope decreased by a
factor of 24, from —0.07 nmmin~' (background corrosion) to
—1.70 nmmin~', consistently with the onset of a rapid pore
corrosion, suggesting an amplification of the original binding
signal. The net change in EOT upon DNA1-Ni'cyclam recogni-
tion before and after exposure to complementary DNA is
about 8 nm. The symmetric line shape of the difference reflec-
tance spectrum in Figure 3B (dashed line) is indicative of
wavelength shifting of the interference fringe pattern after ex-
posure to complementary DNA.

Conversely, under similar experimental conditions, porous
silicon functionalized with DNA2 displayed a significant change
in the slope of EOT when exposed to the complementary
DNA2-Ni"cyclam, but not in the presence of noncomplementa-
ry DNA1--Ni'cyclam.

We also performed a binding experiment with a porous sili-
con chip functionalized with 3'-thiophosphate DNA1 (Fig-
ure 3C). In this scenario, the complex conjugated to the 5" end
of DNAT1 ultimately comes close to the porous silicon surface
upon hybridization to DNA1. With 3'-thiophosphate DNA1
functionalized porous silicon and DNA1-Ni'cyclam (labeled
with Ni'cyclam on the 5'-terminus), the slope steepness in-
creased 30-fold (from —0.06 nmmin~' to —1.8 nmmin~"). The
somewhat better optical response in relation to the experi-
ment shown in Figure 3A might be explained by the fact that
the Ni'cyclam complex resides in closer proximity to the
surface.

In order to verify that the EOT slope changes were indeed
due to pore oxidation and collapse, the chip surface was ex-
amined by AFM (Figure 4). The ozone-oxidized p** chip
etched at 250 mAcm™? had pore radii of 80-200 nm (Fig-
ure 4A). The chip was then functionalized with [3-(2-bromoacet-
amido)propylldimethylmethoxysilane and with DNA1. These re-
actions did not affect the morphology of the porous layer on
this image scale (2 pum). However, when the porous silicon sur-
face was imaged after 90 min incubation with a solution of the
complementary DNA strand (DNA1-Ni"cyclam, 1 pm), channel-
like structures appeared and the pore size increased signifi-
cantly (300-500 nm, Figure 4B). The observed channels can be

5(1nm B)

N. Voelcker et al.

interpreted in terms of fused pores due to pore wall collapse.
We believe that the corrosion is initiated at patches on the
porous silicon surface with incomplete linker coverage.

Interferometric detection of biotin-avidin binding

We postulated that the strategy used above for DNA detection
would also be applicable to the detection of proteins. To con-
firm this possibility, we chose the well known high-affinity in-
teraction between biotin and avidin. A biotinylated porous sili-
con chip was exposed to a solution of avidin (1 um, Figure 5A,
point a). The observed increase in the EOT slope can be inter-
preted in terms of the higher refractive index of proteins rela-
tive to water. Clearly, this effect was not due to the bulk effect
of the protein solution, because subsequent washing of the
surface with PBS buffer did not reduce the EOT (point b). Nei-
ther did the addition of oxidant (1 mm) to the avidin modified
surface affect the EOT slope (point c). After a washing step
(point d), a solution of Ni'cyclam-conjugated biotin (100 um)
was added (point e). Binding of the biotin-metal complex con-
jugate to surface-anchored avidin did not result in significant
changes in the EOT slope. We again washed the surface with
buffer in order to remove any unspecifically bound biotin-
Ni'cyclam conjugate (point f). A dramatic change in the EOT
slope could be induced by activating the catalyst upon addi-
tion of a millimolar solution of (NH,),S,05 (point g). The EOT
slope decreased by a factor of 48 (—0.03 nmmin~' to
—1.45 nmmin~") relative to background corrosion. Figure 5B
shows the Fabry-Perot fringes before the experiment, after
20 min exposure to avidin (red shift), and after incubation with
biotin-Ni"cyclam and oxidant (blue shift). As expected, specific
binding of avidin to the biotinylated porous layer leads to a
red shift in the fringe pattern, due to a net refractive index in-
crease upon infiltration of the porous layer. After a 20 min in-
cubation with the Ni'cyclam-labeled biotin and oxidant, we ob-
served a significant blue shift relative to the fringe pattern ac-
quired immediately before the experiment.

As in the case of DNA binding, AFM images of the avidin
sensor showed porous silicon corrosion upon biotin-Ni'cyclam
binding. Initially, the surface of the biotinylated sensor chip
imaged by AFM showed a morphology virtually identical to
that seen in the AFM image in Figure 4 A. However, after incu-
bation first with avidin, and then with biotin-Ni'cyclam and ox-

100 nm

0 nm

Figure 4. Tapping mode AFM images of porous silicon. A) AFM image of ozone-oxidized porous silicon, B) AFM image of porous silicon derivatized with [3-(2-
bromoacetamido)propylldimethylmonomethoxysilane and 3'-thiophosphate DNA1 after 1 h incubation with Ni”cyclam-DNA1 (1 um) and oxidant (1 mm), and
C) AFM of biotin-functionalized porous silicon layer after 90 min incubation with avidin (1 um), biotin—Ni”cycIam (100 pum), and oxidant (1 mm). Lateral scale is

2x2 um?
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Figure 5. A) Change in effective optical thickness (AEOT) over time of a
biotin-functionalized porous silicon chip in phosphate (100 mm, pH 7.0).

a) Addition of avidin (1 pm); b) washing with buffer; c) addition of (NH,),S,05
(1 mm); d) washing with buffer; e) addition of biotin-Ni"cyclam (100 um);

f) buffer wash; and g) addition of (NH,),S,05 (1 mm). B) Interferometric
reflectance spectra from biotin-functionalized porous silicon. Before addition
of avidin (—); after 20 min incubation with avidin (1 pm; —); and after
incubation with biotin-Ni'cyclam (100 um) and (NH,),S,0¢ (1 mm; —).

idant, the formation of cracks and channels is clear (Figure 4C).
The pore size increased to 200-400 nm, which is indicative of a
breakdown of the pore structure due to Ni'cyclam-induced
corrosion. Conversely, upon incubation of avidin presaturated
with biotin, followed by addition of biotin-Ni'cyclam and oxi-
dant, such effects (EOT slope change, pore size increase) were
not observed. Finally, addition of biotin-Ni'cyclam (100 um)
and oxidant (1 mm) to an avidin-free porous silicon surface did
not induce an EOT slope change.

Conclusions

We have identified transition metal catalysts, including the aza-
crown transition metal complex Ni'cyclam, that are capable of
corroding porous silicon films by oxidative hydrolysis. Further-
more, we have tethered this complex to bioanalyte species to
fashion a transducer of DNA and protein binding. Binding of
the analyte-catalyst conjugate leads to an increased effective
concentration of the catalyst in the porous silicon layer, trans-
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ducing the onset of corrosion of the surface into a strong in-
terferometric signal. The signal strength is limited by the turn-
over rate of the catalyst and by the removal of catalytically
active site on the surface due to corrosion. Future efforts will
be directed towards optimization of the analytical performance
of this sensor platform and further elucidation of the mecha-
nistic aspects of the corrosion process.

This novel transduction concept, involving the conversion of
a given biomolecular ligand-receptor recognition into a
change in optical thickness of a porous sensor matrix, high-
lights the potential of such porous silicon transducers for use
in biosensor applications. Our approach is compatible with an
array format, requires only inexpensive device components
such a CCD spectrometer and a white light source, and is con-
ducive to miniaturization. It could find eventually practical utili-
ty in biomedical diagnostics, perhaps most appropriately as a
transducer for disposable biosensors in point-of-care
applications.

Experimental Section

Porous silicon etching: Silicon wafers (p**-type, resistivity: 0.6-
1.5 mQcm) were anodized in the dark at 250 mAcm2 Total cur-
rent was 2.8 Ccm ™2 The thickness of the porous layer was in the
range of 3 um, as determined by scanning electron microscopy
images of a cross section of an etched wafer. After etching, the
samples were rinsed thoroughly with methanol, acetone, and
methylene chloride, and were then carefully dried under a stream
of nitrogen.

Screening of transition metal complexes: Salen and cyclam com-
plexes were prepared by published procedures.®®"%4 |n brief,
equimolar concentrations of ligand and metal salt (either as ace-
tate or chloride) were dissolved in dry methanol or acetonitrile.
After having been heated at 60 °C for 4 h, the reaction mixture was
allowed to cool to room temperature, and the formed crystals
were filtered off and washed with methanol or acetonitrile and
then hexane. Bis(hydroxy)salen (salphen) ligands were prepared by
condensation of salicylaldehyde derivatives with ethylenediamine
or phenylenediamine, respectively.

Interferometric reflectance spectra of porous silicon were recorded
with an Ocean Optics spectrometer S 1000 fitted with a bifurcated
fiber optic probe. A tungsten light source was focused onto the
center of a porous silicon piece with a spot size of approximately
1-2 mm. Spectra were recorded with a CCD-detector in the wave-
length range between 400 and 1400 nm. Both the illumination of
the surface and the detection of the reflected light were per-
formed along an axis coincident with the surface normal. The ef-
fective optical thickness was obtained through Fast Fourier Trans-
formation (FFT) of the spectra. Porous silicon samples were fixated
in a custom-made plexiglass flow cell. Solutions of salen and
cyclam complexes (1 mm) in PBS (pH 7.0, 100 mm) were prepared
and injected into the flow cell by syringe. Ammonium persulfate
(1 mm) served as oxidant, while dithiothreitol (1 mm) was used as
reductant.

Characterization of Ni'cyclam: Electrospray mass spectrometry
was done on a Series 1100 MSD single quadrupole mass spectrom-
eter (Hewlett Packard). UV/Vis measurements were done on a
CARY 100 Bio UV/Vis spectrophotometer from Varian. A 500 MHz
Bruker magnet was used for NMR studies.
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Cyclam ligand derivatization: A modification of the Richman-
Atkins methodology was used to synthesize the carboxy-derivat-
ized cyclam shown in Scheme 2. We started with the commercially
available b,L-2,3-diaminopropionic acid. Tosylation of both amino
groups, cesium carbonate promoted cyclization, and subsequent
sulfonamide group hydrolysis were carried out as described in the
literature. Some selected spectral data for the final compound are
as follows: '"H NMR (400 MHz, D,0): 0=2.23 (m, 2H), 2.31 (m, 2H),
3.25 (m, 8H), 3.50 (s, 4H), 3.52 (brs, 2H), 3.54 ppm (t, J=6.4 Hz,
1H); ESI-MS: m/z: 267 [M+Na] ™.

Porous silicon functionalizations: The predominantly hydride-ter-
minated porous layer was exposed to ozone from a Fischer ozone
generator with a flow rate of 7.7 gh ~'for 10 min. The oxidized
samples were vigorously rinsed with methylene chloride, acetone,
and methanol, and were then carefully dried under a stream of
nitrogen.

Synthesis of [3-(2-bromoacetamido)propylldimethylmethoxysi-
lane: Bromoacetic acid (1.00 g, 7.2 mmol) was dissolved in methyl-
ene chloride (50 mL). 1-[3-(Dimethylamino)propyl]-3-ethylcarbodi-
imide hydrochloride (EDC, 0.69 g, 3.6 mmol) was added, and the
solution was stirred for 30 min, after which (3-aminopropyl)dime-
thylmethoxysilane (0.93 mL, 6.5 mmol) was injected slowly by sy-
ringe. The reaction mixture was stirred overnight. The methylene
chloride phase was washed several times with saturated aqueous
NaHCO,;, dried over Na,CO,, and evaporated. The crude product
was purified by silica chromatography.

Synthesis of (2-pyridyldithiopropionamidopropyl)-dimethyl-me-
thoxysilane: Bipyridyl disulfide (3.75 g, 17 mmol) was dissolved in
ethanol (99.5%, 20 mL) and glacial acetic acid (0.5 mL). With vig-
orous stirring, 3-mercaptopropionic acid (0.9 g) in ethanol (5 mL)
was added slowly. The reaction mixture was stirred for 12 h at
room temperature. After removal of the solvent, the product was
purified by neutral alumina column chromatography and dried
under high vacuum. The thus prepared 2-pyridyl 3-propionic acid
disulfide (0.77 g, 3.6 mmol) was dissolved in methylene chloride
(100 mL), and EDC (0.67 g, 3.5 mmol) was added. The mixture was
stirred under argon for 30 min, after which (3-aminopropyl)dime-
thylmethoxysilane (0.5 mL, 3.5 mmol) was injected by syringe. After
overnight stirring, the organic phase was washed several times
with saturated aqueous NaHCO,, dried over Na,CO;, and concen-
trated. The crude product was purified by silica chromatography.

The oxidized porous silicon samples were functionalized by im-
mersing them in a solution (100 mm) of either (2-pyridyldithio-pro-
pionamidopropyl)dimethylmonomethoxysilane or [3-(2-bromoacet-
amido)propylldimethylmonomethoxysilane in toluene and heating
them at reflux for 3 h. Afterwards, the chips were extensively
rinsed in toluene, methanol, acetone, and methylene chloride and
dried under a stream of nitrogen. Reduction of the disulfide in a di-
thiothreitol solution (10 mm) released pyridine-2-thione, which
could be quantified by its UV absorption at 343 nm (¢=
8080Mm 'cm™).

Immobilization of thiophosphate DNA (25 um) on bromoacetami-
do-functionalized silicon proceeded in DMSO for 2 h (see below).
Porous silicon functionalized with (2-pyridyldithiopropionamido-
propyl)dimethylmethoxysilane was treated with a DTT solution
(10 mm) for 1 h and washed extensively with deionized, distilled
water (ddH,0). Subsequently, the reduced surface was submerged
in a solution of biotin-HPDP (400 um, Pierce) for 30 min. The bio-
tinylated surfaces were washed extensively with ddH,0.
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Surface analysis: FTIR spectra were acquired with a Nicolet
Model 550 Magna Series Il FTIR instrument in diffused reflectance
mode (Spectra-Tech diffuse reflectance attachment). Diffuse reflec-
tance absorption spectra are reported in Kubelka—Munk units.
Atomic force microscopy (AFM) images were obtained under ambi-
ent conditions with a Nanoscope llla Multimode scanning probe
microscope (Veeco) operating in Tapping mode. Olympus Nano-
Probe tips (OTESPA, Veeco) were used as purchased.

Quantification of DNA immobilization was achieved 1) by compar-
ing the optical density of the incubation solution at 260 nm before
and after immobilization, 2) by UV spectroscopic evaluation of pyri-
dine-2-thione released from 3'-dithiopyridyl-5'-thiophosphate DNA
upon reduction with DTT (10 mm) for 1 h, and 3) by monitoring of
the fluorescence decay of a 3'-fluorescein-labeled 5'-thiophosphate
DNA solution in DMSO/100 mm PBS (9:1) upon contact with a
porous silicon chip (0.64 cm?) placed at the bottom of a regular
fluorescence cuvette.

DNA thermal denaturation profiles were obtained on a thermostat-
ed CARY 100 Bio UV/Vis spectrophotometer from Varian at 1 pum
duplex concentration in PBS (100 mm, pH 7.0).

Synthesis of DNA probes: For hybridization experiments, two or-
thogonal 5'- or 3'-thiophosphate-terminated DNA oligonucleotides
(DNA1 sequence: 5-pCCGGACAGAAGCAGAA, DNA2 sequence:
5-pGCCAGAACCCAGTAGT-3) and their corresponding comple-
mentary strands (DNA1 and DNA2) were chosen to avoid hairpin
loop formation or self-dimerization.

All oligonucleotides were synthesized on an Applied Biosys-
tems 391 DNA synthesizer. 5'-Fluorescein and 5-thiol modifier (C6)
were introduced as 5-phosphoramidites (Glen Research). 3'-Fluo-
rescein DNA was synthesized from 3'-fluorescein CPG (Glen Re-
search), 5'- thiophosphate DNA by coupling of chemical phosphor-
ylation reagent (Glen Research) to the 5’ end and subsequent oxi-
dation with sulfurizing reagent (Glen Research). 3'-Thiophosphate
DNA was prepared with 3’-phosphate CPG and oxidation with
sulfurizing reagent after coupling of the first phosphoramidite. Oli-
gonucleotides were deprotected and removed from the CPG with
concentrated ammonium hydroxide at 55°C for 12 h. Oligonucleo-
tides were purified by denaturing polyacrylamide gel electrophore-
sis (15%) and extracted from the gel by the crush and soak
method. Desalting was done with SepPak cartridges (Waters).

Oligonucleotides for attachment to the derivatized cyclam were
synthesized with ultraMILD deprotection bases from Glen Research.
5’-Amino modifier (C6) was purchased from Glen Research. Shortly
before the conjugation to 5-amino DNA was performed, the deriv-
atized Ni'cyclam complex was prepared as follows: the carboxyde-
rivatized cyclam (30 mg, 0.05 mmol), as its hydrobromide salt, was
suspended in DMF (700 uL) and heated to 70°C. Then, a solution
of NiCl, (400 um) in DMF (700 uL) was added, and the mixture was
heated at the same temperature for 1 h. The formation of the
Ni'cyclam complex was monitored by the change in the UV ab-
sorbance at 450 nm. Conjugation to DNA was done on the CPG in
DMF with HBTU and DIEA as base. Ni'cyclam-labeled DNA was de-
protected with K,CO; in methanol (0.05m) over 4 h at room tem-
perature and purified by size exclusion chromatography.

Oligonucleotides and their fluorescein- or Ni'cyclam-labeled deriva-
tives were characterized by mass spectrometry either with a Voyag-
er-DE  MALDI-TOF-MS from Applied Biosystems or with a
Series 1100 electrospray MS from Hewlett Packard. Ni'cyclam-
labeled DNA was stored in ddH,O at 100-1000 um at —80°C. All
other oligonucleotides were stored at —20°C.
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Synthesis of a biotin-cyclam conjugate: The carboxy-derivatized
cyclam (30 mg, 0.05 mmol), as its hydrobromide salt, was suspend-
ed in DMF (700 pL) and heated to 70°C. A solution of NiCl, in DMF
(400 pm, 300 plL) was added, and the mixture was maintained at
70°C for 1 h. The formation of the Ni-cyclam complex was moni-
tored by the change in the UV absorbance at 450 nm. After 1 h,
the mixture was allowed to cool to room temperature, and the
precipitate was collected and washed with DMF to eliminate
excess of Ni salt. After the solid had been resuspended in DMF
(1.5 mL), HATU (17.5 mg) and DIEA (7.7 L) were added, which led
to the rapid dissolution of the metal complexes. After 20 min of
carboxylate preactivation, biotin cadaverine (16.4 mg, Pierce) was
added, and the reaction was mixed by sonication for 30 min. A
white solid appeared and was removed by centrifugation. The su-
pernatant was evaporated to dryness, yielding a pale green solid,
which was thoroughly washed with methylene chloride and meth-
anol. The resulting compound was characterized by mass
spectrometry.

Detection of DNA and avidin: Binding experiments were carried
out in the flow cell described above. Solutions of DNA-Ni'cyclam,
avidin (Sigma), and biotin-Ni'cyclam were prepared in PBS
(100 mm, pH 7.0) and injected into the flow cell by syringe. Ammo-
nium persulfate was added at 1 mm concentration. As a control,
avidin (1 um) was preincubated with biotin (100 pum, Aldrich) for
10 min at room temperature.
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Modular Assembly Using Sequential Palladium Coupling
Gives Easy Access to the SMoC Class of Cellular

Transporters

Anne-Sophie Rebstock,® Cristina Visintin,” Elisabetta Leo,” Cristina Garcia Posada,”
Sarah R. Kingsbury,” Gareth H. Williams,™ Kai Stoeber,” and David L. Selwood*"

Dedicated to Professor Willie Motherwell on the occasion of his 60th birthday.

The transducing ability of the third helix of transcription factor
homeodomains is effectively mimicked by a biphenyl system
displaying guanidine groups. The biphenyl class of small mole-
cule carriers (SMoCs) can carry biomolecules into a wide variety
of cell types. A “combinatorial” approach to the synthesis of
SMoCs is described using sequential Pd° coupling chemistry to
assemble the molecules from highly functionalized building
blocks. SMoCs coupled to the DNA licensing repressor protein

Introduction

The homeoprotein transcription factors are internalized by and
secreted from cells and thus may participate in cell-cell signal-
ing." This ability to transfer between cells is mediated by the
homeodomain, specifically the third helix being responsible for
the internalization function with an adjacent sequence being
responsible for the secretion (Figure 1). The 16-amino-acid
peptide sequence (termed penetratin) derived from the third
helix is an efficient cell-penetrating peptide (CPP) and has
been used to carry a wide variety of biomolecules into cells. A
basic peptide from the HIV-1 transcription factor tat? has also
been used as a CPP and many other peptide CPP variants have
been reported.?*

In general, CPPs are not more than 30-35 amino acids®™® in
length. CPPs are able to transport a diverse range of mole-
cules, for example peptides, proteins and DNA, into cells.®'”
Although the bulk of the work on CPPs was carried out in
vitro, some notable successes have been achieved in vivo™ in-
cluding a remarkable rescue of purine nucleoside-deficient
mice with exogenously delivered protein."” We recently re-
ported on a small-molecule mimic of the third helix of a home-
odomain employing a biphenyl system as a rigid chemical scaf-
fold to display amino-acid side-chain functionality."" Use of
polyphenyl systems to mimic a-helices has been reported by
Hamilton"? and also Jacoby."® The rigidity of this chemical
scaffold is central to this approach as it allows mimicry of the
helical region in a compact molecular unit. In contrast, small
molecules are random coils in solution and may only show sec-
ondary structure in special solvents."*'™ These small-molecule
carriers (Figure 1), which we termed SMoCs, efficiently deliver
dye molecules and proteins into multiple cell types. The

ChemBioChem 2008, 9, 1787 - 1796

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

geminin can inhibit DNA replication in vitro. We conducted a
structure-activity investigation utilizing a range of SMoC-gemi-
nin conjugates and demonstrate that both electrostatic and
structural features are important for efficient uptake and func-
tional activity. The best analogue was more efficient than
either (Arg), or (Arg), linked to geminin. Effective inhibition of
DNA synthesis was achieved in fibroblasts and osteosarcoma
cell lines.

SMoCs have a low molecular weight (compared with CPPs), are
easy to conjugate to the cargo, and as reported here, straight-
forward to synthesize. Other groups have synthesized small
molecules containing guanidines, that are able to transport
cargoes inside cells but these are not conformationally
constrained."®"”

In order to conduct a wider range of biological studies, we
required access to analogues and larger quantities of SMoCs.
However, the previously reported synthesis for SMoCs"" was
linear, laborious and not suitable for large-scale preparations.
We report here an improved “combinatorial” convergent syn-
thesis allowing rapid assembly of analogues based on a bi-
phenyl scaffold. This new route allowed the synthesis of a
range of SMoC analogues, enabling the first meaningful struc-
ture-function study of these compounds. For simplicity, we
use the terminology 2G, 3G, and 4G to indicate a SMoC deriva-
tive with two, three or four guanidine groups.
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Figure 1. The antennapedia homeodomain showing the third helix (highlighted) utilized in the design of 4G-SMoC (top) and 2G-SMoC (bottom).

Results

Synthetic design

In principle, simple assembly of appropriately decorated ben-
zenes would allow access to a wide range of substituted
SMoCs (Scheme 1A). Recent developments in Pd® coupling
chemistry allow the retrosynthetic analysis shown. The new
convergent synthetic methodology is illustrated for 4G-SMoC
(Scheme 1B) and is dependent on the Suzuki-Miyaura® Pd°
coupling of fully alkylated polyphenols. This key step in the
synthesis allowed us to avoid the early yield-limiting step of
tetra-alkylation present in the previous reported method. We

could synthesize a range of analogues through combinatorial
assembly of different building blocks. We chose to generate
the amino linker function late in the synthesis through simple
reduction of a cyano group, avoiding tedious protection—de-
protection protocols. Again, we utilize Pd® chemistry to directly
couple the cyano group to a halobenzene allowing building
block assembly of biphenyl and linker.

A key 1,4-dihalobenzene intermediate

We first prepared the dibromodimethoxybenzene™ 2

(Scheme 2) by bismetallation of veratrole and subsequent trap-

O
B NHR
NH U/ﬁ o o o
o N/\/O HN._ _NH, RHN/\/O NHR
2 —1 *
Peolivas Ny
(\O NH l/\o "
H,N._ _NH NHR N RHN™""
N— lomolecule
" H |/\o
NHR i

Scheme 1. A) Synthetic design showing the combinatorial assembly of SMoC and linker groups, and B) detailed retrosynthesis of 4G-SMoC.
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Br

CC=-C0
—
o~ o~
1 Br
2

Scheme 2. Synthesis of dibromocatechol 2. Reagents: a) BuLi, TMEDA, 2 h,
room temperature, then, Br,, —78°C then warm to room temperature (16 %).

ping by C,Br,Cl,, but obtained a low yield (16%). In addition,
there was no discrimination between the two halogens possi-
ble for the subsequent Pd° cross couplings. To overcome this
problem we decided to synthesize compound 3 (Scheme 3)
which contains two different halogens. The intermediate silyl
compound was obtained by one pot, sequential ortho metalla-
tions with TMSCl and C,Br,Cl, quenches.”®*" Trapping the
monolithiated veratrole before the second metallation was
much more efficient than utilizing the dilithio intermediate.
The bromotrimethylsilyl intermediate was then treated with
iodine monochloride in DCM to afford the iodobromo deriva-
tive 3. After cleavage of the methoxy groups with boron tribro-
mide, the bis-alkylation of the bromoiodocatechol with the
mesylate 4 proceeded in good yield (59%). In the first instance,
we used tert-butoxycarbonyl (Boc) as the protecting group.
Unfortunately, this was found to be unstable during the long
reaction time required to complete the bis-alkylation. There-
fore, we switched to the more stable benzyloxycarbonyl (Z)
protection.

Sequential Pd® coupling allows the synthesis of 4G-SMoC

The Cbz-protected iodobromo compound was engaged in a
microwave-promoted palladium-catalyzed monocyanation.”
This reaction was completed in 10 min at 140°C in DMA, with
Pd,dba,/dppf as the catalyst and Zn(CN), as the cyanide
source producing the bromocyano derivative 5 in good yield
(61%; Scheme 3, step d). The quantity of zinc cyanide was cru-
cial since the use of more than 0.5 equivalents resulted in the
formation of the dicyano compound. The Suzuki-Miyaura cou-
pling of 5 with the boronic ester 6 produced the polyalkylated
biphenol 7 in excellent yield (100%). The order in which these
two reactions were undertaken was critical. In fact, when we
attempted to do the coupling prior to the cyanation step, a
mixture of the desired product, bis-cross-coupling product and
deiodinated compound was obtained. The purification of this
mixture proved difficult, and the overall yield was much lower
(24-35% depending on the coupling conditions).

After deprotection of the Z groups with hydrogen bromide,
the resulting tetra-amino compound was guanidilated. Of the
guanidilating reagents® tested, only N,N-di-Boc-N'-trifluoro-
methanesulfonyl-guanidine (8)?* permitted the reaction to go
to completion. The intermediate tetra-amine had to be careful-
ly dried before reacting with 8; otherwise incomplete conver-
sion occurred. Reduction of the cyano moiety was performed
under atmospheric pressure of hydrogen, with Raney-Nickel as
a catalyst in the presence of ammonia.”” The benzylamine in-
termediate 9 was coupled to SPDP 10 under standard activat-
ed-ester conditions. Deprotection of the Boc-protected com-
pounds wusing a mixture of TFA/H,O/triisopropylsilane
(95:2.5:2.5), gave the tetraguanidine 11 ready for coupling to a

protein Cys-SH.
ZNH O
INH_~q

(¢]
(0]
ety IS0 &
©io\ a).b) O~ 4 ZNHO 6 ZNH -~
d ZNH
o~ o~ c), d) ~"o €) ZNH/\/O
1 | CN ZNH
3 5 ~
7 CN
NBoc OSu J':'
NTf OV\ )J\ ﬁo N= O\/\N NH
N NHBoc H 2
J]\ H S-S N\ /
BocHN™ "NHBoc
o T e i o L
), o HN__ _NHBoc h), i A~ HN_ _NH
), 9) BocHN H/\/ )0 H,N H O 2
K\ NBoc K\o o NH
© N
BocHN NH H N NH N)vs_s
NH, H \ 7/
NH
NBoc 9 11

Scheme 3. Synthesis of 4G-SMoC 11 Reagents: a) BuLi, TMEDA, Et,O, 1 h, room temperature, then, TMSCI, 16 h, room temperature; then BuLi, TMEDA, 2 h,
room temperature; then C,Br,Cl,, 1 h, —40°C; then warm to room temperature (89%); b) ICl, DCM, 2 h, —40°C (26%); c) BBr;, DCM, 16 h, room temperature;
then 4, DMF, Na,CO;, 24 h, 80°C (59%); d) Zn(CN),, Pd,dba;, dppf, Zn(OAc),, Zn, DMA, 140°C, 10 min, MW (61%); e) 6, PdCl,dppf, K;PO,, toluene, water, 18 h,
100°C (100%); f) HBr, DCM, 90 min, room temperature; then 8, Et;N, DCM, 16 h, room temperature (65%); g) Raney-Ni, NH,OH, THF, H,, 16 h (44%); h) 10,
DIEA, DCM, 16 h, room temperature (11 %); i) TFA/H,O/TIPS (95:2.5:2.5), 3 h, room temperature (100 %).

ChemBioChem 2008, 9, 1787 - 1796

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1789

www.chembiochem.org



www.chembiochem.org



BIO

The boronic ester 6 is the key intermediate in the synthesis
of different SMoC analogues. It was synthesized starting from
bromoveratrole 12 (Scheme 4). This compound, prepared ac-
cording to a known procedure,*® was treated with boron tri-
bromide and the resulting catechol alkylated with 4 to provide

0 0
- ) ZNH 0 ) ZNHT
a
— = ZNH — > ZNH
\o \/\O \/\O
Br
12

Br
13 6

Scheme 4. Synthesis of boronic ester 6. Reagents: a) BBr;, DCM, 16 h, room temperature;
then 4, DMF, Cs,CO;, 2 h, 100°C (45 %); b) bispinacolatodiborane, PdCl,dppf, KOAc,

DMSO, 80°C, 72 h (30%).

13. Cesium carbonate was used instead of sodium carbonate
(used for the synthesis of 5). This speeded up considerably the
bis-alkylation reaction, which was performed in 2 h instead of
the 16 h required previously. Compound 13 was then engaged
in a palladium-catalyzed borylation®” to afford 6. With a flexi-
ble modular synthesis now in place, we applied this methodol-
ogy to the synthesis of a range of different SMoC analogues.

Changing the order of the Pd° couplings gives different
substitution patterns

To explore the influence of the position of the guanidine side
chains, we prepared compounds 18, 20, 23, and 26. These bis-
guanidilated biphenyl analogues were synthesized from the
same starting material, namely the commercially available bro-
moiodoanisole 14 (Scheme 5). Cleavage of the methoxy group
followed by the alkylation of the resulting phenol afforded 15
in good vyield (60%). An advantage of this methodology is
that, according to the order of the synthetic transformation,
mono-cyanation or mono-Suzuki coupling, we could obtain
four different analogues. Mono-cyanation, performed under
the same conditions as for 4G-SMoC, afforded 16 in good yield
(75%). In this case, we were able to use commercially available
2- and 3-hydroxyphenylboronic acids. Thus, Suzuki cross cou-
pling and subsequent alkylation of the phenol intermediates
enabled us to prepare 17 (54%) and 19 (62 %), respectively.
After introducing the Boc-protected guanidines, the cyano
groups were reduced affording free amines which were cou-
pled with the disulfide linker. Final deprotection of the guani-
dines produced 18 and 20. On the other hand, mono-Suzuki
couplings performed on 15 using the two previously described
hydroxyphenylboronic acids afforded the corresponding phe-
nols, which were then alkylated to give 21 (54%) and 24
(52%). These substrates were engaged in the cyanation reac-
tion. In this case, the temperature could be raised to 160°C,
since there was no risk of dicyanation, and 22 (76 %) and 25
(84%) were therefore obtained in better yield. The final com-
pounds 23 and 26 were prepared using the same protocol
(Scheme 3). Unfortunately, the hydrogenation conditions used
previously did not give the desired amino intermediate in sat-
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isfactory yield (<20%). To increase this yield, we investigated

several reduction conditions. The best result was obtained

with a mixed catalyst Pd°~Raney nickel under hydrogen pres-

sure.”® The vyield-limiting step was coupling of the amino

group with the linker. This is probably due to the partial de-
composition of the sensitive disulfide bond during
purification. Further development of linker technolo-
gy is underway in our laboratory.

0 Analogues exploring other structural features

Mono-phenyl analogue: We synthesized the mono-
phenyl analogue 28 (Scheme 6) in order to evaluate
its efficiency to deliver a cargo in comparison with
the biphenyl analogues. This would allow us to
assess the contribution of the biphenyl structure. Cy-
anation and subsequent guanidylation of 13 provid-
ed 27. This compound was coupled to the linker after reduc-
tion to the amino group by hydrogenation. Deprotection of
the guanidines afforded the 2G-monophenyl-SMoC 28.

Linker position: To investigate the influence of the position
of the linker, we synthesized 31 and 33 starting from the com-
mercially available bromocyanophenol 29 (Scheme 7). This
compound already contains the cyano moiety allowing us to
shorten considerably the synthesis. Compound 29 was alkylat-
ed by using the cesium carbonate procedure (68%). The result-
ing alkylated compound was then engaged in a Suzuki cross-
coupling reaction with 2- or 3-hydroxyphenylboronic acids,
providing 30 (80%) and 32 (95 %), respectively, after alkylation
of the intermediate phenols. The guanidines and the linker
were then introduced as previously described yielding 31 and
33 after final deprotection.

Increasing number of guanidine substituents: In order to eval-
uate the influence of the number of guanidine groups we also
considered that it would be interesting to synthesize the 3G-
SMoC analogue 35 (Scheme 7). Alkylation of 29 and coupling
of the resulting compound with boronic ester 6 afforded 34 in
excellent yield (93%). The 3G-SMoC 35 was then obtained
using the same procedure as before. The synthesis of this com-
pound was shorter and more efficient than that of the other
SMoC analogues, making it a good candidate for future study.

The biphenyl group is necessary for significant cellular
uptake

To determine the ability of SMoCs to carry biomolecules into
cells, we utilized live confocal microscopy and fluorescence ac-
tivated cell sorting (FACS) analysis. SMoCs were coupled with
the nuclear protein geminin,®” a repressor of origin licensing,
through a disulfide bond. For these studies geminin was la-
beled with the dye Alexa Fluor 488 (g*). Live confocal micros-
copy images for four representative SMoC-geminin-Alexa
Fluor analogues, 11-g* 28-g* 33-g* and 35-g* are shown
(Figures 2A-D and Figure S1 in the Supporting Information).
Cellular uptake was studied in two cell lines, WI-38 human dip-
loid fibroblasts (HDF) and human osteosarcoma cells (U20S).
When U20S cells were treated with the fluorescent tagged

ChemBioChem 2008, 9, 1787 — 1796
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Scheme 5. Synthesis of 2G-SMoCs, compounds 18, 20, 23, and 26. Reagents: a) BBr;, DCM, 16 h, room temperature; b) 4, DMF, Cs,CO;, 4 h, 80°C (60%);

¢) Zn(CN),, Pd,dba;, dppf, Zn(OAc),, Zn, DMA, 10 min, MW; d) 2- or 3-hydroxyphenylboronic acid, PdCl,dppf, K;PO,, toluene, water, 18 h, 100°C; e) HBr, DCM,
90 min, room temperature; then 8, Et;N, DCM, 16 h, room temperature; f) Raney-Ni, NH,OH, THF, H,, 16 h; then 10, DIEA, DCM, 16 h, room temperature;

g) Raney-Ni, Pd/C, NH,OH, dioxane, water, H, (5 atm), 16 h; then 10, DIEA, DCM, 16 h, room temperature; h) HCO,H, 2 h, 50°C.

proteins, the highest uptake was detected when the cells were
incubated with the 4G-SMoC-protein 11-g* (Figure 2D) and
the lowest when treated with the 2G-SMoC-protein 28-g*. In
the case of WI-38 HDF, the difference in uptake was not obvi-
ous by this method, but a preferential perinuclear and nuclear
localization was observed when geminin was linked to com-
pounds 35-g* and 11-g* containing three and four guanidines,
respectively (Figure S1). These data suggested a role for elec-
trostatic forces in the efficiency of the delivery and cargo local-
ization. In both cell lines, poor uptake was detected when the
cells were incubated with the mono-phenyl compound 28-g*
and this compound was not used in further studies.

ChemBioChem 2008, 9, 1787 - 1796
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Flow cytometry shows that SMoC-geminin conjugates enter
cells

Live microscopy provided qualitative information on the sub-
cellular localization and uptake efficiency of internalized
SMoC-geminin conjugates. We turned to FACS analysis to
assess the relative amounts of cellular uptake and the percent-
age of cells internalizing SMoC-geminin. Cell populations were
analyzed by FACS after treatment with different SMoC ana-
logues conjugated to geminin labeled with Alexa Fluor 488.
The percentage of fluorescent cells obtained from this experi-
ment were analyzed for both cell lines (Figure 3, gray bars).
Cells treated with labeled geminin conjugated to SMoC show a
clear shift in the FACS profile towards higher fluorescence
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Scheme 6. Single phenyl unit bis-guanidine compound 28. Reagents:

a) Zn(CN),, Pd,dbas, dppf, Zn(OAc),, Zn, DMA, 160°C, 10 min, MW (72%);

b) HBr, DCM, 90 min, room temperature; then 8, Et;N, DCM,16 h, room tem-
perature (45%); c) Raney-Ni, NH,OH, THF, H,, 16 h (28 %); d) 10, DIEA, DCM,
16 h, room temperature (20%); e) TFA/H,O/TIPS (95:2.5:2.5), 3 h, room tem-
perature (100 %).

values compared to the controls; this reveals that all SMoC-
conjugated proteins can enter into the cells. Approximately
100% of U20S cells show uptake of SMoCs while for WI-38
cells the value is between 75 and 90% (Figure 3, gray bars).

R1
i ()
OH
a), b) orc) R?
(0]
NC ZHNT O
2 CN

30, R'= H, R?= O(CH,),NHZ
32, R'= O(CH,),NHZ, R,=H
34, R' = R2 = O(CH,),NHZ

D. L. Selwood et al.

Uptake efficiency is critically dependent on SMoC structure

The relative efficiency of uptake was assessed by comparing
the intensity of the fluorescence values for the different SMoCs
in the two cell lines WI-38 and U20S.

The first six bars of the chart shown (Figure 3, colored bars)
represent the uptake obtained by using the bis-guanidines
(18, 20, 23, 26, 31, and 33) as carrier, the seventh and eighth
bars represent the data for the tris-guanidine compound 35
and the tetra-guanidine compound 11, respectively. It is clear
that the SMoCs bearing three or four guanidines are more effi-
cient carriers than those with two guanidines. Closer inspec-
tion of the relative fluorescence data for the bis-guanidines re-
veals some subtle differences. The compounds 18, 31 and 20,
33 display the guanidine side chains in the same orientation,
however, the linker is in a different position. The efficiency was
higher when the linker was para relative to the guanidine side
chain. Moreover, when the guanidine side chain is ortho to the
linker (compounds 23 and 26) we observed a decrease in the
ability to carry the cargo inside the cells. From these data we
conclude that the position of the linker is influential in deter-
mining the efficiency of the molecule. Steric hindrance by the
cargo might obstruct the interaction of the carrier with the cell
membrane during the uptake. An alternative explanation
would be that the linker or cargo disrupts the spatial arrange-

I H
O
NN O " ¥

HN\[O(\/S—S@
NH

o
H
NH

d)-g) o) 33
=l d)

HN\Q/\/S—SAQ

NH
O\/\NJ\NH

® 2
NH

H
(0] 35
HN)J\N/\/O /D\l NH,
L G G

NH
HN s—s@
W =
0]

Scheme 7. Synthesis of 2G-SMoCs 31 and 33 and 3G-SMoC 35 with linker in meta position to the phenyl ring. Reagents: a) 4, DMF, Na,COs, 15 h, 80°C; b) 2-
or 3-hydroxyphenylboronic acid, PdCl,dppf, K;PO,, toluene, water, 18 h, 100 °C; then 4, DMF, Cs,CO;, 4 h, 80°C; c) 6, PdCl,dppf, K;PO,, toluene, water, 18 h,
100°C; d) HBr, DCM, 1.5 h, room temperature; then 8, Et;N, DCM,16 h, room temperature; €) Raney-Ni, NH,OH, THF, H,, 16 h; f) 10, DIEA, DCM, 16 h, room

temperature; g) TFA/H,O/TIPS (95:2.5:2.5), 3 h, room temperature.
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Figure 2. Live microscopy visualisation of delivery of SMoC analogues coupled to geminin labelled with Alexa
Fluor 488 in human U20S osteosarcoma cells. Final concentrations of geminin 10 um. Scale bars are 10 um.

ment of the guanidines preventing optimal binding to the cell.
The similar efficiency of compounds 18, 20, 23, and 26 indi-
cate that the position of the guanidines on the aromatic ring
does not have a significant influence on the ability to deliver
cargo. In the bis-guanidines compounds 31 and 33 exhibit
greater than 50 % relative uptake.
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FULL PAPERS

Comparison of 4G-SMoC-gemi-
nin 11-g* with (Arg),-SS—gemi-
nin and (Arg)g-SS—geminin

In order to compare the efficien-
cies of our SMoC transporters

with arginine containing
peptides,® (Arg),Cys-Alexa
Fluor 488-geminin and

(Arg)gCys-Alexa Fluor 488-gemi-
nin were prepared by standard
peptide synthesis and coupling
of (Arg),Cys-SSPyr to Alexa
Fluor 488-labelled geminin ex-
actly as for 4G-SMoC. However,
we found that the (Arg), Alexa
Fluor 488-geminin  conjugates
were significantly more adher-
ent to the purification columns
than the 4G-SMoC-Alexa
Fluor 488-geminin  conjugates.
For this reason extensive purifi-
cation of the (Arg), conjugates
was avoided and they were
compared with 4G-SMoC-Alexa
Fluor 488-geminin prepared in
an identical fashion. The FACS
data for the uptake of 4G-SMoC-
Alexa Fluor 488-geminin 11-g*
compared to (Arg),Cys—geminin
and (Arg)sCys—geminin is shown
in Figure 4. All the conjugates
allow some degree of cellular
uptake, perhaps surprisingly
both the Arg-containing pep-
tides appear to be quite similar
NH in their ability to internalize the
Alexa Fluor 488—geminin conju-

g gate. In contrast 4G-SMoC-Alexa
© s (D Fluor 488-geminin  11-g* s
1-g* taken up by a higher proportion

of cells and with greater relative
fluorescence.

Inhibition of DNA synthesis
correlates with the cellular
uptake efficiency

To assess the ability of different SMoCs to deliver a functional
protein, we treated WI-38 HDF and U20S cells with these carri-
ers coupled with geminin (termed X-g). Geminin is a 23.5 kDa
protein that blocks DNA replication. For this application we
used a N-terminal-truncated form of geminin (ANg) which is
not degraded during the cell cycle.™™ We then studied how
cellular replication was affected by measuring the incorpora-
tion of BrdU (Figure 5). The 2G-SMoC-geminin 33-ANg and
3G-SMoC-geminin 35-ANg showed significant inhibition of
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Figure 3. FACS analysis histogram of FACS profile of live WI-38 and U20S cells treated by SMoC analogues coupled with labeled geminin-Alexa Fluor 488
(g*). The color bars represent the mean fluorescence and the gray bars the percentage of labeled cells. Final concentrations of geminin 10 pum.
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Figure 4. Facs analysis of WI-38 treated with 10 um (Arg),-g*, (Arg)s-g* and
11-g*.
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Figure 5. Evaluation of the inhibition of cell replication of live WI-38 (blue)
and U20S cells (purple) treated by SMoC analogues coupled with AN-gemi-
nin (AN-g). Final concentrations of AN-geminin 10 pum.

DNA synthesis only for the WI-38 cell line. In contrast, 4G-
SMoC-geminin 11-ANg was able to inhibit at least 85% of the
DNA replication in both cell lines.

Discussion

We prepared SMoC analogues using a “combinatorial”’, modu-
lar synthetic approach employing sequential Pd® couplings as
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key steps for the synthesis of SMoC analogues. In particular
the versatile Suzuki-Miyaura"® coupling reaction allowed the
assembly of highly functionalized building blocks into a range
of late-stage intermediates suitable for further manipulation
into the SMoC-protein reactive reagents. By changing the iden-
tity of the building block it is now possible to synthesize a
large range of SMoC molecules using this chemistry. Coupling
the SMoC reagents to the geminin protein enabled us to iden-
tify some of the molecular features required for an efficient
transporter. A clear influence of electrostatic forces was indicat-
ed as an increase in the number of guanidines led to increased
uptake and improved functional activity. The biphenyl struc-
ture is necessary but the positioning of the guanidine side
chains on this structure does not appear to be critical, albeit
that the highly flexible side chains employed here may not ad-
equately address this question. Is there an absolute require-
ment for a helical display arrangement? Clearly not as many
unstructured small peptides have activity, though our mole-
cules can mimic a helix (as in antennapedia homeodomain, for
example). Does, however, the rigid “scaffold” confer better ac-
tivity and are our compounds more efficient per kD as trans-
porters as a result? We have provided additional comparison
data here to suggest that they are more efficient than the
simple (Arg), and (Arg); peptides. Our small molecules have
other properties (such as increased lipophilicity) which may
contribute to the transduction effect. The positioning of the
linker-cargo relative to the guanidine side chain influenced ac-
tivity. Steric hindrance of the cargo might interfere with the
binding of the guanidines to the negatively charged phospho-
lipids/glycolproteins on the cell surface. A more subtle effect
on the conformation of the displayed guanidines cannot be
discounted at this stage. Although there was no reason to
assume that delivery of functional protein would correlate with
our FACS and microsopy data we found similar results. We also
observed that there was a greater uptake in the WI-38 cell line
than in the U20S, probably accounting for the requirement for
the most efficient transporter (4G-SMoC) to enable inhibition
of DNA synthesis in the osteosarcoma cells.
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It is instructive to compare our molecules with those of the
other nonpeptidic transporters: only the glycoside based trans-
porters of Tor*® have any degree of structural rigidity. Peptoid-
based"® or guanidine peptide nucleic acids®" do not, neither
do the sorbitol-based transporters,"” which unusually confer
mitochondrial subcellular localization. If we contrast these
agents with our SMoCs then we can see that the biphenyl is a
rigid scaffold system with increased lipophilic character. Fur-
ther studies will be required to elucidate the relative contribu-
tion of spatial orientation of side chains and lipophilicity. The
data presented here allow access to a wide range of SMoC
structures and contributes to the optimization of SMoCs for
the delivery of protein cargoes.

Experimental Section

Protein expression and coupling to xG-SMoC and Alexa
Fluor 488: Geminin and ANg were expressed and purified as de-
scribed.?? We conjugated geminin with Alexa Fluor 488 using the
Molecular Probes Protein Labelling kit, according to the manufac-
turer's protocol (Invitrogen). Coupling reactions of proteins with
the different SMoCs have been described.” The efficiency of cou-
pling was assessed by spectrophotometric quantification of pyri-
dine-2-thione at 343 nm and by monitoring the release of sulfhydr-
yl groups by using Ellman’s Reagent (Pierce, Rockford, IL, USA) ac-
cording to Pierce protocol 22582.

Preparation of (Arg),Cys-geminin conjugates: Both (Arg),-Cys-
SSPy and (Arg)sCys-SSPy were prepared by standard Fmoc peptide
synthesis (Peptide Protein Research, Hampshire, UK) and coupled
to Alexa Fluor 488-labelled geminin as described," but without
the final purification step.

Cell culture: Human U20S and WI-38 HDF, were cultured in DMEM
supplemented with FCS (10%), penicillin (100 UmL™") and strepto-
mycin (0.1 mgmL™").

Confocal microscopy: For detection of different xG-SMoC-gemi-
nin—-Alexa Fluor 488 uptake into live cells, exponentially growing
cells (WI-38 HDF and U20S) were cultured on glass coverslips. Cells
were washed in PBS and incubated with fresh medium containing
XxG-SMoC-geminin-Alexa Fluor 488 (10 um). Coverslips were
washed extensively in PBS, placed in a plate containing medium
without Red Phenol (Gibco) and observed by live confocal fluores-
cence microscopy (MP-UV, Leica Microsystems GmbH, Wetzlar, Ger-
many) by using 40x and 63x water immersion objectives. In
order to obtain similar fluorescence intensities, WI-38 and U20S
cells required incubation with the protein conjugate for 1 and 5 h,
respectively.

Fluorescence detection by FACS analysis: Cells were seeded in 6-
well plates and incubated with xG-SMoC—-geminin-Alexa Fluor 488
(10 um) for 3 (WI-38 cells) or 5h (U20S cells). Cells were then
washed extensively with PBS, trypsinized for 5—10 min, resuspend-
ed in medium, washed again in cold PBS and immediately ana-
lyzed by Flow Cytometry (FACSCalibur). A total of 10000 cells per
sample were counted. The mean fluorescence intensity of xG-
SMoC-geminin-Alexa Fluor488-treated cell populations was com-
pared with untreated control cells and cells incubated with Alexa
Fluor 488 or geminin—Alexa Fluor 488 only.

Cell proliferation assay: To assess whether AN-geminin retains its
ability to inhibit DNA replication in cycling cells when coupled
with xG-SMoC, xG-SMoC-AN-geminin (10 pm) was added to WI-38
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and U20S and replenished every 24 h, for a total 72 h treatment.
71 h after the initial treatment, cells were pulse-labelled for 1 h
with BrdU (10 um), then fixed with paraformaldehyde (4%), and
treated as described." Confocal fluorescence microscopy was per-
formed on a Leica TCS DMRE confocal microscope.

Abbrevations

Boc=tert-butoxy carbonyl, CPP=cell-penetrating protein, DCM =
dichloromethane, DIEA =N,N-diisopropylethylamine, DMA = N,N-di-
methylacetamide, DMF =dimethylformamide, DMSO =dimethyl-
sulfoxide, DMEM =Dulbecco’s Modified Eagle Medium, dppf=1,1"-
bis(diphenylphosphanyl)ferrocene, = FACS =fluorescence-activated
cell sorting, Fmoc =9-fluorenylmethoxycarbonyl, HDF =human dip-
loid fibroblasts, MS=methanesulfonyl, MW =microwave, PBS=
phosphate-buffered saline, SMoC = small-molecule carrier, Su=suc-

cinimidyl, Tf=trifluoromethanesulfonyl, TIPS =triisopropylsilane,
TMEDA =N,N,N',N'-tetramethylethylenediamine, Z=Dbenzyloxy
carbonyl.
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Addressing the Numbers Problem in Directed Evolution

Manfred T. Reetz,* Daniel Kahakeaw, and Renate Lohmer®

Our previous contribution to increasing the efficiency of directed
evolution is iterative saturation mutagenesis (ISM) as a system-
atic means of generating focused libraries for the control of
substrate acceptance, enantioselectivity, or thermostability of en-
zymes. We have now introduced a crucial element to knowledge-
guided targeted mutagenesis in general that helps to solve the
numbers problem in directed evolution. We show that the choice
of the amino acid (aa) alphabet, as specified by the utilized
codon degeneracy, provides the experimenter with a powerful
tool in designing “smarter” randomized libraries that require con-
siderably less screening effort. A systematic comparison of two
different codon degeneracies was made by examining the relative
quality of the identically sized enzyme libraries in relation to the
degree of oversampling required in the screening process. The

Introduction

Directed evolution has emerged as a useful means to engineer
the catalytic properties of enzymes, including thermostability,
robustness in hostile organic solvents, and enantioselectivity."
Although an ever increasing number of successful studies con-
tinue to appear, the overall process remains time-consuming
and generally requires robotic equipment to screen relatively
large libraries of enzyme variants, which typically comprise
10%-10° transformants (clones). Probing the vast protein se-
quence space, which of course is much larger, is a central chal-
lenge in directed evolution. Selection based on growth advant-
age of bacteria can, in principle, handle much larger num-
bers,"? but these systems have not been developed to include
such catalytic properties as enantioselectivity and/or substrate
acceptance in a general way.”’

Since the “numbers problem” in directed evolution persists
to this day,"** methodology development in the quest to
probe the vast protein sequence space more efficiently than in
the past has become a pressing issue. One strategy calls for
even larger libraries in the order of 10’-10° or more transform-
ants, thereby covering a greater portion of protein sequence
space, but requiring ultra-high-throughput screening sys-
tems.">% In spite of progress, such as in in vitro compartmen-
talization,” pooling techniques® and various display sys-
tems, >’ it is currently unclear how these systems can be ex-
tended to cover such important catalytic properties as the
aforementioned enantioselectivity and/or substrate acceptance
in a general way. The other strategy is to consider the oppo-
site, namely to construct smaller libraries characterized by
higher quality.'%" In this endeavor the comparative evaluation
of two different libraries is meaningful only if the same
number of transformants are screened in each case. Higher
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specific example in our case study concerns the conventional
NNK codon degeneracy (32 codons/20 aa) versus NDT (12
codons/12 aa). The model reaction is the hydrolytic kinetic resolu-
tion of a chiral trans-disubstituted epoxide, catalyzed by the ep-
oxide hydrolase from Aspergillus niger. The NDT library proves
to be of much higher quality, as measured by the dramatically
higher frequency of positive variants and by the magnitude of
catalyst improvement (enhanced rate and enantioselectivity). We
provide a statistical analysis that constitutes a useful guide for
the optimal design and generation of “smarter” focused libraries.
This type of approach accelerates the process of laboratory evo-
lution considerably and can be expected to be broadly applicable
when engineering functional proteins in general.

quality then means a higher frequency of improved enzyme
variants (hits) in a given library and a higher degree of im-
provement of a given catalytic property. Consequently, library
quality needs to be viewed in the light of the screening effort
needed to identify beneficial hits, which is the persisting issue
in directed evolution. Ideally, the size of the libraries would be
reduced to such an extent that conventional GC or HPLC
would suffice even in the face of such analytically challenging
problems as enantio- and/or regioselectivity.

Whatever strategy is chosen, the question regarding the
best choice of the mutagenesis method remains to be an-
swered. To this day the most often applied technique in direct-
ed evolution is error-prone polymerase chain reaction
(epPCR),"™ in addition to other methods such as saturation
mutagenesis™'*"® and DNA shuffling™' as well as variations
and combinations thereof." Unfortunately, few studies illumi-
nate systematically the relative merits of the various ap-
proaches.""*'® Random mutagenesis based on epPCR is often
considered to address the whole gene (and thus the entire
enzyme), but for several reasons it has severe disadvantages
theoretically and in practice."”'® Due to the degeneracy of the
genetic code, epPCR has significant biases. Taking this into ac-
count, it has been shown that the actual diversity of a library
can be as low as 20% of the “theoretical” size, based on the
usual algorithm that neglects this aspect."” This means that
large numbers of enzyme variants are not accessible in a prac-

[a] Prof. Dr. M. T. Reetz, Dr. D. Kahakeaw, R. Lohmer
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Miilheim/Ruhr (Germany)
Fax: (+49) 208-306-2985
E-mail: reetz@mpi-muelheim.mpg.de
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tical way, regardless of whether super-high-throughput screen-
ing or selection is used to find the rare positives.l" " 718

One way to address the numbers problem is to consider sat-
uration mutagenesis, a method that restricts randomization to
predetermined sites in the enzyme with the creation of fo-
cused libraries.>'31519-21 5 ch targeted randomization reduces
the extent of protein sequence space drastically, but it requires
structural information in order for the correct mutagenesis
sites to be chosen. Fortunately, such data are available in most
cases of interest. For example, in the quest to enhance the
enantioselectivity of a lipase, we demonstrated some time ago
that simultaneous randomization at a site composed of four
amino acid (aa) positions next to the binding pocket is far
more efficient than four consecutive rounds of epPCR, despite
the fact that, in the latter case, more transformants were
actually screened.®

We recently introduced a more systematic approach to fo-
cused library generation, namely iterative saturation mutagen-
esis (ISM), which is a structure-based strategy integrating
knowledge-guided design and evolutionary randomization.
Two forms of ISM were developed, combinatorial active-site
saturation test (CAST), for controlling substrate scope and/or
enantioselectivity,”®?" and the B-FIT technique, for increasing
thermostability.”>?¥ In both, sites in the enzyme, denoted as A,
B, C, D, etc., are first chosen as loci for saturation mutagenesis
with formation of focused libraries, a given site being com-
posed of one, two or three (or more) aa positions in the
enzyme. Following the identification of a hit from a given li-
brary, that mutant gene is used as a template for performing
saturation mutagenesis at a different site, and the process is
repeated as often as needed at other sites. When considering
enantioselectivity and/or substrate acceptance, the criterion for
choosing the proper sites is straightforward: all sites around
the complete binding pocket are identified on the basis of
crystal structural data or homology models.”?

In our studies"®*? and in reports by other groups regard-
ing saturation mutagenesis''?'*' the issue of “oversampling”,
a parameter that refers to the number of enzyme variants
needed to be screened in order to ensure a certain percentage
coverage of a given library, was neglected.”® However, it is es-
sential to consider this aspect when estimating the quality of a
library correctly. Fortunately, algorithms developed by Patrick
and Firth,?¥ Boseley and Ostermeier,”” and Denault and Pellet-
ier”® are available that can be used as a basis for designing
and assessing all kinds of mutagenesis libraries.

In previous studies® "' we generally applied NNK codon de-
generacy (N: adenine/cytosine/guanine/thymine; K: guanine/
thymine), which is the conventional way to perform saturation
mutagenesis. It involves 32 codons and relates to all 20 protei-
nogenic aa’s as building blocks. In the hope of profound im-
provements in library quality as defined above, we addressed
the numbers problem from a different angle, specifically by
considering codon degeneracies that encode smaller aa alpha-
bets. Reduced aa alphabets in enzymology studies have been
utilized for various purposes,”’% the question of minimal re-
quirements for proper folding and enzyme activity®?*? and
binary patterning®® being two prominent examples. For our
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purpose, a variety of different codon degeneracies can be con-
sidered, NDT being one of several possibilities (D: adenine/
guanine/thymine; T: thymine). This choice involves 12 codons
and reduces the number of aa’s to twelve (Phe, Leu, lle, Val,
Tyr, His, Asn, Asp, Cys, Arg, Ser, Gly), which is a balanced mix of
polar and nonpolar, aliphatic and aromatic, and negatively and
positively charged representatives, while excluding most cases
of structurally similar aa.

In this model study we focused on the relative merits of
NNK versus NDT*! codon degeneracy. The diversity of an NNK
library in terms of the number of structurally different (distinct)
transformants is obviously higher than that of the respective
NDT library, provided essentially full library completeness (for
example, >95% coverage) is ensured by the required degree
of oversampling in each case. However, the percentage of im-
proved variants relative to the total number of transformants
present in the two libraries, that is the frequency of occurrence
of hits with distinct sequences, cannot be expected to be iden-
tical. Moreover, if oversampling is limited to a specified
number of screened clones, which in one library correlates
with full or nearly full coverage, while in the other library the
same number means a significantly lower percentage cover-
age, then vast differences in quality can arise. As shown in this
study, consideration of these facets is indispensable when de-
signing and generating higher-quality (“smarter”) libraries. We
thereby provide a practical tool for increasing the efficiency of
saturation mutagenesis as a method in directed evolution.

Results and Discussion
Statistical analysis

We first wanted to visualize the relationship between percent-
age coverage of a library and the degree of oversampling, irre-
spective of codon usage or type of mutagenesis method. To
this end we employed the previously mentioned algorithms,
which are based on Poisson statistics and on the assumption
that all sequences occur with equal probability.?** The pro-
posed algorithm for estimating completeness as a function of
the number of transformants (clones) actually screened,*” T,
can be transformed into Equation (1), where P; denotes the
probability that a particular sequence occurs in the library, and
Fi is the frequency.

T=—-In(1-P)/F (1)

Upon substituting for F;, the relationship then reduces to
Equation (2), where V is the number of gene mutants compris-
ing a given library:

T=—-VIn(1-P) 2)

This relationship defines the correlation between the
number of mutants V of a given library and the number of
transformants T that have to be screened for a specified
degree of completeness. On this basis we define O; as the
“oversampling factor” [Eq. (3)]:

ChemBioChem 2008, 9, 1797 — 1804



www.chembiochem.org



The Numbers Problem in Directed Evolution

O;=T/V=—-In(1-P,) (3)

Upon calculating the oversampling factor O; as a function of
the percentage coverage, one obtains the curve shown in
Figure 1, which should be kept in mind when designing and
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Figure 1. Correlation between library coverage and oversampling of enzyme
variants.

analyzing libraries. It can be seen that for ensuring 95% cover-
age, for example, the oversampling factor O; amounts to about
three, which means that a threefold excess of transformants
needs to be screened. Due to the exponential character of the
relationship, degrees of coverage beyond 95% require vastly
higher screening efforts. Of course, lower degrees of library
coverage might suffice in a given experiment,"® but decisions
regarding this important aspect can be guided by consulting
Figure 1.

In many saturation mutagenesis experiments sites that are
composed of more than one aa position are random-
ized.'*1619-331 sing the appropriate algorithm,”* we calculated
for the NNK and NDT libraries the amount of oversampling, in
absolute numbers, necessary for 95% coverage of relevant
protein sequence space (Table 1). It is immediately clear that
the potential screening effort is very different for the NNK
versus NDT systems. For example, in the case of a site com-

Table 1. Oversampling necessary for 95% coverage as a function of NNK
and NDT codon degeneracy.
NNK NDT
No.® Codons Transformants Codons Transformants
needed needed
1 32 94 12 34
2 1028 3066 144 430
3 32768 98163 1728 5175
4 1048576 3141251 20736 62118
5 33554432 100520093 248832 745433
6 >1.0x10° >3.2x10° >2.9x10° >8.9x10°
7 >3.4x10" >1.0x10" >3.5x10 >1.1x108
8 >1.0x10" >3.3x10" >4.2x108 >13%x10°
9 >3.5%x10" >1.0x10" >5.1x10° >15%10"
10 >1.1x10" >34x10" >6.1x10" >19x10"
[a]l Number of aa positions at one site.
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FULL PAPERS

posed of three aa’s, NNK requires almost 100000 clones,
whereas NDT needs only about 5000 for 95% coverage.
Figures 2 and 3 show this dependency over the whole range
of coverage (0-95%) for sites composed of 1, 2, 3, 4, and 5 aa
positions as a function of NNK or NDT codon degeneracy. Here
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Figure 2. Library coverage calculated for NNK codon degeneracy at sites
comprising 1, 2, 3, 4 and 5 amino acid positions.
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Figure 3. Library coverage calculated for NDT degeneracy at sites compris-
ing 1, 2, 3, 4 and 5 amino acid positions.

again the pronounced differences in NNK and NDT libraries
become apparent. For example, if in the case of a three-aa site,
the experimenter restricts the screening to 5000 transformants
for practical and economical reasons, the use of an NDT library
correlates with about 95% coverage, whereas the same
number of screened clones in an NNK library allows for only
15% coverage. One can suspect that in such size-restricted
libraries, the NDT library should be characterized by higher
quality.

It is straightforward to analyze in the same way other codon
degeneracies that might be more suitable for a given task. In
general we conclude that it is best to choose systems in which
the number of codons is equal to the number of aa’s. This re-
duces the inherent bias and over-representation of certain aa'’s.
Assuming all aa’s are equally probable, a maximum number of
distinct protein variants in a given library is then ensured.
Moreover, codon degeneracies such as NDT exclude the occur-
rence of WT transformants in the enzyme libraries. Both facets
can be expected to contribute to the quality of the focused
libraries.
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Saturation mutagenesis experiments

In order to test these expectations in the laboratory, we
devised an experimental platform upon which NNK and NDT
libraries can be compared systematically under identical con-
ditions. The epoxide hydrolase (EH) from Aspergillus niger
(ANEH)®" served as the enzyme, which had been employed
previously in the investigation into iterative CASTing as a
means to enhance the enantioselectivity of the hydrolytic ki-
netic resolution of glycidyl phenyl ether (rac-1; Scheme 1).2" In
that study five cycles of ISM based on NNK codon degeneracy
at five different sites led to a stepwise increase in the selectivi-
ty factor E from 4.6 to 115 in favor of (5)-2.

0 HO, OH

A mo A Y
PhO ANEH — pho—" PhO

rac-1 (R)-1 (S)-2

Scheme 1.

In this study, we first employed a more “difficult” substrate
that is not accepted by the WT ANEH, namely the trans-disub-
stituted epoxide rac-3 (Scheme 2). Thus, substrate acceptance

e% MO Mo .

pnh  ANEH " ph e Ph
rac-3 (2R3R)-3 (2R3S)4

Scheme 2.

(rate) had to be engineered before considering the enantiose-
lectivity of the respective hydrolytic kinetic resolution, making
this transformation a particularly challenging model reaction
for directed evolution. We return to the reaction of rac-1 in the
latter part of this study.

The substrate rac-3 was manually docked into the binding
pocket of the WT ANEH; this revealed the geometric relation-
ship between the relevant saturation sites A-F (Figure 4).
These are identical to the sites utilized in the earlier study.?”
On the basis of preliminary saturation mutagenesis experi-
ments, sites A (lle193/Ser195/Phe196), B (Leu215/Ala217/
Arg219), and F (Phe244/Met245/Leu249) were chosen for fur-
ther randomization experiments. Note that these sites are all
composed of three aa positions and that positions 217 (part of
site B) and 245 (part of site F) harbor Ala and Met in the WT,
which are not encoded by NDT.

We first applied saturation mutagenesis''? at site B, employ-
ing NNK and NDT degeneracy to form two separate focused li-
braries. By using an activity screen based on the known adren-
aline test developed by Reymond,®? which we modified to be
suitable for whole-cell catalysis,* a total of 5000 transformants
were evaluated in each library. The conditions were adjusted
so that a positive hit was indicated when >10% conversion of
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Figure 4. Predicted CAST sites of ANEH harboring the substrate rac-3 (red)
based on the X-ray structure of the WT.5'¥ A) positions 193/195/196
(yellow), B) positions 215/217/219 (blue), and F) positions 244/245/249
(gray).

rac-3 has been reached within 10 h of reaction time under the
conditions operating in the wells of the microtiter plates. At a
later stage the enantioselectivities of the hits were established
by HPLC analysis of the reaction products.

The results from the two libraries proved to be drastically
different (Figure 5). Whereas the NDT library provided 511 hits,
the NNK library was found to contain only 38 positives. We
therefore conclude from this initial observation that the utiliza-
tion of NDT codon degeneracy constitutes the superior strat-
egy. This conclusion was corroborated upon applying a more
stringent catalytic threshold, namely >20% conversion (10 h).
The NDT library was then found to contain 180 active trans-
formants, whereas the NNK library provided only ten positives.
Finally, upon tightening the restriction further to >40% con-
version (10 h), the NDT library was found to contain 78 posi-
tives, whereas only a single hit remained in the case of NNK.
Rather than sequencing all of the original 549 transformants
found in the two libraries as a result of the initial screen, se-
quence characterization was confined to the 79 positives dis-
covered in the final screening step. This procedure revealed 26

500
400
300

200

Number of clones

100

Active mutants:
=10% Conversion (10 h)

~. =20% Conversion (10 h)
=40% Conversion (10 h)

NNK Distinct sequences

NDT

Figure 5. Frequency of active transformants in the NNK and NDT library
from site B as catalysts in the hydrolytic kinetic resolution of rac-3.
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structurally different (distinct) variants in the NDT library, which
all solved the problem of substrate acceptance of rac-3. In
striking contrast, only one such variant was found in the NNK
library.

The observation that some of the transformants occur more
than once is to be expected when applying saturation muta-
genesis.'"*™® However, the number of redundant positives in
the libraries described herein is gratifyingly small. Only a frac-
tion of the original 511 (NDT) and 38 (NNK) active transform-
ants in the initial screens were actually sequenced; this means
that numerous ones displaying significant (although lower) ac-
tivity have been excluded from further consideration. Interest-
ingly, of the 26 final hits from the NDT library (site B) display-
ing distinct sequences, 22 are characterized by three-aa substi-
tutions and four are double mutants, but none is a single
mutant. The final hit from the NNK library is a double mutant.
These results show that the highest increase in enzyme activity
is achieved when all three aa’s at site B are exchanged. Since
the catalytic activity of the WT ANEH is extremely low (essen-
tially no substrate acceptance), and a background reaction
occurs to a small degree, it is difficult to specify accurately the
actual rate acceleration. However, a rate factor of at least 10°
can be estimated as a lower limit.

Some of the most active hits were then tested for enantiose-
lectivity in the hydrolytic kinetic resolution of rac-3. Table 2
shows that most, but not all, of the mutants of the NDT library
identified and sequenced in the final screening step show high
degrees of enantioselectivity in favor of (2R,35)-4, two having E
values of >200. The kinetic property of the most active and
enantioselective mutant (DK-35) was studied more closely. We
used turnover frequency (TOF) as the most reliable measure of
enzyme activity in this kind of transformation, as recommend-
ed in earlier studies regarding other epoxide hydrolases.?*3
The TOF value of 55 (mol product per mol catalyst per second)
proved to be considerably higher than in related cases with a
different EH as a catalyst in the hydrolysis of cis-1,2-disubstitut-
ed epoxides (TOF=0.07-7.2 mol product per mol catalyst
per 5).2% For further comparison (Table 2), the final mutant
from the NNK library was found to lead to a lower activity
(TOF=17) and to a selectivity factor of only E=101.

Table 2. Selected ANEH variants (site B) as catalysts in the hydrolytic
kinetic resolution of rac-3 favoring (2R,35)-4.

Variant  Codon Mutations TOF® E

degeneracy

DK-09 NDT Leu215Ser/Ala217Tyr 14 6
DK-11 NDT Leu215Asp/Ala217Tyr/Arg219Phe 29 56
DK-17  NDT Leu215Gly/Ala217Tyr/Arg219Cys 12 >200
DK-21 NDT Leu215Phe/Ala217Tyr/Arg219Leu 10 85
DK-26  NDT Leu215Tyr/Ala217lle/Arg219Asn 12 64
DK-27  NDT Leu215Ser/Ala217Val/Arg219Leu 18 180
DK-28  NDT Leu215Gly/Ala217Arg/Arg219Leu 26 62
DK-35 NDT Leu215His/Ala217Tyr/Arg219Val 55 >200
DK-36  NDT Leu215Phe/Ala217Cys/Arg219Ser n 27
DK-10  NNK Leu215Met/Arg219Ser 17 101
[a] TOF: Mol product per mol catalyst per s.
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With respect to methodology development in directed evo-
lution, which is the purpose of this study, we note that an
unusually small experimental effort encompassing only 5000
transformants has generated at least two dozen solutions to
the catalytic problem originally defined, namely the rapid evo-
lution of substrate acceptance and high enantioselectivity.

Saturation mutagenesis was also performed at sites A and F,
each harboring three aa positions. Here the search for im-
proved ANEH mutants was confined to the respective NDT
libraries, in each case 5000 transformants being screened.
Figure 6 shows that initial saturation mutagenesis at these

Number of clones
@
o

60 |
40 | )
Active mutants:
20 | «=10% Conversion (10 h)
o « =20% Conversion (10 h)

=40% Conversion (10 h)

Library A “ Distinct sequences

Library F_

Figure 6. Frequency of active transformants in the NDT libraries from sites A
and F as catalysts in the hydrolytic kinetic resolution of rac-3.

sites is not as productive as the one executed previously at
site B; this need not come as a surprise. The initial test (>10%
conversion in 10 h) in the case of library A showed the pres-
ence of 162 active transformants, this number being reduced
to 30 at >20% conversion (10 h) and to four at >40% conver-
sion (10 h). The most active mutant arising from the library
generated at site A (DK-01) proved to be fairly enantioselective
(E=57 in favor of (2R,3S5)-4). Library F provides fewer active
hits (Figure 6). The lower catalytic performance of these mu-
tants does not mean that their genes are of little use in future
iterative saturation mutagenesis experiments, since they can
be employed as starting points for CASTing at the other sites.
Alternatively, the genes of some of the best mutants obtained
from the library at site B could serve as logical templates for
saturation mutagenesis at sites A or F.

Finally, we considered the hydrolytic kinetic resolution of
substrate rac-1, which had served as the model reaction in the
original study when using NNK codon degeneracy.?” Rather
than screening the already available NDT library at site B in its
entirety, we simply restricted this part of the study to some of
the best hits identified earlier as active catalysts in the reaction
of rac-3. Upon testing only ten transformants, this search led
to the discovery of several highly active and surprisingly enan-
tioselective ANEH mutants (Table 3). For example, mutant DK-
27 has an E value of 35 in favor of (5)-2. In our original study
such respectable enantioselectivity was not achieved until the
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Table 3. Selected ANEH variants as catalysts in the hydrolytic kinetic reso-
lution of rac-1 favoring (S)-2, obtained previously in the case of substrate
rac-3 by saturation mutagenesis at site B by using NDT codon degenera-
cy.

Variant Mutations E
DK-04 Leu215Ser/Ala2171le/Arg219Arg 16
DK-27 Leu215Ser/Ala217Val/Arg219Leu 35
DK-35 Leu215His/Ala217Tyr/Arg219Val 25

fourth cycle of iterative CASTing at four different sites (B, C, D,
and F) along the upward pathway when using NNK codon
degeneracy.”"!

Conclusions

We have addressed once more the numbers problem in direct-
ed evolution by considering statistical aspects of library gener-
ation and performing appropriate laboratory experiments
based on saturation mutagenesis. The model study involves
the epoxide hydrolase from Aspergillus niger (ANEH) as the
enzyme with enhancement of the reaction rate (substrate ac-
ceptance) and enantioselectivity in the hydrolytic kinetic reso-
lution of a chiral substrate serving as the catalytic parameters.
Whereas previous studies have demonstrated the merits of tar-
geted randomization,'>">'%'® culminating in iterative satura-
tion mutagenesis (ISM),”>?® this contribution provides a tool
that is useful in the quest to generate even “smarter” enzyme
libraries. Its basis is the optimal choice of the codon degenera-
cy when tailoring saturation mutagenesis experiments. In the
model study, we have compared systematically two different
codon degeneracies that relate to two differently sized aa al-
phabets, specifically the conventional NNK (32 codons) encod-
ing 20 aa versus NDT (12 codons) encoding only 12 aa’s. This
led to the discovery that vastly different library qualities result.
Upon comparing identically sized NNK and NDT libraries each
limited to 5000 transformants, the frequency of hits in the NDT
case turned out to be much higher. The catalytic profiles of
the best hits in terms of activity and enantioselectivity also
proved to be different, those resulting from NDT codon usage
again being superior. These experimental results are in line
with a statistical analysis based on algorithms proposed earli-
er?*?%1 The basic prediction regarding the main trends is not
expected to change by considering possible aa bias. Neverthe-
less, this aspect is the subject of an ongoing project in our lab-
oratories.

We conclude that it is possible to decrease the size of fo-
cused libraries generated by targeted mutagenesis, while in-
creasing their quality in terms of the frequency of beneficial
variants and the degree of catalyst improvement. This is possi-
ble for two reasons. The correct choice of codon degeneracy
ensures the proper minimal set of aa’s in terms of structural
and electronic characteristics and allows for nearly complete
coverage of a given size-restricted library. Both factors working
together maximize the probability of hits and reduce the
number of “junk” transformants. These features have been
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uncovered experimentally for the first time in a model case,
but we expect the trends to be general.

NDT is not the only codon degeneracy for constructing re-
duced aa alphabets, others can likewise be considered de-
pending upon the nature of the protein property to be engi-
neered (catalytic profile of enzymes or binding property of
proteins). Excluding those aa’s that are similar to those that are
needed minimally is one important recommendation. The
other general guideline for achieving more efficient and there-
fore faster directed evolution is derived from our latest data
and from the statistical analysis, namely that the number of
codons should be equal to the number of aa’s being used as
building blocks when performing saturation mutagenesis.

This approach is not limited to CASTing, other forms of tar-
geted mutagenesis as in the B-Fit method®** are also rele-
vant. Moreover, reduced aa alphabets as described herein can
also be used when combining site randomization with DNA
shuffling™® or synthetic shuffling.*

Finally, we point out that the screening/selection problem
when applying targeted mutagenesis becomes even more
acute when randomizing sites composed of five or more aa
positions. Even if assay systems capable of rapid evaluation of
10%-10° transformants for activity/enantioselectivity were to be
developed in a general way,®” this would not suffice to cover
the relevant protein sequence space when applying saturation
mutagenesis based on the conventional NNK approach
(Table 1). We suggest that in this kind of broadly targeted mu-
tagenesis, which might be beneficial in some systems (for ex-
ample, randomization at aa positions of an enzyme domain),
the strategy described herein could provide the experimenter
with an effective tool for handling the numbers problem in
directed evolution.®®

Experimental Section

Vector construction: The PCR-amplified ANEH genes were cloned
into vector pET22b(+) (Novagen, Madison, USA) between the
EcoRI and Mscl restriction sites, and E. coli BL21Gold(DE3) (Nova-
gen, Madison, USA) was transformed with the resulting plasmids.

Oligonucleotides: The NDT and NNK libraries at site B (215, 217,
219) were prepared by using the complementary primers (Invitro-
gen) NDT-B-for (5-CGGTTCATTTGAACNDTTGCNDTATGNDTGCTCC-
CCCTGAG-3') and NDT-B-rev (5'-CTCAGGGGGAGCAHNCATAHNGC-
AAHNGTTCAAATGAACCG-3') as well as NNK-B-for (5'-CGGTTCATT-
TGAACNNKTGCNNKATGNNKGCTCCCCCTGAG-3) and NNK-B-rev (5'-
CTCAGGGGGAGCMNNCATMNNGCAMNNGTTCAAATGAACCG-3'). Pri-
mers for NDT library at site A (193, 195, 196) were: NDT-A-for (5'-
GGGAGGTGATNDTGGTNDTNDTGTTGGACGACTGTTGG-3') and NDT-
A-rev (5'-CCAACAGTCGTCCAACAHNAHNACCAHNATCACCTCCC-3).
For NDT library at site F (244, 245, 247), NDT-F-for (5'-CGAATGGA-
GAAGNDTNDTACCGATGGCNDTGCTTATGCCATG-3') and NDT-F-rev
(5'-CATGGCATAAGCAHNGCCATCGGTAHNAHNCTTCTCCATTCG-3')
were used.

Library construction: Saturation mutagenesis libraries were gener-
ated by the QuikChange™ mutagenesis method™ with the above
degenerate primers. Briefly, each PCR contained (25 L final
volume): 10xKOD buffer (Novagen; 2.5 pL), MgCl, (1 uL, 25 mm),
dNTP (5.0 uL, 2 mm each), appropriate degenerate primers (5.0 uL,
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2.5 mm), template plasmid (0.5 pL, 10 ngulL™") and 0.5 units of KOD
Hot start polymerase. PCRs were carried out on a Biometra Ther-
mocycler (Whatman Biometra, Gottingen, Germany). Thermal cy-
cling consisted of an initial denaturation of 3 min at 94°C, followed
by 25 cycles of 60s at 52°C, 60s at 72°C, 480s at 72°C, and a
final elongation of 14 min at 72 °C. Residual template in each PCR
reaction was removed by double digestion with 1 unit of Dpnl
(New England Biolabs) in 1x manufacturer’s buffer for 2 h at 37°C,
followed by further addition of 1.0 unit of Dpnl for 1 h. The PCR
product was used to transform competent BL21Gold(DE3) (Nova-
gen) cells, the cells were plated on LB®®™ plates.

Gene sequencing: Mutant genes were sequenced by using the
standard T7 and T7-Ter primer (Medigenomix, Martinsried, Germa-
ny).

Expression for screening: Colonies were picked with a colony
picker QPIX (Genetix, New Milton, UK), and precultures were grown
overnight at 3°C and 800 rpm in deep-well plates with lactose-free
505 medium (800 L per well; formula per liter: 20 mL of 50505
solution (250 gL™" glycerol, 25 gL™" glucose, and distilled water),
50 mL of 20xNPS solution (66 gL' (NH,),SO,, 136 gL~ KH,PO,
and 142 g Na,HPO,), 2 mL of 1 mm MgSO,, and filled to a volume
of 1L with ZY medium (10 gL tryptone, 5gL™" yeast extract)).
The preculture (50 pL) was used to inoculate an expression culture
with 5052 medium (800 uL per well) containing lactose as inducer
(formula per liter: 20 mL of 50x 5052 solution (100 gL' a-lactose,
250 gL' glycerol, 25 gL' glucose, and distilled water), 50 mL of
20xNPS solution, 2 mL of 1 mm MgSO,, and filled to a volume 1L
with ZY medium)). In both media, carbenicillin was used as anti-
biotic (100 mgL™"). After being grown at 37°C and 800 rpm for
6 h, cultures were centrifuged at 4000 rpm for 5 min. Cells were
washed by centrifuging for 3 min at 4000 rpm and 4°C with PBS
buffer (800 pL; Na,HPO, 1.1 gL', NaH,PO, 0.3 gL', NaCl 9.0 gL™").
Supernatants were discarded, and cells were resuspended in PBS
buffer (800 uL).

Screening: Stock solutions of rac-1-phenyl-2,3-epoxy butane (rac-
3; 72 mmol substrate in acetonitrile) were stored at —20°C. The
reactions were performed as follows: washed expression culture
(20 pL) was added to PBS buffer (150 pL, 57 mmol, pH 7.2), and the
substrate was dissolved in acetonitrile (10 pL, 72 mmol). The reac-
tion suspension was incubated for 10 h at 800 rpom and 37°C. The
hydrolytic reaction was monitored by using a cell-based adrenaline
assay for high-throughput screening.®® The change of absorption
was obtained with a Spectramax UV/Vis spectrophotometer (Mo-
lecular Devices Corp.). Initial activity was assessed with a threshold
value of 10%, incorporating procedural variabilities and the ex-
pected conversion. Active clones were collected and reproduced in
triplicate based on the aforementioned preculture. Mutant genes
were sequenced by using the standard T7 and T7-Ter primers
(Medigenomix). A similar procedure was used for 20% and 40%
conversions.

Variant expression and purification: For all variants, expression
was performed in a ZY 5052 expression culture (100 mL) supple-
mented with carbenicillin (100 mgL™"). The culture was incubated
at 30°C and 250 rpm overnight. The cells were chilled on ice for
20 min, harvested (5 min, 10000 rpm, 4°C), washed with PBS
buffer (57 mmol, pH 7.2), and centrifuged again (3 min, 10000 rpm,
4°C). The cell pellet was typically resuspended in PBS buffer (8 mL,
57 mmol, pH7.2) containing DNasel (0.5mgmL™"; Applichem,
Darmstadt, Germany) and lysozyme (1.0 mgmL'?; GERBU Biotech-
nik, Gaiberg, Germany). The suspension was chilled on ice for 1 h
before sonication (Bandelin, 2x30's, 40% pulse, on ice). After cen-
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trifugation (14000 rpm, 45 min, 4°C) a clear supernatant was col-
lected. The variants were purified by ion-exchange chromatogra-
phy (HiTrap Q HP, 5 mL, GE Healthcare) with a step-gradient and a
5mLmin~' flow rate (starting buffer A: 57 mm phosphate buffer
pH 7.4; elution buffer B: 57 mm phosphate buffer pH 7.4 with 1m
Nacl).

HPLC analysis: The chiral analyses of the hydrolytic kinetic resolu-
tion reaction of rac-3 were performed by using Chiracel AD-RH
chiral column (2.5m, 4.6 mm id., Daicel Chemical Industries,
Tokyo, Japan). Conditions: methanol/H,0, 0.5 mLmin~', UV 210 nm.
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Application of Metal-Free Triazole Formation in the
Synthesis of Cyclic RGD-DTPA Conjugates

Sander S. van Berkel,” A. (Ton) J. Dirks,” Silvie A. Meeuwissen,” Dennis L. L. Pingen,”

Otto C. Boerman,® Peter Laverman,™ Floris L. van Delft,” Jeroen J. L. M. Cornelissen,

Floris P. J. T. Rutjes*"

The tandem 1,3-dipolar cycloaddition-retro-Diels—Alder (tandem
crDA) reaction is presented as a versatile method for metal-free
chemoselective conjugation of a DTPA radiolabel to N-0-azido-
cyclo(-Arg-Gly-Asp-p-Phe-Orn-) via oxanorbornadiene derivatives.
To this end, the behavior of several trifluoromethyl-substituted
oxanorbornadiene derivatives in the 1,3-dipolar cycloaddition

Introduction

Functionalized cyclic RGD-containing peptides are of signifi-
cant diagnostic and therapeutic interest because of their versa-
tile application in both tumor targeting and tumor imaging.
The major underlying mechanism responsible for the interest
in such peptides is based on the binding affinity of the Arg-
Gly-Asp (RGD) motif to integrin receptors, that is, alpha-beta
heterodimeric cell-surface receptors which are overexpressed
on developing capillary cells.? The interaction of integrins
with specific matrix ligands is fundamental to invasion and for-
mation of tumor-induced angiogenesis®* and metastasis.”
Based on the fact that the RGD sequence serves as a recurring
motif for cell attachment in a large number of adhesive extra-
cellular matrix, blood, and cell-surface proteins, a variety of
RGD mimetics have been prepared for binding to a,f3; integrin
of the endothelium and tumor cells, leading to inhibition of
cell-matrix interaction,”” interruption of signal transmission,"”
disturbed cell migration,®® and regression®' or apopto-
sis">" of tumor cells. Whereas linear and flexible RGD-contain-
ing peptides bind to a number of integrin receptor subtypes,
including allbB,, a.fs, and o,Bs™ the constrained cyclic RGD-
containing peptides selectively bind to the a,f3; subtype." As
a result, cyclic RGD derivatives have become an important
therapeutic target for the diagnosis of various solid tumors.
Various modifications have been introduced to cyclic RGD pep-
tides to improve receptor binding affinity (for example, poly-
valent constructs)'®'”'® and pharmacokinetic modifiers (for ex-
ample; polymer conjugates’®® and glycosylated deriva-
tives?"2%),

Cyclic pentapeptides are frequently used in tumor target-
ing®! and imaging® as well as for stimulation of cell adhe-
sion.””! Similarly, the e-amino group of the lysine residue in
cyclo(-RGDfK-) is frequently used for modification with ligands
for radiolabeling (**F, '*I, ®*Cu, *™Tc, ""'In)® or with other bio-
logically relevant moieties.”” However, conjugation strategies
for chemoselective functionalization of cyclic RGD peptides
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@ and

was studied and optimized to give a clean and efficient method
for bio-orthogonal ligation in an aqueous environment. After
radioisotope treatment, the resulting ""'In-labeled c(RGD)-CF-tri-
azole-DTPA conjugate was subjected to preliminary biological
evaluation and showed high affinity for a5 (IC5,= 192 nm) and
favorable pharmacokinetics.

with radiolabels or bioactive compounds are limited. Conjuga-
tion can be achieved with typical peptide coupling reagents,”®
or with other methods such as thioester or thioether cou-
pling,”” bromoacetyl derivatization,?” or oxime ligation,®" but
most of the typical conjugation procedures suffer from poor
selectivity or low yield. The synthesis of triazole-linked cyclic
RGD-conjugates by copper-catalyzed, azide-alkyne cycloaddi-
tion has also recently been described."®?? Nevertheless, there
still exists a strong demand for a bioconjugation reaction with
increased efficiency and chemoselectivity involving mutually
reactive conjugation partners that are synthetically readily ac-
cessible."® We recently reported on a copper-free tandem 1,3-
dipolar cycloaddition-retro-Diels—-Alder (tandem crDA) ligation,
resulting in a stable [1,2,3]-triazole linkage.* The methodology
was applied to ligate several bio(macro)molecules, under phys-
iological conditions, including a linear RGD peptide. It ap-
peared to us that the absence of copper during conjugation is
particularly favorable for the introduction of ligands for radio-
labeling such as DOTA or DTPA when metal-free conditions are
crucial. For example, the tandem crDA paves the way for cou-
pling of DTPA constructs to azido-functionalized cyclic RGD
peptides resulting in conjugates for application in tumor tar-
geting and imaging. In this paper, we wish to report on the
efficient crDA-ligation of radiolabeled oxanorbornadiene-DTPA
conjugates for functionalization of an N-0-azido-derivative of

[a] S.S. van Berkel, A. J. Dirks, S. A. Meeuwissen, D. L. L. Pingen,
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cyclo(-Arg-Gly-Asp-p-Phe-Orn-). Additionally, the efficiency of
the crDA approach was further enhanced and a preliminary
biological evaluation of the radiolabeled DTPA-cRGD conju-
gates is described.

Results and Discussion
Synthesis

Our approach for the synthesis of the oxanorbornadiene-
spacer-DTPA 6 is depicted in Scheme 1. Oxanorbornadiene 2
was prepared according to literature procedures®**! and was
coupled to a short amino-modified ethylene glycol spacer. The
particular ethylene glycol spacer was chosen, both for distanc-
ing the bulky diethylenetriaminepentaacetic acid (DTPA) ligand
from the reactive oxanorbornadiene, and to potentially im-
prove the pharmacokinetic characteristics of the conju-
gate.'"™3% Secondly, as a result of the amino-modification of
the spacer, an amide-linked conjugate 3 was obtained and was
projected to display greater stability over the earlier reported
esters under physiological conditions. After Boc-deprotection
of compound 3, the resulting free amine 4 was coupled to
tetra-O-tert-butyl protected DTPA to give compound 5 in a rea-
sonable yield (64%). Finally, the desired oxanorbornadiene-
DTPA conjugate (oxanor-DTPA, 6) was obtained in a sluggish
reaction (four days) in quantitative yield after removal of the
tert-butyl groups with concentrated TFA in CH,Cl,. Next, our at-
tention was focused on the synthesis of N-8-azido-cyclo(-Arg-
Gly-Asp-p-Phe-Orn-) 12 (Scheme 2). Haubner et al.*® demon-
strated that substitution of the valine residue in the parent
peptide c(-RGDfV-) for a lysine residue did not affect the activi-
ty or selectivity, enabling this position for any anchoring with-
out interference with biological activity.®® Consequently, the
valine residue was substituted for an azide-functionalized orni-
thine derivative. N-8-azido-Fmoc-L-ornithine (8) was prepared
by diazotransfer reaction on Fmoc-L-Orn-OH and N-o-Fmoc-p-
phenylalanine (9) was synthesized by Fmoc-protection of H-b-

CO,Et

1

%%%

Scheme 1. a) and b) Literature procedures® (60% over 2 steps);

) N

|
-
N ~o

F. P J. T Rutjes et al.

Phe-OH in an excellent yield (91%). The linear pentapeptide
was synthesized using Fmoc-based solid-phase peptide synthe-
sis (SPSS) on a trityl resin according to a modified literature
procedure.®" Cleavage of the protected peptide from the resin
gave N-0-azido-(Arg(PMC)-Gly-Asp(OtBu)-p-Phe-Orn-OH) (10) in
an overall yield of 29%. Subsequent cyclization under the influ-
ence of diphenylphosphorylazide (DPPA) followed by crystalli-
zation resulted in the desired N-0-azido-cyclo(-Arg(PMC)-Gly-
Asp(OtBu)-b-Phe-Orn-) (11) in an excellent yield (87 %). In the
final step, N-d-azido-cyclo(-Arg-Gly-Asp-p-Phe-Orn-) (12) was
obtained by deprotection of PMC and tert-butyl protecting
groups in concentrated trifluoroacetic acid (TFA). Characteriza-
tion by 'HNMR and LCMS analysis showed that the desired
product was obtained with a purity of more than 97 %.

Conjugation studies

The conjugation behavior of the cyclic RGD peptide with
DTPA-functionalized oxanorbornadiene in the tandem crDA
was studied by means of '"H NMR spectroscopy, LCMS analysis,
and HPLC with radiolabel detection. Monitoring the reaction
by NMR spectroscopy was done by dissolving oxanor-DTPA (6)
in a mixture of D,O and CD;OD which was subsequently
added to a slight excess of cyclic RGD peptide 12 (1.5 equiv),
leading to a final concentration of 6.6 um. Under these condi-
tions, 1,3-dipolar cycloaddition retro-Diels—Alder-reaction of 6
and 12 was expected to lead, via furan elimination, to triazole
adduct 13 (Scheme 3). Compound 13, although depicted as a
single compound in Scheme 3, was expected to be formed as
a mixture of regioisomeric products A; and A, as a result of
the lack of regioselectivity in the first step of the crDA process,
that is, the 1,3-dipolar cycloaddition (Scheme 4).

The reaction mixture was placed in a 400 MHz NMR-appara-
tus and conversion was monitored by integration of the furan
protons with respect to the disappearing bridgehead protons
of the oxanorbornadiene. First of all, the reaction was found to
proceed rather slowly, requiring four days for complete disap-

H% A% ‘%{Aw

3R =Boc
4R=H

y
T
i (R

5R=1(Bu
6R=H

d)

RO,C™\

COZR

cozR

p=}

¢) 1-N-Boc-3,6-dioxa-8-octane-1,8-diamine, EDC, DMAP, DMF (64 %); d) TFA, CH,Cl, (99 %);

e) tetra-O-tert-Bu-DTPA, EDC, DMAP, CH,Cl, (81%); f) TFA, CH,Cl, (99 %); g) NH,OAc buffer (pH 5.5), InCl,.
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Triazole Containing RGD-DTPA Conjugates

pearance of 6. After this time,
LCMS analysis (UV detection of
the RGD motif) of the reaction
mixture (Figure 1A) revealed
two signals for the desired tria-
zole-containing conjugate 13 as
a mixture of two regioisomers
(55.5%, A, and A, ratio 1:1.5),
along with residual cyclic RGD
peptide  (initially 1.5 equiy,
found; 34.2%, Figure 1B). Sur-
prisingly, a third product was
also observed (10.1%) and
based on mass spectral analysis
the structure was assigned to a
1H-1,2,3-triazole product B (R*=
H, Scheme 4) resulting from un-
desired cycloaddition on the
unsubstituted double bond of
the oxanorbonadiene moiety,
followed by CF;-substituted
furan elimination by retro-Diels-
Alder reaction.

In addition to analysis by
NMR spectroscopy and LCMS,
HPLC analysis with radiolabel
detection was performed to
confirm  complete substrate
conversion. Monitoring the re-
action by radiolabel detection
required a radiolabeled DTPA-
complex. "'In was selected as a
suitable radiolabel because of
its long half-life ("n, t,,=
67.2 h) and its stability in the
DTPA chelate. Thus, the oxanor-
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=
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H,N Ny
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L
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H
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Scheme 2. a) TfN;, CuSO,, H,0 (64 %); b) FmocCl, DiPEA, 1,4-dioxane (91%); c) Fmoc-based SPPS; d) TFA, TIPS, H,O
(90:4.75:4.75) (29 % over two steps); ) DPPA, NaHCO,, DMF (87 %); f) TFA, CH,Cl, (93 %).

DTPA conjugate (6) was labeled with '"'In by addition

of approximately 100 uCi ""InCl; to a solution of 6 in .
a metal-free NH,OAc buffer (pH 5.5). The mixture was
incubated for one hour at room temperature after

was formed, concluded by a radiochemical purity
check using an HPLC fitted with an in-line Nal detec-
tor (Figure 1D). A total volume of 50 pL of the "'In-
labeled oxanor-DTPA complex (ca. 10 uCi) was used
to perform the tandem crDA reaction with N-6-
azido-cyclo(-Arg-Gly-Asp-p-Phe-Orn-) (12).

Figure 1E clearly shows the conversion of "'In-
oxanor-DTPA (7) into the two isomers of ¢(RGD)-CF;-
triazole-DTPA conjugate 13 (marked with *). In corre- :

* *
*
which the ""In-oxanor-DTPA complex (7, Scheme 1) 1 A) a
) 8
T . P
i 2 D)
3 2
c w
o (0]
& o
o B) 5
2 4
C)
_/__,____________.————————'__'_
E)
T T T 1
10 20 30 10 15 20

spondence with LCMS analysis, approximately 14%
of the undesired '"'In-DTPA-labeled CF;-furan formed
concomitantly with product B was also detected.

In order to suppress cycloaddition on the unsub-
stituted side of the amide-oxanorbornadiene system,
optimization of the tandem crDA process was under-
taken. To this end, a small series of methyl-substitut-

ChemBioChem 2008, 9, 1805- 1815

t/ min t/ min

Figure 1. LCMS chromatograms; A =crude crDA reaction of 12 and 6 after four days:
(v)=isomer B (10.1%), (*)=isomer A, (21.3%), (*) =isomer A, (33.2%), and (®) =residual
¢(RGD) 12 (34.2%). B=cRGD 12. C=oxanor-DTPA derivative 6. Radiolabel traces; D=(e)
""In-oxanor-DTPA complex (7). E=reaction mixture comprised of (~)= byproduct in
starting material (#)=7, (v)=""In-DTPA-labeled CF,-furan formed concomitantly with
product B, (¥) =isomer A, (*)=isomer A,.
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ed oxanorbornadienes was syn-
thesized (14-17, Scheme 5) and
the reaction characteristics in
the tandem crDA reaction evalu-
ated by 'HNMR spectroscopy
using benzyl azide in CD;OD as
a model system (Table 1).

Reaction of ethyl 4,4,4-trifluor-
obutynoate with 3-methylfuran
resulted in the formation of two
regioisomers (14a and 14b) in
good yield (72%). Saponification
of 14a and 14b was followed
by coupling of the resulting
acids 15a and 15b to glycine
methyl ester, leading to com-
pounds 16a and 16b as a
model system for the amide-
linked glycol spacer. For compar-
ison, the unsubstituted oxanor-
bornadiene glycine methyl ester
derivative (18) was also synthe-
sized. Apart from that, 1,4-dime-
thyloxanorbornadiene derivative
17 was prepared starting from
2,5-dimethylfuran.

The oxanorbornadiene deriva-

F. P J. T Rutjes et al.

TFA HZNYNH

ﬁﬁf/ G>O + V%N{w%v'\f( o

° I
D NH 4
OA\ 6 R=H
or 23alb R =Me

MeOD/ o TFA HyN YNH
D,0

37°C QJ HN

4-5 days R

N

T o NN\OKH -
om” e
Shie

OH
13

tives (1 and 14-18) were reacted Scheme 3. Conjugation experiment of N-3-azido-cyclo-(Arg-Gly-Asp-p-Phe-Orn) 12 with oxanor-DTPA (6) or Me-

with benzyl azide in the tandem
crDA reaction. Product formation
in the tandem crDA reaction
with benzyl azide (R*N,) and the
specification of R'-R® is illustrat-
ed in Scheme 4. The kinetic data
obtained from 'H NMR spectros-
copy are depicted in Table 1. The
cycloaddition reaction of the
ethyl ester oxanorbornadiene
derivative 1 with benzyl azide

oxanor-DTPA (23) resulting in ¢(RGD)-CF;-triazole-DTPA conjugate 13 (major 1,4-isomer shown).

R3 RB
R R*—N 2 R CF. R*=N ’R4

NN «7—3 Rz 7" fﬂ o7 O
L N + N
S/ 3 “ ‘
o Ri__O_ g R’ g R k. O__r FC Fe” N
L AW i

B FC o 6or23 i A, A,

R3

gave clean conversion to the de-  Scheme 4. Reaction pathways for the formation of triazole compounds A;, A, and B in the tandem crDA reaction.

sired isomers A, and A, (Table 1,
entry 1)B7  Subjecting the
methyl-substituted  oxanorbor-
nadiene 14a/b to the tandem
crDA reaction conditions
(entry 2) resulted, apart from the
expected cycloaddition product,
in the partial formation oxaqua-
dricyclanes (19a/b,
Scheme 6).°8¥ The unexpected
oxaquadricyclane formation can
be attributed to an intramolecu- |
lar migration of the electron-rich
methyl-substituted double bond
to the accepting electron-defi-

CO,Et

CF,
|

CO,Et

e} Q CF Q CF Q CF
RN AL R, b A N, )
o OH \)J\ ~
o} (0] o}

14a 5-Me 15a/b 16a/b
14b 6-Me
0 o]
\é/ d) CF, , ) CF3
\ T Y AN
O~ N\)J\ -
o] o]

17 18

cient ester-substituted double  scheme 5. a) Neat, 40°C (14a/b 72%); b) THF, 1m NaOH, (15a/b 80%); c) H-Gly-OMe, DMAP, EDC, CH,Cl, (74% for
bond. 16a/b; 56 % for 18); d) 1,4-dioxane, reflux (91 %).
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Table 1. Products and kinetic data of reactions between oxanorbornadiene derivatives 1 and 14-18 and benzyl azide.

[a]

Compound R R? R® Equiv N, A [%] AA, B [%] t,> [min] Rate [x10*m~'s7"]
1 1 H H OEt 0.99 97 1:1.5 3 205 8.7+0.09
20 14 H Me OEt 1.20 nd. n.d. n.d. n.d. nd.
3 15 H Me OH 1.04 >99 1:1.3 trace 360 42+0.18
4 17 Me H OEt 1.39 94 1:1.2 6 490 2.6+0.10
5 18 H H Gly-OMe 1.32 84 1:2.4 16 590 1.9+0.03
6 16 H Me Gly-OMe 1.08 97 1:2.1 3 >900 1.5+0.01

[a] At 25°C and 100 mm in CD;0D. Obtained by monitoring the reactions with "H NMR spectroscopy (400 MHz). R', R%, and R® as depicted in Scheme 4
(R*=Bn). [b] Unstable, partial oxaquadricyclane formation. n.d.=not determined.

BnN; /Bn Pn
zs“fé(ﬁ ho NN N-N o)
tandem 7 s N\/eiCOZEt * g\/)
19alb - orDA CO,Et CF,

. 14alb
oxaquadricyclane

Scheme 6. Formation of oxa-quadricyclanes 19a/b from compound 14a/b upon subjection to tandem crDA reaction conditions.

Much to our satisfaction, upon performing the crDA reaction
with the less electron-withdrawing carboxylic acid derivative
15a/b (entry 3), neither quadricyclane nor undesired isomer B
formation was observed. The reaction rate, however, slightly
decreased compared to the ethyl ester oxanorborna-
diene derivative 1. The oxanorbornadiene with

was synthesized from compound 15a/b in a four-step reaction
sequence (Scheme 7). Radiolabeling of compound 23a/b gave
the desired ""In-Me-oxanor-DTPA complex (24a and 24b) in
the final step.

methyl substituents on both bridgehead positions o o RO2C/;N/\

(i.e., compound 17) gave comparable amounts of —77 CF,4 a0 CF, RO,C N
isomer B with respect to compound 1 (entries 4 and : OH 7 H H J/ 10 R
1, respectively). However, the rate of the reaction 4 \%/\0%\/ N 2
dropped by a factor of four, which suggests that 0 kCOQR
substitution at the bridgehead position merely af- 15alb d)|: 22alb R = tBu

fects the rate of the tandem crDA reaction. Repeat- 23a/bR=H

ing the experiments with the desired, more stable, o

amide bond at the 3-position of the oxanorborna-
diene (that is, compound 18) considerably increased
the amount of undesired isomer B compared to
compound 1 (16% and 3%, respectively). Apart
from that, the rate of the cycloaddition reactions di-
minished considerably as a fivefold decrease in reac-
tion rate was observed. A similar decrease in reac-
tion rate was found for the amide containing Me-ox-
anorbornadiene (16, entry 6), though with the same
order of magnitude as the unsubstituted oxanorbor-
nadiene glycine conjugate 18 (1.5 and 1.9, respec-
tively). Gratifyingly, almost full suppression of isomer
B formation was achieved with the glycine-substituted Me-oxa-
norbornadiene (16a/b). Taking everything into consideration,
the monomethyl-substituted oxanorbornadiene was consid-
ered the most suitable reaction partner for conjugation to N-9-
azido-cyclo(-Arg-Gly-Asp-b-Phe-Orn-) 12 as the reaction rate in
the tandem crDA reaction is not negatively influenced, where-
as formation of the undesired isomer B is effectively sup-
pressed. To this end, a mixture of methyl-substituted oxanor-
bornadiene-DTPA complex (Me-oxanor-DTPA, 23a and 23b)

22a/b);

ChemBioChem 2008, 9, 1805- 1815
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Scheme 7. a) 1-N-Boc-3,6-dioxa-octane-1,8-diamine, EDC, DMAP, CH,Cl, (47 % for 20a/b);
b) TFA, CH,Cl, (99 % for 21 a/b);
d) TFA, CH,Cl, (99%);

¢) tetra-O-tert-Bu-DTPA, EDC, DMAP, CH,Cl, (44 % for
e) NH,OAc buffer (pH 5.5), InCl,.

The unlabeled Me-oxanor-DTPA complex 23a/b and N-6-
azido-cyclo(-Arg-Gly-Asp-b-Phe-Orn-) (12) were used in the
tandem crDA reaction and monitored by 'H NMR spectroscopy.
Similar reaction conditions as mentioned before were applied
to give nearly full conversion to conjugate 13 after five days at
37°C. After lyophilization of the reaction mixture, the sample
was subjected to LCMS analysis (Figure 2). Much to our satis-
faction, only three peaks were observed, comprising the two
isomers of c(RGD)-CF;-triazole-DTPA conjugate 13 (51.4%, A,
and A, 1:1.5, Scheme 4) along with residual cRGD peptide
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Figure 2. LCMS chromatogram of the crude crDA reaction of 23 and 12 after
five days (*) =isomer A, (22.4%), (*)=isomer A, (29.0%), and (@) =c(RGD)
(12, 48.2%).

(48.2%, initially 1.5 equiv used) and no undesired 1-c(RGD)-1H-
1,2,3-triazole (isomer B) could be detected.

Solid-phase «,f; binding assay

The affinities of the c(RGD)-CF;-triazole-DTPA conjugate 13 and
DOTA-E-[c(RGDfK)], (reference compound) for the a,f; integrin
receptor were determined in a solid-phase competitive binding
assay by using "'In-DOTA-E-[c(RGDfK)], as a tracer.***"

Both ligands showed concentration-dependent inhibition of
"n-DOTA-E-[c(RGDfK)1, binding to o,f; resulting in sigmoid
curves. The ICy, values found for DOTA-E-[c(RGDfK)], and c-
(RGD)-triazole-DTPA conjugate 13 were 125nM and 192 nm,
respectively. Comparing the IC;, value of conjugate 13 with
other triazole-containing monomeric or dimeric ¢(RGD)-conju-
gates,"®?? similar results were obtained, indicating a limited
effect on a,3; receptor binding for CF;-containing triazole-con-
jugates (Figure 3).

1104

100+ A

©
o
1
[ ]

DOTA-E-c(RGDfK),
DTPA-c(RGDfX)

Bound '""In-DOTA-E-[¢(RGDfK)] ,

L)
-11 -10 -9 -8 7 -6 -5 -4
log [M]

Figure 3. Competition of specific binding of ""'In-DOTA-E-[c(RGDfK)], to a,f3;
with DOTA-E-[c(RGDfK)], (m) and DTPA-triazole-c(RGD) (13) (a).

Lipophilicity studies

The DTPA-triazole-c(RGD)-conjugate showed a logP value of
—2.89+0.38 obtained from n-octanol/water partition coeffi-
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cient measurements, a number comparable to previously re-
ported logP values for poly(ethylene glycol)™ or glucose®'-
functionalised cyclic RGD derivatives.

Conclusions

Tandem cycloaddition-retro-Diels—Alder reaction of substituted
oxanorbornadienes and functionalized azides is a powerful
tool for constructing complex bioconjugates by forming stable
triazole adducts. The 1,3-dipolar cycloaddition of DTPA-func-
tionalized oxanorbornadiene and N-d-azido-cyclo(-Arg-Gly-Asp-
D-Phe-Orn-) resulted in the formation of the desired c(RGD)-
CF;-triazole-DTPA conjugate and a small amount of an unex-
pected 1-c(RGD)-1H-1,2,3-triazole. Introduction of methyl sub-
stituents on the oxanorbornadiene suppressed cycloaddition
on the unfunctionalized side of the oxanorbornadiene systems,
thereby effectively eliminating the formation of undesired 1-c-
(RGD)-1H-1,2,3-triazole. Preliminary biological evaluation of the
c(RGD)-CF;-triazole-DTPA conjugate showed a good ICs, value
and favorable hydrophilicity that could result in positive phar-
macokinetic behavior in vivo. A detailed biological evaluation
of the ¢(RGD)-CF;-triazole-DTPA conjugate and further optimi-
zation of the new ligation method is currently under investiga-
tion in our laboratory.

Experimental Section

Instruments and methods: Unless otherwise stated, all chemicals
were obtained from commercial sources and used without further
purification. ""'InCl; was obtained from Tyco Mallinckrodt, Petten,
The Netherlands. Analytical thin layer chromatography (TLC) was
performed on Merck precoated silica gel 60 F-254 plates (layer
thickness 0.25 mm) with visualization by ultraviolet (UV) irradiation
at A=254nm and/or A=366 nm and/or staining with KMnO,.
Preparative thin layer chromatography (Prep-TLC) was performed
on Merck precoated silica gel 60 F-254 plates (layer thickness
1.00 mm) with concentration zone and visualization by UV irradia-
tion at A=254 nm and/or =366 nm. Purifications by silica gel
chromatography were performed using Acros (0.035-0.070 mm,
pore diameter ca. 6 nm) silica gel. Unless otherwise stated, all ex-
periments were performed under ambient atmosphere and tem-
perature. The water used in the biological procedures was deion-
ised using a Labconco Water Pro PS purification system. THF was
distilled under nitrogen from sodium/benzophenone. CH,Cl, was
distilled under nitrogen from CaH,. FTIR spectra were recorded on
an ATl Matson Genesis Series FTIR spectrometer fitted with an ATR
cell. The vibrations (v) are given in cm™". NMR spectra were record-
ed on Bruker DPX200 (200 MHz and 50 MHz for 'H and "*C, respec-
tively), Bruker DMX300 (300 MHz and 75 MHz for 'H and C, re-
spectively) and Varian Inova 400 spectrometers. 'H NMR chemical
shifts are reported in parts per million (ppm) relative to a residual
proton peak of the solvent, 6 =3.31 for CD,0D, §=7.26 for CDCl;,
and 0=4.79 for D,0. Broad peaks are indicated by the addition of
br. Coupling constants are reported as a J value in Hertz (Hz). The
number of protons (n) for a given resonance is indicated as nH,
and is based on spectral integration values. *C NMR chemical
shifts are reported in ppm relative to CD;0D (0 =49.0) or CDCl,
(6=77.0). Electrospray LC/MS analysis was performed on a Shimad-
zu LC/MS 2010A system, equipped with a Zorbax Extend C18
column, 3.5 um, 4.6 x 150 mm, Agilent Technologies, Palo Alto, CA,

ChemBioChem 2008, 9, 1805- 1815



www.chembiochem.org



Triazole Containing RGD-DTPA Conjugates

USA, eluting with a mobile phase gradient-profile: 0-5 min 10%
acetonitrile/90% water (0.1% TFA), 5-30 min gradient to 95% ace-
tonitrile/5% water (0.1% TFA), 30-40 min 95% acetonitrile/5%
water (0.1% TFA). Matrix-assisted laser desorption/ionisation time-
of-flight (MALDI-ToF) spectra were measured on a Bruker Biflex Il
spectrometer and samples were prepared from MeOH solutions
using indoleacrylic acid (IAA) (20 mgmL™") as a matrix. LCQ/MS
analysis was performed using Thermo scientific Advantage LCQ
linear ion-trap electrospray (ESI-MS). Electrospray ionisation time-
of-flight (ESI-ToF) spectra were measured with a JEOL AccuToF.

Radiolabeling experiments: The DTPA-linked oxanorbornadiene
systems (6 and 23a/b) were labeled with In by dissolving
oxanor-DTPA 6 or Me-oxanor-DTPA 23a/b (5 ug, 7.0 nmol) in 5 uL
H,O. Subsequently, metal-free NH,OAc buffer (90 uL, 0.25m,
pH 5.5) and 5 pL (~100 uCi) ™InCl; were added to each of the re-
action mixtures. The mixtures were allowed to incubate for 1 h at
RT after which the radiochemical purity was checked by HPLC
(HP1100 series, LC system, Agilent Technologies, Palo Alto, CA,
USA) using a RP-C18 column (5 um, 4.6 mmx250 mm, Alltech,
Deerfield, IL, USA) eluated with a gradient mobile phase (0-100%
B over 20 min, solvent A=0.1% TFA in water, solvent B=0.1% TFA
in acetonitrile) at 1 mL min~". The radioactivity of the eluates was
monitored with an in-line Nal radiodetector (Raytest GmbH, Strau-
benhardt, Germany.)

Conjugation studies

General procedure for reactions between oxanorbornadiene deriva-
tives and benzyl azide compounds monitored by 'H NMR spectrosco-
py: A solution of an oxanorbornadiene derivative (0.05 mmol) in a
deuterated solvent (0.5 mL) was added to a test tube containing
benzyl azide (various equivalents). The mixture was briefly mixed
with a vortex and then added to an NMR tube. Directly after the
addition, the tube was placed in a Varion Inova 400 NMR apparatus
at 25°C and reaction was monitored following a preset measure-
ment schedule.

General procedure for the synthesis of c(RGD)-CF;-triazole-DTPA con-
jugate 13 via cycloaddition reaction between oxanorbornadiene de-
rivatives and N-0-azido-cyclo(-Arg-Gly-Asp-p-Phe-Orn-) (12) moni-
tored by 'H NMR spectroscopy: A solution of oxanor-DTPA (6) or
Me-oxanor-DTPA (23 a/b; 2.82 and 2.88 mg, respectively, 3.97 pmol)
in CD,0D/D,0 (0.5 mL 0.1 mL™") was added to a test tube contain-
ing cyclic RGD peptide 12 (4.3 mg, 5.96 pmol). The mixture was
briefly mixed using a vortex and added to an NMR tube. The tube
was then directly placed in a Varion Inova 400 NMR apparatus at
37°C and the reaction was monitored following a preset measure-
ment schedule. After completion of the reaction the resulted mix-
tures were lyophilized and analyzed by HRMS and electrospray LC/
MS analysis performed on a Shimadzu LC/MS 2010A system;
HRMS(ESI4): m/z calcd for CsoH;4F3Ni6Oq9: 1257.5112 [M+H]™,
found 1257.5235.

General procedure for cycloaddition reactions between "'In-labeled
oxanorbornadiene derivatives and N-0-azido-cyclo(-Arg-Gly-Asp-p-
Phe-Orn-) (12) monitored by HPLC with an in-line Nal radiodetector:
All tandem crDA reactions were performed at 37°C in a total
volume of 50 pL with 0.5 ug (0.70x 107> umol) "'In-labeled DTPA
(10 pCi unless described otherwise. An incubator was used to
warm the reactions to 37°C for four days. The conversion was
checked by HPLC using a RP-C18 column eluted with a gradient
mobile phase (0-100% B over 20 min, solvent A=0.1% TFA in
water, solvent B=0.1% TFA in acetonitrile) at 1 mLmin~". The
radioactivity of the eluates was monitored by using an in-line Nal
radiodetector.

ChemBioChem 2008, 9, 1805- 1815
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Octanol/water partition coefficient: For the lipophilicity determi-
nation, approximately 70000 cpm ""'In-DTPA-cRGD was diluted to a
volume of 3 mL with phosphate-buffered saline (PBS) and an equal
volume of n-octanol was added to obtain a binary phase system.
After mixing the two layers vigorously for ten seconds and gently
for another 2 min, the two layers were separated by centrifugation
(500 G, 5 min). Three 250 uL samples were taken from each layer
and their activity was measured in a 3" well type Nal gamma coun-
ter (Wallac 1480-Wizard 3). The logP value was determined in two
independent experiments.

Solid-phase a,f; binding assay: Affinity of the DTPA-cRGD conju-
gate (13) and the conventional DOTA-E-[cRGDfK)], for the a,f3; in-
tegrin was determined using a solid-phase competitive binding
assay using ""In-DOTA-E-[cRGDfK)], as a tracer. Labeling was per-
formed following the procedure described by Boerman et al.""
"nCl; (90 puCi ug™") was added to 5 pug DOTA-E-[cRGDfK)], dis-
solved in 100 pL metal free HEPES buffer (1 M, pH 6.0). The mixture
was heated to 100°C during 15 min after which the chemical
purity was determined with HPLC. Microtiter 96-well vinyl assay
plates (Corning B.V., Schiphol-Rijk, The Netherlands) were coated
with a solution of purified human integrin a,8; (150 ng mL™") in
Triton X-100 Formulation (Chemical International, Temecula, CA,
USA) in coating buffer (25 mm Tris-HCl (pH 7.4), 150 mm Nadl,
1mm CaCl,, 0.5mm MgCl, and 1 mm MnCl,) for 18 h at 4°C
(100 uL per well). After washing the plate twice with binding
buffer (coating buffer supplemented with 0.1% BSA (bovine serum
albumin)), all wells were blocked with 200 pL blocking buffer (coat-
ing buffer supplemented with 1% BSA) during 3.5 h at RT. The
wells were washed twice with binding buffer and subsequently
incubated with 100 pL binding buffer containing 200000 cpm of
""In-DOTA-E-[cRGDfK)], and appropriate dilutions of nonlabeled
DOTA-E-[cRGDfK)], or DTPA-cRGD conjugate dissolved in 20 uL
binding buffer for 1h at 37°C. The competitive displacement
study of the dilutions was performed in triplicate. Finally, the plate
was washed three times, the wells were cut, and the radioactivity
in each well was counted using a y-counter (Wallac 1480-Wizard®
3, Perkin-Elmer, Boston, MA, USA). The IC;, values of both the
DOTA-E-[cRGDfK)], and DTPA-cRGD conjugate were determined by
nonlinear regression (GraphPad Pris 4.0 Software Package, San
Diego, CA, USA).

Statistical analysis: The mean values for the solid phase binding
assay and the lipophilicity studies are given =+standard deviation
(S.D.). Statistical analysis was performed by using a Welch'’s correct-
ed unpaired t-test or one-way analysis of variance with GraphPad
InStat software (version 4.00, GraphPad Software). The level of sig-
nificance was set at p <0.05.

Synthesis

3-Trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid
(2): According to the literature procedure:®? Ethyl 2-fluorobut-2-
ynoate (1.00 g, 0.86 mL, 6.02 mmol) yielded 726 mg of 2 (60% over
two steps) as a white solid.

Fmoc-Orn(N,)-OH (8): Modified literature procedure:*? CH,CI,
(3 mL) and triflic anhydride (1.3 mL, 7.73 mmol) at 0°C were added
to a solution of sodium azide (1.00 g, 15.4 mmol) in water (3 mL),
while the mixture was vigorously stirred. After being stirred for 2 h
at 0°C the phases were separated, and the aqueous phase was
extracted with CH,Cl, (5 mL). The combined organic phases were
washed with saturated aqueous NaHCO;-solution (5 mL). The re-
sulting triflic azide solution was added dropwise to a solution of
Fmoc-Orn-OH-HCI (1.00 g, 2.57 mmol), CuSO, (16 mg, 64 umol) and
NaHCO; (436 mg, 5.19 mmol) in water (9 mL) followed by the addi-
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tion of methanol until the mixture became a suspension. The mix-
ture was stirred for 4 h at RT. The organic solvents were removed
in vacuo and the resulting suspension was acidified with 1M aque-
ous HCl to pH 3 after which the precipitate was isolated by filtra-
tion and washed with water. The residue was dissolved in ether,
dried over Na,SO,, and concentrated in vacuo. Purification was per-
formed by flash chromatography (CH,Cl.,/methanol/AcOH 98:2:0.3,
98:5:0.5) and the product was coevaporated with toluene (4x)
yielding a white solid (621 mg, 64%). '"H NMR (CD;0OD, 200 MHz)
0=7.83 (m, 2H), 7.72 (m, 2H), 7.24 (m, 4H), 4.41 (d, J=6.3 Hz, 2H),
4.29 (m, TH), 4.19 (m, 1H), 429 (m, 1H), 4.19 (m, TH), 3.39 (m, 1H),
1.90 (m, 2H), 1.75 (m, 2H); LRMS (ESI—) m/z calcd for Cy,H;s0,N,:
379.1 [M—H]" found 3789. FTIR v, film: 2109, 1718, 1630,
1238 cm™.

Fmoc-p-Phe-OH (9): According to the literature procedure:* H-p-
Phe-OH (530 mg, 1.37 mmol) yielded 1.13 g (91 %) Fmoc-b-Phe-OH
as a white solid after purification by crystallization from EtOAc.

H-Asp(OtBu)-p-Phe-Orn(N3)-Arg(PMC)-Gly-OH (10): Compound 9 was
synthesized by standard solid-phase peptide synthesis (SPPS) using
a modified literature procedure:®" A solution of Fmoc-Gly-OH
(0.174 g, 0.58 mmol) and DIPEA (235 puL, 1.35 mmol) in dry CH,CI,
(2.5 mL) was added to a suspension of trityl chloride resin (300 mg
of 1.5 mmolg™" loaded resin) in dry CH,Cl, (2.5 mL) and the mix-
ture was shaken at RT for 2.5 h. MeOH (470 pL) and DIPEA (94 uL)
were added and the mixture was shaken for another 15 min. The
resin was washed with NMP (3x2.5 mL), CH,Cl, (5%x2.5 mL), and
MeOH (3x2.5mL) and dried in vacuo. The Fmoc-protected resin
was suspended in a solution of 20% piperidine in NMP (2x20 mL)
and shaken for 5 and 15 min. The resin was washed with NMP (6 x
20 mL). A positive Kaiser test™ indicated completion of the pep-
tide coupling reaction. After filtering and washing with DMF (3x
20 mL), the next amino acid was coupled by adding a mixture of
Fmoc-Arg(PMC)-OH (960 mg, 1.45 mmol, 2.5 equiv), TBTU (465 mg,
1.45 mmol, 2.5 equiv), HOBt (196 mg, 1.45 mmol, 2.5 equiv), and
DIPEA (0.67 mL, 4.1 mmol, 7 equiv) dissolved in NMP (100 mL) to
the resin. The reaction mixture was shaken at RT for 90 min and
washed with NMP (6x20 mL). A negative Kaiser test indicated
completion of the peptide coupling reaction. The deprotection-
coupling sequence was repeated with the following amino acids:
Fmoc-Orn(N;)-OH (551 mg, 1.45 mmol, 2.5 equiv), Fmoc-b-Phe-OH
(561 mg, 1.45 mmol, 2.5 equiv), and Fmoc-Asp(OtBu)-OH (596 mg,
1.45 mmol, 2.5 equiv). For the coupling of Fmoc-p-Phe-OH 2,4,6-
collidine (1.9 mL, 14.5 mmol, 25 equiv) was used instead of DIPEA.
The resin was washed with DCM (4x20 mL) and treated with a
solution of TFA, H,O, and triisopropylsilane (TIPS; 90:4.75:4.75;
20 mL) for 3x 10 min. After removal of the resin by filtration, the fil-
trates were combined and stirred for another 2.5 h. The collected
filtrates were evaporated, coevaporated with toluene, and lyophi-
lized from tert-BuOH/H,0O/dioxane yielding a white foam (126 mg,
29%). 'H NMR (400 MHz, CD,0D) 6 =7.33-7.23 (m, 5H), 459 (t, J=
8.0Hz, 1H), 439 (dd, /=9.5, 44 Hz, 1H), 419 (t, J=6.5Hz, 1H),
4.00 (dd, J=10.5, 3.9 Hz, 1H), 3.85 + 3.62 (AB-system J=17.0 Hz,
2H), 3.20-3.14 (m, 4H), 3.02 (d, J=8.0 Hz, 2H), 2.83-2.77 (m, 2H),
2.67 (t, J=6.7 Hz, 2H), 2.56 (s, 3H), 2.55 (s, 3H), 2.10 (s, 3H), 1.95-
1.80 (m, 4H), 1.80-1.73 (m, 1H), 1.69-1.60 (m, 1H), 1.58-1.49 (m,
2H), 1.47 (s, 9H), 1.31 (s, 6H), 1.22-1.08 (m, 2H); LCMS (El+) purity
+97%, m/z calcd for CyyHggN;0;,S: 955.5 [M+H] ", found 956.6.

Cyclo-[Asp(OtBu)-p-Phe-Orn(N,)-Arg(PMC)-Gly] (11): Diphenylphos-
phorylazide (68 uL, 0.31 mmol) and NaHCO; (43.9 mg, 0.52 mmol)
were added to a solution of the linear peptide 10 (100 mg,
0.10 mmol) in dry DMF (21 mL) and the mixture was stirred for
44 h at RT. The mixture was filtered, diluted with EtOAc (100 mL),
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and washed with saturated aqueous NH,Cl-solution (2x100 mL)
and brine (2x 100 mL). The organic phase was dried over Na,SO,
and concentrated. The material was stirred with Et,O for 10 min
and the white precipitate was collected by filtration, washed with
Et,0 (3x), and dried, yielding a white solid (85 mg, 87%). '"H NMR
(400 MHz, CDCl;/CD,0D/D,0) 6=7.28-7.18 (m, 5H), 4.70 (dd, J=
8.2 Hz, TH), 4.55 (d, J=8.0 Hz, TH), 4.21 (brs, 1H), 421 + 3.34 (AB-
system, J=14.9 Hz, 2H), 3.94 (dd, J=10.4 Hz, 1H), 3.14-3.11 (m,
4H), 2.96 (d, J/=8.0 Hz, 2H), 2.74 (dd, J=16.1, 8.2 Hz, 1H), 2.63 (t,
J=6.9 Hz, 2H), 2.52 (s, 3H), 2.51 (dd, J=16.1, 8.2 Hz, 1H) 2.50 (s,
3H), 2.06 (s, 3H), 1.85-1.77 (m, 3H), 1.76-1.67 (m, TH), 1.64-1.55
(m, TH), 1.52-1.41 (m, 3H), 1.39 (s, 9H), 1.28 (s, 6H) 1.21-1.12 (m,
2H); LCMS (El+) purity +97%, m/z calcd for C,4HgsN;,0,0S: 937.5
[M+H]", found 938.7.

Cyclo-[Asp-p-Phe-Orn(N5)-Arg-Gly] (12): The cyclic peptide 11
(84 mg, 90 pmol) was dissolved in a mixture of TFA/H,0 95:5
(5 mL) and the mixture was stirred for 3 h. The solvent was re-
moved and the residue was co-evaporated with toluene. The mate-
rial was dissolved in H,O (15 mL), extracted with EtOAc (2x 10 mL),
and the aqueous phase was evaporated to dryness. The product
was lyophilized out of H,O/dioxane, yielding a white solid (61 mg,
93%). '"H NMR (400 MHz, D,0):  =7.42-7.21 (m, 5H), 4.64 (dd, J=
10.0, 6.0Hz, 1H), 437 (dd, J=9.1, 5.6 Hz, 1H), 4.21+3.52 (AB-
system, J=15.0 Hz, 2H), 3.92 (dd, J=10.4, 48 Hz, 1H), 3.25-3.15
(m, 4H), 3.09 (dd, J=13.1, 6.2 Hz, 1H), 3.00-2.90 (m, 2H), 2.75 (dd,
J=16.8, 6.5Hz, 1H), 1.92-1.62 (m, 3H), 1.59-1.47 (m, 3H), 1.26-
1.16 (m, 2H); *C NMR (50 MHz, D,0 (dioxane residue used as refer-
ence) 0=174.9,174.8, 173.7, 173.3, 172.0, 171.9, 157.3, 136.6, 129.8
(2Q), 129.5 (2Q), 127.9, 67.19 (dioxane), 55.8, 55.6, 53.1, 50.7, 50.2,
44.1, 41.1, 37.5, 34.9, 28.1, 27.9, 25.2, 25.1; HRMS (ESI+): m/z calcd
for CyeH3N;;O; [IMHHI™ 616.2956, found 616.2907. FTIR vy, film:
3274, 2098, 1640, 1126 cm™".

N-{Boc}-N'-{3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-
carboxyl}-3,6-dioxaoctane-1,8-diamine (3): 4-(dimethylamino)-pyri-
dine (DMAP, 41.1 mg, 0.34 mmol) was added to a solution of oxa-
norbornadiene 2 (34.7 mg, 0.17 mmol) and 1-N-Boc-3,6-dioxa-8-
octane-1,8-diamine (41.8 mg, 0.17 mmol) in CH,Cl, (1.5 mL). The
mixture was cooled to 0°C and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC-HCl, 21 mg, 0.11 mmol) was
added slowly. The mixture was stirred for 30 min at 0°C and 16 h
at RT. The reaction mixture was acidified with HCI (2m) to a pH of
1-2 and extracted with CH,Cl, (2x5 mL). The combined organic
layers were dried over MgSO,, concentrated in vacuo, and purified
by preparative TLC (CH,Cl,/MeOH 9:1) resulting in compound 3 as
a slightly yellow oil (47.8 mg, 64%). R;=0.50 (CH,Cl.,/MeOH 9:1).
'H NMR (400 MHz, CD,0D) 6=7.30 (dd, J=5.3, 1.9 Hz, 1H), 7.21
(dd, J=5.3, 1.9 Hz, 1H), 565 (t, J=1.6, 1.6 Hz, 1H), 5.55 (m, 1H),
3.59 (s, 4H) 3.56 (dd, /=10.5, 5.0 Hz, 2H), 3.49 (t, J=5.7, 5.7 Hz,
2H), 3.45 (dd, J=11.3, 5.5 Hz, 2H), 3.20 (t, J=5.7 Hz, 2H), 1.41 (s,
9H); CNMR (50 MHz, CD,0OD): 6=165.2, 158.5, 144.7, 1436,
[126.6, 121.2] CF;, 87.1, 84.4, 80.1, 71.3, 70.3, 41.2, 40.4, 28.8; LRMS
(ESI+) m/z caled for CoH,F3N,Og: 437.1 [M+H]Y, found 437.1.

N,N'-{3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carbox-

yl}-3,6-dioxaoctane-1,8-diamine-TFA (4): Trifluoroacetic acid (TFA,
0.5 mL, 2.85 mmol) was added dropwise to a cooled solution (0°C)
of 3 (47.8 mg, 0.11 mmol) in dry CH,Cl, (2 mL). The reaction was
stirred at 0°C for 1 h after which the reaction was complete. The
solvent was evaporated and the crude mixture was dissolved in
H,O (5mL) and dioxane (5 mL) and freeze-dried to afford com-
pound 4 as a light yellow solid (49.0 mg, +99%). R-=0.09 (CH,Cl,/
MeOH 9:1). '"HNMR (400 MHz, CD,0D): 6=7.30 (ddd, J=5.3,
1.9 Hz, 0.7 Hz, 1H), 7.22 (ddd, /=5.3, 1.9, 0.7 Hz, TH), 5.66 (s, TH),
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5.55 (s, 1H), 3.76 (t, J=4.9 Hz, 2H) 3.64, (s, 4H), 3.57 (t, J=59 Hz,
2H), 3.38-3.55 (m, 4H), 3.09 (t, J=5.7 Hz, 2H); *C NMR (50 MHz,
CD,0D): 6=165.3, 156.2, 144.6, 143.7, 127.8, [126.5, 121.2] CF,,
87.1, 84.5, 71.3, 70.3, 67.9, 40.7, 40.3; HRMS (ESI+) m/z calcd for
Ci4Hy0Fs N,O,: 337.1375 [M+H]*, found 337.1376.

N-{2-O-tert-butyl-DTPA-acetamide},N'-{3-trifluoromethyl-7-oxa-bicyclo-
[2.2.1]hepta-2,5-diene-2-carboxyl}-3,6-dioxaoctane-1,8-diamine (5):
Compound 4 (49 mg, 0.11 mmol) was dissolved in dry CH.CI,
(2 mL), and 4-(dimethylamino)pyridine (DMAP, 26.6 mg, 0.22 mmol)
and diethylenetriamine-N,N,N",N"-tetra-tert-butyl acetate-N'-acetic
acid ((DTPA-tert-butyl ester) 67.8 mg, 0.11 mmol) were added. The
mixture was cooled to 0°C followed by addition of 1-ethyl-3-(3-
dimethylaminopropyl)  carbodiimide  hydrochloride  (EDC-HCI,
23.1 mg, 0.12 mmol). After being stirred for 1 h at 0°C, the mixture
was allowed to warm to RT and was stirred for an additional 4 h.
The reaction mixture was quenched with 1m HCl (2 mL) and the
water layer was extracted with CH,Cl, (2x2 mL). The combined or-
ganic layers was dried over Na,SO, and subsequently evaporated.
The crude product was purified by preparative TLC (MeOH/CH,Cl,
1:9) to obtain pure product as a colorless oil (38 mg, 81%). '"H NMR
(400 MHz, CDCly): 6=8.23 (brs, 1H, NH), 7.32 (dd, J=5.3, 2.1 Hz,
1H), 7.13 (dd, J=5.3, 2.1 Hz, 1H) 6.81 (brs, TH, NH), 5.62 (dd, J=
1.4, 0.5 Hz, 2H), 3.62-3.50 (m, 8H), 3.49-3.42 (m, 4H), 3.39 (s, 8H),
3.12 (s, 2H), 2.77 (t, J=6.6 Hz, 4H), 2.61 (t, J=6.5Hz, 4H), 1.43 (s,
36H); *C NMR (50 MHz, CDCly): 6=172.2, 170.5 (4C), 162.2, 143.7,
141.9, 86.0, 83.5, 81.0 (4C), 70.5, 70.0, 69.7, 69.4, 58.5, 55.8 (4Q),
53.7, 53.4, 52.1 (2Q), 39.4, 38.6, 28.1; LRMS (ESI+) m/z calcd for
CouH,4FsNSO15: 936.52 [M+H] ™, found 936.40.

N-{2-DTPA-acetamidej,N'-{3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-
2,5-diene-2-carboxyl}-3,6-dioxaoctane-1,8-diamine (6): TFA (200 pL,
1.14 mmol) was added to a solution of 5 (49 mg, 0.11 mmol) in
DCM (2 mL). This mixture was stirred for five days (until MS analysis
did not show starting material). The product was obtained after
lyophilized from H,O/dioxane as a white solid (28 mg, +99%).
"H NMR (400 MHz, CD;0D): 6=7.32 (dd, J=5.3, 1.9 Hz, 1H), 7.23
(dd, J=5.3, 1.9Hz, 1H), 5.67 (s, TH), 5.58 (s, 1H), 424 (brs, 1H,
NH), 3.66 (s, 2H) 3.62-3.57 (m, 16H) ppm 3.50-3.37 (m, 8H), 3.20
(brs, 4H); CNMR (50 MHz, CD:OD): 6=17431, 174.28,
174.15,174.14, 167.2, 164.9, 155.9, 144.3, 143.4, 127.6 (q, CF;), 86.9,
84.2, 71.1, 71.0, 70.04, 70.00, 67.9, 55.8 (4C), 53.8 (2C), 50.9, 50.8,
40.2, 40.1; LRMS (ESI—) m/z calcd for C,gH;oF;NsO,5: 710.25 [M—H]~,
found 710.30.

5-Methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-car-

boxylic acid ethyl ester (14a) and 6-methyl-3-trifluoromethyl-7-oxa-
bicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid ethyl ester (14b): A
mixture of ethyl 4,4,4-trifluorobutynoate (0.61 g, 3.65 mmol) and 3-
methylfuran (0.30 g, 3.65 mmol) was stirred under an Ar atmos-
phere for four days. The crude mixture was washed out with ether,
concentrated, and purified by column chromatography (EtOAc/n-
heptane 1:5), resulting in a mixture of two regioisomers (ratio 1:1.4
for 14b and 14a respectively) as a slightly yellow oil (0.65 g, 72 %).
'H NMR (300 MHz, CDCl;) peaks assigned to compound 14a: 0=
6.65 (M, 1H), 5.38 (s, 1H), 5.30 (d, J=1.5 Hz, TH), 4.28 (m, 2H), 1.99
(d, J=2.0Hz, 3H), 1.31 (t, J=6.9 Hz, 3H); Peaks assigned to com-
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pound 14b: §=6.58 (m, 1H), 5.61 (s, 1H), 5.56 (d, J=1.5Hz, 1H),
427 (m, 2H), 2.05 (d, J=2.0Hz, 3H), 1.32 (t, J=6.9Hz, 3H)
3C NMR (75 MHz, CDCly) 6=162.1, 162.3, 156.2, 154.8, 152.0 (q),
151.2 (q), 150.8, 150.3, 133.7,134.5, 122.2 (q, CF3), 121.5 (g, CFy),
88.6, 87.4 (d), 859, 84.8, 61.7 (2C), 143, 142, 14.0 (2C). LRMS
(ESI+) m/z calcd for Cy;H;,F;05 [M+H]™ 249.1, found 249.0.

’

5-Methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-car-
boxylic acid (15a) and 6-methyl-3-trifluoromethyl-7-oxa-bicyclo-
[2.2.1]hepta-2,5-diene-2-carboxylic acid (15b): A mixture of 14a and
14b (0.30 g, 1.22 mmol) was dissolved in THF (16 mL) and cooled
to 0°C. 1m NaOH (aq) (1.22 mL) was added dropwise and the mix-
ture was stirred overnight at RT. TLC analysis showed some starting
material remaining after reacting overnight so another 1.22 mL
NaOH (aq) (1 m) was added. After 30 min the reaction was complet-
ed and the volume of THF was reduced to 50% of the original
volume by evaporation using a nitrogen flow. The mixture was di-
luted with HCl (ag) (5mL, 1m) and extracted with EtOAc (2x
75 mL). The organic layer was dried over Na,SO, and evaporated
under reduced pressure to obtain a yellow solid (0.26 g, 95%). A
mixture of two regioisomers was obtained in a ratio of 1:1.4 for
15b and 15a respectively. 'HNMR (300 MHz, CDCl;) peaks as-
signed to compound 15a: d=6.67 (t, J=2.0 Hz, 1H), 5.56 (s, 1H),
534 (d, J=1.5Hz, 1H), 2.01 (d, J=2.0, 3H); Peaks assigned to com-
pound 15b: 6=6.59 (t, J=2.0Hz, 1H), 5.60 (s, 1H), 542 (d, J=
1.5Hz, 1H), 2.05 (d, J=2.0Hz, 3H); *CNMR (75 MHz, CDCl;) 6 =
166.7, 166.4, 150.9 (q), 149.9 (q), 134.4, 133.2, 121.2 (g, CF3), 121.0
(g, CF,), 88.3, 87.5, 84.9, 84.8, 14.1, 14.0; LRMS (ESI—) m/z calcd for
CoHgF505: 219.1 [M—H], found 219.0.

5-Methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-car-
boxyl glycine methyl ester (16a) and 6-methyl-3-trifluoromethyl-7-
oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxyl  glycine methyl ester
(16 b): Oxanorbornadiene carboxylic acids 15a and 15b (87.5 mg,
0.39 mmol), glycine methyl ester-HCI (158 mg, 1.26 mmol), and 4-
(dimethylamino)pyridine (DMAP, 183 mg, 1.50 mmol) were dis-
solved in CH,Cl, (16 mL) and cooled to 0°C. 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide hydrochloride (EDC-HCI, 80 mg,
0.42 mmol) was added and the reaction mixture was stirred at 0°C
for 30 min. The mixture was allowed to warm to RT and was stirred
for an additional 16 h. The reaction was quenched with a 10%
aqueous solution of citric acid (20 mL) and extracted with EtOAc
(2x20 mL). The combined organic layers were washed with brine
(20 mL), dried over Na,SO, and concentrated in vacuo. The crude
mixture was purified by preparative TLC (CH,Cl,/MeOH 9:1) result-
ing in a mixture of compounds 16a and 16b (ratio of 1.4:1) as a
colorless oil (85 mg, 74%). '"HNMR (300 MHz, CDCl;) peaks as-
signed to compound 16a: 6 =6.69 (m, 1H), 5.56 (brs, TH), 5.31 (d,
J=1.5Hz, 1H), 413 (m, 2H), 3.78 (s, 3H), 1.98 (d, J=1.5Hz, 3H);
Peaks assigned to compound 16b: 6 =6.56 (m, 1H), 5.56 (m, 1H),
537 (brs, TH), 413 (m, 2H), 3.78 (s, 3H), 2.09 (d, J=1.5Hz, 3H);
3C NMR (75 Mhz, CDCl,): 6 =169.4, 162.2, 153.9, 134.3, 133.2, 89.4,
87.1, 86.7, 84.3, 52.6, 41.4, 14.0; HRMS (ESI+) m/z calcd for
Cy,H,,0,NF;Na [M+Na]* 314.0616, found 314.0597.

1,4-Dimethyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-

carboxylic acid ethyl ester (17): 2,5-dimethylfuran (279 pL,
2.62 mmol) was added to a solution of ethyl 4,4,4-trifluoro-2-buty-
noate (436 mg, 2.62 mmol) in dioxane (0.5 mL). The mixture was
heated to 103°C under a nitrogen atmosphere and stirred over-
night. The reaction mixture was cooled and diluted with CH,Cl,
after which all the solvents were evaporated. The crude product
was purified by column chromatography (MeOH/CH.Cl, 1:9) to
obtain the pure product as a white solid (238 mg, 91%). 'H NMR
(300 MHz, CDCly): 6=7.01 (d, J=5.1Hz, 1H), 6.91 (d, J=5.1 Hz,
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1H), 430 (m, 2H), 1.81 (s, 3H), 1.74 (s, 3H), 1.31 (t, J=7.1 Hz, 2H);
BCNMR (75 MHz, CDCly): 6=163.7, 154.6, 149.0 (q, J=35Hz),
147.5, 146.7, 121.9 (q, CF;, J=270 Hz), 92.6, 914, 61.6, 15.1, 148,
13.9. Both HRMS and LRMS techniques were employed to acquire
the mass of the described compound. Unfortunately, none of the
techniques used gave a comprehensible mass spectrum.

3-Trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxyl-gly-

cine methyl ester (18): Oxanorbornadiene carboxylic acid 2
(20.6 mg, 0.1 mmol), H-Gly-OMe-HCI (13.8 mg, 0.11 mmol), and 4-
(dimethylamino)-pyridine (DMAP, 24.2 mg, 0.2 mmol) were dis-
solved in 2 mL CH,Cl, and cooled to 0°C. 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride (EDC-HCI, 21 mg, 0.11 mmol)
was added and the reaction mixture was stirred at 0°C for 30 min.
The mixture was allowed to warm to RT and was stirred for an ad-
ditional 16 h. The reaction was quenched with 2 mL HCl (aq) (2 m)
and extracted with EtOAc (2x5 mL). The combined organic layers
were washed with brine (5 mL), dried over Na,SO,, and concentrat-
ed in vacuo. The crude mixture was purified by preparative TLC
(CH,Cl,/MeOH 9:1) resulting in compound 18 as a slightly yellow
solid (155mg, 56%). R.=0.55 (CH,Cl,/MeOH 9:1); 'HNMR
(400 MHz, CDCl,): 6 =7.33 (dd, J=5.3, 2.0 Hz, 1H), 7.16 (dd, J=5.3,
2.0 Hz, TH), 6.41 (brs, TH, NH), 5.68 (m, 2H), 4.15 (dq, J=18.5, 18.5,
18.5, 5.2 Hz, 2H) 3.80 (s, 3H); *C NMR (50 MHz, CDCl;) 6 =166.6,
154.9, 154.2, 150.7, 144.0, 142.7, [124.8, 118.6] CF;, 85.1, 84.3; HRMS
(ESI+) m/z caled for C;;H,(F;NaNO,: 300.0460 [M+Na]*, found
300.0459; FTIR v,,, (film): 2924, 1744, 1636, 1169, 1117, 886 cm .

N-{Boc}-N'-{5-methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-
diene-2-carboxyl}-3,6-dioxaoctane-1,8-diamine (20a) and N-{Boc}-N'-
{6-methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-car-
boxyl}-3,6-dioxaoctane-1,8-diamine  (20b): 4-(dimethylamino)-pyri-
dine (DMAP, (50.6 mg, 0.41 mmol) was added to a solution of a
mixture of compounds 15a and 15b (49 mg, 0.21 mmol) and 1-N-
Boc-3,6-dioxa-8-octane-1,8-diamine (50.9 mg, 0.21 mmol) in dry
CH,CL, (1.5 mL). The mixture was cooled to 0°C, and 1-ethyl-3-(3-
dimethylaminopropyl)  carbodiimide hydrochloride  (EDC-HCI,
44.1 mg, 0.23 mmol) was added slowly. The mixture was stirred for
30 min at 0°C and 16 h at RT. The reaction mixture was acidified
with HCl (2wm) to a pH of 1-2 and extracted with CH,Cl, (2x5 mL).
The combined organic layers were dried over MgSO,, concentrated
in vacuo, and purified by preparative TLC (CH,Cl,/MeOH 9:1) result-
ing in compounds 20a and 20b as a slightly yellow oil (44.4 mg,
47%) A mixture of two regioisomers was obtained in a ratio of
1:1.4 for 20b and 20a respectively. "H NMR (300 MHz, CDCl;) peaks
assigned to compound 20a: §=6.70 (d, J=6.7 Hz, 1H), 6.44 (brs,
1H, NH), 5.54 (s, 1H), 5.28 (s, 1H), 4.96 (brs, 1H, NH), 3.60-3.52 (m,
10H), 3.30 (g, J=5.2Hz, 2H), 1.97 (d, J/=1.6 Hz, 3H), 1.44 (s, 9H);
Peaks assigned to compound 20b: 6 =6.55 (d, J=6.6 Hz, 1H), 6.44
(brs, TH, NH), 5.54 (s, TH), 5.34 (s, TH), 4.96 (brs, 1H, NH), 3.30 (q,
J=5.2 Hz, 2H), 3.60-3.52 (m, 10H), 3.30 (q, J=5.2 Hz, 2H), 2.10 (d,
J=19Hz 3H), 1.44 (s, 9H); *CNMR (75 MHz, CDCl,): 6=162.4,
155.9, 154.5, 153.8, 134.8, 133.1, 122.8 (q, CF;), 89.4, 86.7, 84.1, 70.4,
70.2, 70.1, 69.4, 40.3, 39.4, 28.4, 14.0; HRMS (ESI+): m/z calcd for
CooHsoFsN,0; 451.2056 [M+H]*, found 451.2078.

N,N’-{5-methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-
carboxyl}-3,6-dioxaoctane-1,8-diamine (21a) and N,N'-{6-methyl-3-tri-
fluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxyl}-3,6-diox-
aoctane-1,8-diamine (21b). Trifluoroacetic acid (TFA, 0.5 mL,
2.85 mmol) was added dropwise to a cooled solution (0°C) of a
mixture of 20a and 20b (42 mg, 0.093 mmol) in dry CH,Cl, (2 mL).
The reaction was stirred at 0°C for 1 h after which the reaction
was complete. The solvent was evaporated and the crude mixture
was dissolved in H,0 (5 mL) and dioxane (5 mL) and freeze-dried
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to afford compound 21a and 21b as a light yellow solid (43.1 mg,
+99%). A mixture of two regioisomers was obtained in a ratio of
1:1.4 for 21b and 21 a respectively. 'H NMR (400 MHz, CDCl,) peaks
assigned to compound 21a 6=7.84 (brs, 3H, NH,), 7.92 (brs, 1H,
NH), 6.66 (s, 1H), 552 (s, 1H), 5.27 (s, TH), 3.70-3.46 (m, 10H), 3.15
(m, 2H), 1.96 (s. 3H); Peaks assigned to compound 21b §=7.84
(brs, 3H, NHs), 7.92 (brs, 1H, NH), 6.55 (s, 1H), 552 (s, 1H), 5.31 (s,
TH), 3.70-3.46 (m, 10H), 3.15 (s, 2H), 2.06 (s, 3H); "*CNMR
(50 MHz, CDCl;) 6=159.1, 154.0, 151.1, 134.8, 133.1, 105.0, 103.0,
101.0, 100.0, 86.8, 86.5, 40.3, 14.0; HRMS (ESI+): m/z calcd for
CisH,F3N,O, [M+H] ™ 351.1532, found 351.1541

N-{2-O-tert-butyl-DTPA-acetamide},N'-{5-methyl-3-trifluoromethyl-7-
oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxyl}-3,6-dioxaoctane-1,8-dia-
mine-TFA (22a) and N-{2-O-tert-butyl-DTPA-acetamide},N'-{6-methyl-
3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2-carboxyl}-3,6-
dioxaoctane-1,8-diamine-TFA (22b): Compounds 21a and 21b
(39 mg, 0.084 mmol) were dissolved in dry CH,Cl, (2 mL), and 4-(di-
methylamino)-pyridine (DMAP, 20.4 mg, 0.17 mmol) and diethyl-
enetriamine-N,N,N",N"-tetra-tert-butyl acetate-N'-acetic acid ((DTPA-
tert-butyl ester) 53 mg, 0.084 mmol) were added. The mixture was
cooled to 0°C followed by addition of 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC-HCI, 17.5 mg, 0.09 mmol).
After 1 h stirring at 0°C the mixture was allowed to warm to RT
and was stirred for an additional 4 h. The reaction mixture was
quenched with Tm HCI (2 mL) and the water layer was extracted
with CH,Cl, (2x2 mL). The combined organic layers was dried over
Na,SO, and subsequently evaporated. The crude product was puri-
fied by preparative TLC (CH,Cl,/MeOH 9:1) to obtain pure product
as a light brown oil (35 mg, 44%). A mixture of two regioisomers
was obtained in a ratio of 1:1.4 for 22b and 22a, respectively.
'H NMR (400 MHz, CDCl;) peaks assigned to compound 22a 6=
8.22 (brs, TH, NH), 6.75 (brs, TH, NH), 6.69 (t, J=1.9 Hz, 1H), 5.53
(s, TH), 5.27 (s, 1H), 3.60-3.39 (m, 18H), 3.11 (s, 2H), 2.77 (t, J=
6.5 Hz, 2H), 2.61 (t, J=6.5Hz, 2H), 1.96 (d, J=1.3 Hz, 3H), 1.43 (s,
36H); Peaks assigned to compound 22b 6=8.22 (brs, 1H, NH),
6.75 (brs, 1H, NH), 6.54 (t, J=1.9 Hz, 1H), 5.51 (s, 1H), 533 (s, TH),
3.60-3.39 (m, 18H), 3.11 (s, 2H), 2.77 (t, J=6.5Hz, 2H), 2.61 (t, J=
6.5 Hz, 2H), 2.09 (d, J=1.7 Hz, 3H), 1.43 (s, 36 H); *C NMR (75 MHz,
CDCly) 6=172.2, 170.5, 162.5, 155.2 (q), 153.7, 142.5, 134.4, 122.8
(g, CF;), 89.3, 86.7, 84.0, 81.0, 70.5, 70.0, 69.8, 69.4, 58.6, 55.8, 53.8,
52.1, 394, 386, 28.1, 14.0; HRMS (ESI+): m/z calcd for
CusHysFsNOys [M4H]* 950.5313, found 950.5361.

N-{2-DTPA-acetamide},N'-{5-methyl-3-trifluoromethyl-7-oxa-bicyclo-
[2.2.1]hepta-2,5-diene-2-carboxyl}-3,6-dioxaoctane-1,8-diamine (23 a)
and N-{2-DTPA-acetamide},N'-{6-methyl-3-trifluoromethyl-7-oxa-
bicyclo[2.2.1]hepta-2,5-diene-2-carboxyl}-3,6-dioxaoctane-1,8-diamine
(23b): TFAA (200 pL) was added to a solution of compounds 22a
and 22b (25 mg, 0.026 mmol) in CH,Cl, (2 mL). This mixture was
stirred for six days (until MS analysis did not show starting materi-
al). The product was obtained as a white solid in quantitative yield
(+99%) after lyophilization from H,O/dioxane. A mixture of two re-
gioisomers was obtained in a ratio of 1:1.4 for 23b and 23a re-
spectively. "H NMR (400 MHz, CD,0D) peaks assigned to compound
23a 0=6.96 (t, J=1.7 Hz, 1H), 550 (s, TH), 5.36 (s, 1H), 4.31 (brs,
2H), 3.66-3.58 (m, 18H), 3.49-3.42 (m, 2H), 3.30-3.15 (m, 8H), 1.99
(d, J=1.5Hz, 3H); Peaks assigned to compound 23b 6 =6.63 (m,
1H), 5.56 (s, TH), 5.30 (s, TH), 4.31 (brs, 2H), 3.66-3.58 (m, 18H),
3.48-342 (m, 2H,), 3.28-3.14 (m, 8H), 2.07 (d, J=1.7 Hz, 3H);
3C NMR (75 MHz, CD,0D) 6 =174.6 (4C), 167.2, 165.6, 155.8, 135.4,
90.5, 87.7, 84.1, 71.4, 71.3, 70.3, 68.2, 55.9, 55.6, 54.3, 50.9, 40.5,
404, 14.0; HRMS (ESI+): m/z calcd for CyoH,sF3NsOq5 [M4H]™
726.2809, found 726.2837.
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Geoffrey W. Tregear,™® and John D. Wade*® 9

Insulin-like peptide 5 (INSL5) was first identified through searches
of the expressed sequence tags (EST) databases. Primary se-
quence analysis showed it to be a prepropeptide that was pre-
dicted to be processed in vivo to yield a two-chain sequence (A
and B) that contained the insulin-like disulfide cross-links. The
high affinity interaction between INSL5 and the receptor RXFP4
(GPCR142) coupled with their apparent coevolution and partially
overlapping tissue expression patterns strongly suggest that
INSL5 is an endogenous ligand for RXFP4. Given that the primary
function of the INSL5-RXFP4 pair remains unknown, an effective
means of producing sufficient quantities of this peptide and its
analogues is needed to systematically investigate its structural
and biological properties. A combination of solid-phase peptide
synthesis methods together with regioselective disulfide bond for-
mation were used to obtain INSL5. Both chains were unusually

Introduction

Insulin-like peptide 5 (INSL5) was first identified through a
search of the expressed sequence tags (EST) databases for
novel insulin-like sequences." Primary structure analysis
showed it to comprise of 135 amino acid residues with a
signal peptide, B, that connected the C and A domains. It is
postulated to be processed in vivo to yield a two-chain struc-
ture (A and B) that contains the insulin-like disulfide cross-
links; this makes it a bona fide member of the insulin super-
family. The predicted primary structure of INSL5 consists of a
twenty one residue A chain and a twenty four residue B chain
that are linked by three disulfide bonds (Figure 1). Other mem-
bers of the human insulin superfamily are insulin,” IGF1,®
IGF2," relaxin-1, and relaxin-2 (H1 and H2 relaxin, respective-
ly),*¢ INSL3,” INSL4,®" INSL6,” and relaxin-3 (H3 relaxin/
INSL7)."” Northern blot analysis showed highest expression of
human INSL5 in rectal and colon tissue;" this suggests a prob-
able role in gut contractility. Quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) revealed the presence of

1
Achain Z-D-L-Q-T-L-C-C-T-D-G-C-S-M-T-D-L-S-A-L-C
|

-
Bchain K-E-S-V-R-L-C-G-L-E-Y-I-R-T-V-I-Y-|-C-A-S-S-R-W

Figure 1. Predicted primary structure of INSL5.
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resistant to standard synthesis protocols and required highly opti-
mized conditions for their acquisition. In particular, the use of a
strong tertiary amidine, DBU, as N“-deprotection base was re-
quired for the successful assembly of the B chain; this highlights
the need to consider incomplete deprotection rather than acyla-
tion as a cause of failed synthesis. Following sequential disulfide
bond formation and chain combination, the resulting synthetic
INSL5, which was obtained in good overall yield, was shown to
possess a similar secondary structure to human relaxin-3 (H3 re-
laxin). The peptide was able to inhibit cAMP activity in SK-N-MC
cells that expressed the human RXFP4 receptor with a similar ac-
tivity to H3 relaxin. In contrast, it had no activity on the human
RXFP3 receptor. Synthetic INSL5 demonstrates equivalent activity
to the recombinant-derived peptide, and will be an important
tool for the determination of its biological function.

INSL5 mRNA in a variety of human tissues, including the pitui-
tary and, in lower levels, in the brain."

In the mouse, the highest expression of INSL5 mRNA is in
the colon! and kidney."? An INSL5 knockout mouse has been
developed, which includes a lacZ reporter gene to track INSL5
expression at the cellular level.” Although the phenotype of
this mouse was not reported, lacZ expression was seen in a
discrete population of cells in the colon. Although Northern
blot analysis showed that INSL5 mRNA was absent in brain
tissue or the pituitary,™ RT-PCR showed the presence of INSL5
mRNA in the hypothalamus."¥ Immunohistochemical studies
with an antiserum against the mouse INSL5 peptide showed
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the presence of INSL5-immunoreactive (irINSL5) neurons in the
paraventricular, supraoptic, accessory secretory, and supraoptic
retrochiasmatic nuclei, and immunoreactive cell processes in
the internal layer of the median eminence.'"¥ This is the first
evidence that this peptide is expressed in a population of cells
in the mouse hypothalamus and pituitary, and that it elevates
internal [Ca**] by a mechanism that involves both Ca’* influx
and Ca’" release from intracellular stores. The high concentra-
tion of irINSL5 in the hypothalamic-pituitary axis suggests a
neuroendocrine function of this insulin superfamily member in
the mouse.

INSL5 shows the highest sequence similarity to H3 relaxin,!
and was predicted to bind to relaxin family peptide (RXFP) re-
ceptors. Additionally, both the INSL5 and RXFP4 genes are dys-
functional in the rat and dog genomes; this suggested that
INSL5 is the native ligand of RXFP4."" It was subsequently
shown that, in vitro, INSL5 binds to RXFP4 with an affinity
equal to that of H3 relaxin."" Importantly, INSL5 does not acti-
vate RXFP3, however, it does bind to the receptor with low af-
finity and can act as a weak antagonist. INSL5 neither shows
binding affinity for nor activity on either RXFP1 or RXFP2.
These results together with their coevolution and partially
overlapping tissue expression patterns strongly suggest that
INSL5 is an endogenous ligand for RXFP4."

While the primary functions of the INSL5-RXFP4 pair remains
unknown, its expression profile, unlike other relaxin family
members (e.g., H2 relaxin, INSL3, etc.), suggests a nonrepro-
ductive role. In order to systematically investigate its structural
and in vitro biological properties, an effective means of pro-
ducing sufficient quantities of this peptide and its analogues is
needed. We present here a significant contribution to INSL5 re-
search, namely the first optimized chemical synthesis protocol
for its preparation. We also report here the solution conforma-
tion of the peptide and confirm an insulin-like fold. Finally, we
characterize its activity on the INSL5 receptor, RXFP4.

15]

Results and Discussion
Synthesis of INSL5 A chain

The INSL5A chain was found to be unusually difficult to syn-
thesize with standard Fmoc-continuous flow methodology
with piperidine (20%)/DMF solution for N*-Fmoc removal and
HBTU as a coupling agent. A potential source of the difficulty
is the presence of multiple Asp residues. The most frequently
encountered side reaction that affects Asp residues during
solid phase peptide synthesis (SPPS) is aspartimide formation;
this results from a ring closure between the nitrogen of the a-
carboxyl amide bond and the B-carboxyl side chain, with the
loss of the ester protecting group.'® It is a particularly serious
problem in Fmoc-SPPS when cyclization is driven by base used
to effect Fmoc-group removal.'"® The INSL5 A chain was pre-
dicted to be more susceptible to aspartimide formation be-
cause of the presence of the Asp-Gly sequence in the middle
of the chain. It has been previously reported that the Asp-Gly
sequence causes as much as 0.5% aspartimide formation per
N°-Fmoc deprotection cycle.' It can be exacerbated by the

ChemBioChem 2008, 9, 1816 - 1822
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use of 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU), which has
been shown to more effectively promote aspartimide forma-
tion than piperidine. Of the various approaches that have been
advocated to overcome this problem, such as the addition of
dinitrophenol or HOBt to the piperidine solution, only the
masking of the Asp-Gly amide bond with 2-hydroxy-4-
methoxybenzyl (Hmb) offers complete protection.'”* Howev-
er, the acylation of the Hmb derivatives can be problematic,
and the reaction is difficult to follow and often requires non-
standard acylation conditions. One solution is to use the com-
mercially available dipeptide, Fmoc-Asp(OtBu)-(Hmb)Gly-OH.?"
This derivative is introduced by using standard coupling meth-
ods and extends the peptide chain by two residues in one
step. Its use has also the additional advantage of overcoming
aggregation during chain extension. However, use of this di-
peptide is not a cost-effective way to generate peptides. The
coupling of the amino acid following this dipeptide is also
problematic because of the presence of bulky Hmb side chain
in the dipeptide. However, the much cheaper Gly derivative,
Fmoc-(Dmb)Gly-OH, which is now commercially available, can
also effectively prevent aspartimide formation and chain ag-
gregation.”” Use of Fmoc-(Dmb)Gly-OH in the middle of the
chain together with one pseudoproline, Fmoc-Leu-Ser-
(yMMePro)-OH, at the C-terminal region resulted in a crude A-
chain peptide with an excellent HPLC profile (Figure 2).

15.253
14.604

A) B)

l

M

[T T T T T[T T T T T T T T

[RARRARRREN R RARRRRRRRRRRRRRRRRY]

0 10 20 300 10 20 30
t/ min t/ min

Figure 2. RP-HPLC profile of: A) crude reduced [Cys7,12 (SH), Cys8 (But),
Cys21 (Acm)], and B) purified oxidized human [Cys8 (But), Cys21 (Acm)]
INSL5 A chain; eluant A: 0.1% ag. TFA; eluant B: 0.1% TFA in acetonitrile;
gradient=20-50% B over 30 min; Phenomenex C18 column, pore size
300 A, particle size 5 um, 4.6 x 250 mm.

Synthesis of INSL5 B chain

The B chain of INSL5 was also very difficult to synthesize. The
use of standard Fmoc-continuous flow methodology with pi-
peridine (20%)/DMF and HBTU gave a crude product that was
shown by both RP-HPLC and MALDI-TOF MS to possess multi-
ple deletion peptides (Figure 3A). As the peptide does not
contain an Asp residue, aspartimide formation is not a contrib-
utor to the poor quality. During Fmoc-SPPS, aggregation
through interchain association of the growing resin-bound
peptides is known to contribute to the difficulty of the synthe-
sis.*24 Aggregation typically results in a decrease in the rates
of acylation and deprotection and consequently leads to the
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Figure 3. RP-HPLC profile of crude [Cys7 (SH), Cys19 (Acm)] INSL5 B chain
obtained under different SPPS conditions: A) synthetic peptide obtained by
using standard reaction conditions, that is, Fmoc-deprotection with piperi-
dine (20%), 30 min acylation with HBTU-activated amino acid; B) microwave-
assisted acylation and deprotection; C) after introduction of a psuedopro-
line, Fmoc—Ser(tBu)—Ser(wMeMePro)-OH, into the sequence; D) use of HATU as
acylating reagent, reaction time 1 h; E) use of DBU for Fmoc removal;
(eluant A: 0.1% aqg. TFA; eluant B: 0.1% TFA in acetonitrile; gradient=10-
90% B over 30 min; Phenomenex C18 column, pore size 300 A, particle size
5 um, 4.6x250 mm).

production of deletion products of various length and compo-
sition. Such a decrease in the purity of the crude material
often results in subsequent difficult purification. Strategies to
combat Fmoc-SPPS resin-bound aggregation and improve syn-
thetic product yield include the use of more potent acylation
reagents,””” backbone amide protection,?®*” incorporation of
pseudoproline,?*?* microwave irradiation to enhance coupling
efficiency,®™ SPPS at elevated temperatures,*” and use of DBU
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instead of piperidine to deprotect the N-terminal Fmoc
group.B” A repeat assembly of the INSL5 B chain was under-
taken by using microwave-assisted coupling and deprotection.
However, it did not afford any improvement in crude peptide
purity (Figure 3B). A third assembly of the chain was then un-
dertaken by using a psuedoproline, Fmoc-Ser(tBu)-Ser-
(YMMePro)-OH, at the C terminus without success (Figure 3C).
A fourth assembly of the peptide was undertaken by using
HATU as coupling reagent instead of HBTU and an increase in
amino acid acylation time from 30 min to 1 h. Again, no signifi-
cant improvement in the synthetic product was observed by
RP-HPLC (Figure 3D). Finally, use of default conditions (de-
scribed in the legend of Figure 3A) together with simple re-
placement of piperidine with the stronger base, DBU (2%)/
DMF, which has previously been shown in our laboratory to be
effective for Fmoc deprotection in “difficult sequences”,*" and
no other synthesis protocol change resulted in very good qual-
ity crude product, which was shown by MALDI-TOF MS to
comprise the correct molecular mass (Figure 3E). This showed
that incomplete N*-Fmoc group removal was, in fact, the
major problem in Fmoc-SPPS of the INSL5 B chain rather than
incomplete acylation. This is further highlighted by the fact
that this simple protocol did not use a pseudoproline residue
in the assembly.

Chain combination

Until recently, relaxin and other insulin-like peptides were com-
monly prepared in our laboratory by random combination of
the individual S-reduced A and B chains.®*>* Following their
chemical synthesis, the purified chains are combined in solu-
tion at high pH to produce the target peptide in modest to
good overall yield. Surprisingly, however, both INSL4 and
H3 relaxin have not been successfully prepared by the
random-combination method. For this reason, a “forced” tech-
nique, that is, regioselective disulfide bond formation was ap-
plied to successfully synthesize not only INSL4"®® and H3 re-
laxin,*® but also equine®” and mouse relaxins.”® A variety of
insulins, relaxins, and their analogues have now been synthe-
sized successfully by using this approach.***" Therefore, to
avoid the uncertainty of the random-combination method, this
approach has been used here for the synthesis of INSL5. Differ-
ential cysteine S-protecting groups (specifically, Trt, But, and
Acm) were used to allow their sequential removal or modifica-
tion followed by directed formation of three disulfide bonds
(for details see the Experimental Section). Solid phase synthesis
of the separate, selectively S-protected A and B chains fol-
lowed by their purification and subsequent stepwise formation
of each of the three disulfides by oxidation, thiolysis, and io-
dolysis (Figure 4A) led to the successful acquisition of INSL5
(3.5% overall yield relative to starting B chain) in very high
purity as assessed by RP-HPLC (Figure 4B) and MALDI-TOF MS.
This yield compares well to that obtained for synthetic H3 re-
laxin (6 %).5°
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Figure 4. A) Scheme for regioselective disulfide bond formation in human
INSL5. B) RP-HPLC profile of the purified synthetic human INSL5 (eluant A:
0.1% aq. TFA; eluant B: 0.1% TFA in acetonitrile; gradient: 20-50% B over
30 min; Phenomenex C18 column, pore size 300 A, particle size 5 um,
4.6x250 mm).

Conformation of the peptide

Circular dichroism (CD) spectroscopy: The conformation of the
synthetic human INSL5 was analyzed by CD spectroscopy
(Figure 5). The CD for H3 relaxin was also measured for com-
parison because of its sequence similarity with INSL5. The stud-
ies revealed that both peptides possess a significant degree of
a-helical conformation along with [ sheet and/random-coiled
structure. The a-helical content of INSL5, which was calculated
from the mean residual weight ellipticity at 222 nm, [6],,,"**
was found to be 38.28% ([0],,, = 13505.0), which is almost the
same as H3 relaxin ([6],,, =13 384.0, helix content=37 %).

NMR spectroscopy: To gain further insight into the fold of
the peptide and to confirm its insulin-like structure we subject-
ed the peptide to high-field solution NMR spectroscopy. As is
evident from Figure 6, which shows the fingerprint region of a
NOESY spectrum, the spectral data were of high quality and
showed excellent signal dispersion; this is consistent with a
highly structured peptide. Partial resonance assignments were
achieved by using 2D sequential assignment strategies and the
assignments and secondary chemical shifts were consistent
with the insulin-like fold, as reported in the NMR spectroscopy
studies of the H3 relaxin and INSL3 peptides.*”>*! The fold is
characterized by mainly helical regions, but a small extended
region with cross-strand interactions between the two peptide
chains is also present.
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Figure 5. CD spectra of human INSL5 and H3 relaxin in phosphate buffer
(10 mm) with NaCl (120 mwm, pH 7.4).
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Figure 6. 2D NMR spectrum of INSL5. NOESY spectrum of INSL5 (0.4 mg)
recorded at pH~4, 298 K, and 900 MHz. The parts of the “sequential walk”
that were used for resonance assignments are marked with connecting lines
for resonances in the B chain. The intraresidual Ha-HN cross-peaks are
labeled with residue numbers and single letter amino acid codes. The great
signal dispersion both in the NH dimension and the Ha dimension is
indicative of a well-structured peptide.

Activity on RXFP3 and RXFP4

The synthetic INSL5 peptide was tested for its ability to inhibit
forskolin induced cAMP activity in RXFP3 and RXFP4 transfect-
ed cells (Figure 7). As expected the peptide did not demon-
strate any activity on RXFP3, although H3 relaxin displayed
similar high activity to that previously reported® (Table 1). In
contrast INSL5 was able to decrease forskolin induced cAMP
activity in RXFP4 transfected cells in a dose-dependent
manner. The activity of the peptide was slightly lower than
H3 relaxin (Table 1) but similar to that previously described."

1819

www.chembiochem.org



www.chembiochem.org



BIO

A) RXFP3 activity

2

£ 100 { = e
©

£ 7

S 50

4 25 O INSL5

e = H3 relaxin

= 0 3\

r T T T T

N—
0 -11-10-9 -8 -7 -6

B) RXFP4 activity

=y

2 100

@

S 75

S 50

% ,5] ©INSL5

2 = H3 relaxin
0

X \

S
0 -11-10-9 -8 -7 -6

Figure 7. The cAMP activity of human INSL5 compared to H3 relaxin in
RXFP3 and RXFP4 transfected cells. Data are mean + SEM of triplicate
determinations from at least four independent experiments.

Table 1. Activity (pECs®) of INSL5 and H3 relaxin on RXFP3 and RXFP4.

Peptide RXFP3 pECs, RXFP4 pECs,
INSL5 n.a 8.82+0.24" (n=5)
H3 relaxin 9.37+0.18 (n=5) 9.4340.16 (n=4)

[a] The pECs, is defined as the negative logarithm of EC;,—the concentra-
tion of agonist (INSL5) that produced 50% maximal response; [b] no ac-
tivity; [c] p <0.01 versus H3 relaxin.

Conclusions

We have described a highly efficient protocol through which
human INSL5 was successfully prepared for the first time in
good overall yield by a combination of SPPS and regioselective
disulfide bond formation. The synthetic INSL5 shows a typical
insulin-like a-helical content along with 3 sheet and/random-
coiled structure according to CD spectroscopy, and, further-
more, has an overall similar structure to H3 relaxin—a related
member of the insulin superfamily—based on NMR spectros-
copy data. The peptide was able to inhibit cAMP activity in SK-
N-MC cells that expressed the human RXFP4 receptor with a
similar activity to H3 relaxin. In contrast, it had no activity on
the human RXFP3 receptor. Synthetic human INSL5, therefore,
demonstrates equivalent activity to the recombinant peptide
and will be a valuable probe for testing its biological function.

Experimental Section

General: Fmoc amino acid derivatives for peptide synthesis were
of the L configuration and were purchased from Auspep Pty. Ltd.
(Melbourne, Australia) or GL Biochem (Shanghai, China). RP-HPLC
columns were obtained from Phenomenex (Torrance, California,
USA). Solvents and chemicals were all peptide synthesis or analyti-
cal grade.
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SPPS: The predicted primary structure of INSL5 consists of a
twenty one residue A chain and a twenty four residue B chain that
are linked by three disulfide bonds (Figure 1). Both regioselectively
S-protected A and B chains were separately synthesized by using
the continuous flow Fmoc solid-phase method™' with an automat-
ic PerSeptive Biosystems Pioneer peptide synthesizer (Farmingham,
MA, USA), as previously reported.”*® The solid support used for
both A and B chains was Fmoc-PAL-PEG-PS and a fourfold molar
excess of HBTU-activated L-Fmoc-amino acids were used through-
out. All amino acid side chains were protected by trifluoroacetic
acid (TFA)-labile protecting groups except for Cys8 (But) and Cys21
(Acm) in the A chain, and Cys19 (Acm) in the B chain. The scale of
assembly was 0.1 mmol for each of the two chains. The acylation
(coupling) reaction was carried out between 30 min to 1 h. Depro-
tection of the Fmoc group was with piperidine (20 %)/DMF or DBU
(2%)/DMF. At the end of the synthesis, cleavage from the solid
supports and side-chain deprotection was achieved by 2 h treat-
ment with TFA (94%) in the presence of scavengers: anisole (3 %),
3,6-dioxa-1,8-octanedithiol (DODT, 2%),“” and triisopropylsilane
(TIPS, 1%). The identities of the crude peptides were confirmed by
MALDI-TOF MS.

A chain intramolecular disulfide bond formation: The crude
[Cys8 (But), Cys21 (Acm)] A chain (190 mg, 81.55 umol) was dis-
solved in GnHCI (6 m, 100 mL) with Gly:NaOH (0.1 m, pH 9) and di-
luted with water (500 mL); subsequently 2-pyridyl disulfide (DPDS;
57mL of a 1 mm solution in MeOH) was added.*® The reaction
progress was monitored by analytical RP-HPLC. The retention time
of the intramolecularly oxidized A chain was earlier than that of
the reduced A chain (Figure 2). The reaction was completed in
30 min at room temperature. The large volume of solution was
loaded onto the preparative column through the pump’s C-line
and purified in several runs. The combined product was identified
by MALDI-TOF MS; m/z 2331.488 [M+H]™, calcd 2330.59. The puri-
fied solution was freeze dried to give 60.0 mg of purified [Cys8
(But), Cys21 (Acm)] A chain (yield 31.6%).

A-chain conversion of Cys8 (But) to Cys8 (Pyr): The purified [Cys8
(But), Cys21 (Acm)] A chain (58.6 mg, 25.2 umol) and 2-DPDS
(22.0 mg, 100.0 umol) were dissolved in TFA/anisole (9:1, v/v;
1.63 mL). The solution was chilled on ice before TFMSA/TFA (1:4,
v/v; 1.63 mL) was added. The reaction was performed for 1 h at
0°C, and the peptide was collected by diethyl ether precipitation,
centrifuged, and purified by preparative RP-HPLC. The freeze dried
purified product weighed 21.0 mg (8.81 umol, 31.2%) and was
identified by MALDI-TOF MS; m/z 2384.15 [M+H] ", calcd 2384.59.

Chain combination: The [Cys8 (Pyr), Cys21 (Acm)] A chain peptide
(20.0 mg, 8.4 umol) was dissolved in GnHCI (6 m), Gly-NaOH buffer
(0.1m, pH9; 10 mL). The [Cys7 (S-thiol), Cys19 (Acm)] B chain
(25.0 mg, 8.6 umol) was dissolved in deionized water (6 mL) and
was added slowly to the A chain solution. The reaction was moni-
tored by analytical RP-HPLC and the product was identified by
MALDI-TOF MS; m/z 5187.45 [M+H]", calcd 5187.57. The reaction
was complete within 1 h at room temperature under a nitrogen at-
mosphere. Neat TFA was added and the product was purified by
preparative RP-HPLC and freeze dried to give 15.50 mg (2.98 umol,
34.7 % relative to B chain) of [Cys21A (Acm)/Cys19B (Acm)]-A-B.

INSL5: The A-B peptide [Cys21A (Acm)/Cys19B (Acm)] (14.0 mg,
2.7 pmol) was dissolved in glacial acetic acid (8.5 mL) and HCI
(60 mm, 1.0 mL), and iodine/acetic acid (11.4 mL of a 20 mm solu-
tion) was then added to the solution. The reaction was monitored
by analytical HPLC. After 1 h the reaction was stopped by direct
addition of ice-cold diethyl ether. The final product was purified
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with preparative HPLC, and freeze dried to give 1.4 mg
(0.278 pmol, 10.3%). The peptide was identified by MALDI-TOF MS
as a single species; m/z 5043.721 [M+H]*, calcd 5043.015; the
purity was examined by analytical RP-HPLC (Figure 4). The amino
acid composition and peptide content (38.8%) was determined by
amino acid analysis.

Circular dichroism spectroscopy: CD spectra were recorded by
using JASCO (J-185, Tokyo, Japan) at room temperature (20°C)
with a 1 mm path length cell. The peptides were dissolved in phos-
phate buffer (10 mm) with NaCl (120 mm, pH 7.4) at a concentra-
tion of 0.1 mgmL™".

NMR spectroscopy: For NMR spectroscopy a sample that con-
tained INSL5 (1 mg in 0.5 mL 90% H,0/10% D,0) was prepared.
The 2D homonuclear spectra, including TOCSY and NOESY, with a
mixing time of 150 ms spectra were recorded at pH~4 and 298 K
by using a Bruker Avance 900 MHz spectrometer and processed
with Topsin (Bruker).

cAMP activity assays: The synthetic INSL5 peptide was tested for
its ability to inhibit cCAMP activity in SK-N-MC cells (human cauca-
sian neuroblastoma cells) that transiently expressed either RXFP3
or RXFP4. Human RXFP3 and RXFP4 in the mammalian expression
vector pcDNA3.1(+)zeo were obtained from the UMR cDNA Re-
source Center (http://www.cdna.org). The SK-N-MC cells were cul-
tured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
(DMEM; Multicel) and HAMS-F12 (Multicel) supplemented with
fetal bovine serum (10%) and incubated in a humidified incubator
with 5% CO, at 37°C. Cells were seeded at 30000 cells per well in
96-well plates that were coated with poly-L-lysine (Sigma), and
were incubated, overnight, at 37°C. After incubation they were
transfected with the receptor of interest together with a pCRE {3-
galactosidase reporter plasmid®” and then incubated for a further
24 h. The cAMP activity of INSL5 in comparison to H3 relaxin was
then assessed in cells stimulated with forskolin (5 um) as previously
described.®® Peptides were measured in triplicate within each
assay and each experiment was repeated at least four times. Data
were plotted by using GraphPad Prism 4 and statistical differences
in pEC50 values were determined with a Student t-test.
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Dynamic Combinatorial Self-Assembly of Cyclophilin
hCyp-18 Ligands through Oxorhenium Coordination

Cécile Clavaud,®® Julien Le Gal,” < Robert Thai, Mireille Moutiez,® and

Christophe Dugave*™

The dynamic combinatorial assembly of independent modules A
and B through oxorhenium(V) coordination by a NS,+S motif in
the presence of cyclophilin hCyp-18—an important peptidyl-
prolyl isomerase—was investigated. Increasing glutathione (GSH)
concentrations were used to dissociate [A-Re"0-B] complexes that
displayed low daffinity for hCyp-18. Conversely, coordinates that
displayed submicromolar affinities for hCyp-18 were protected

Introduction

We recently reported the synthesis of libraries of rhenium com-
plexes based on coordination of two sets of independent mod-
ules.™ For this purpose, n modules A that were linked to a re-
current N(CH,—CH,S), motif (called NS,), and m modules B that
had a thiol moiety, assembled unambiguously after disulfide
reduction through chelation with a ReO*" core to give all com-
binations that corresponded to nxm complexes [Equation (1)].
Screening of the libraries of complexes for specific ligands for
cyclophilin hCyp-18, an important human peptidyl-prolyl iso-
merase,”? selected two oxorhenium coordinates that bound cy-
clophilin with affinities more than one order of magnitude
better than those of model peptide substrates.” In our model,
a specific interaction of the oxorhenium coordinates with the
protein was anticipated to involve the two subsites of hCyp-
18: the S1-S1’ subsite was expected to bind motif A, which
contains a proline analogue, whereas subsite S2'-S3’ was as-
sumed to recognize the B moiety, which contains an amino
acyl-(p-nitroanilide) surrogate®* (Scheme 1).

A—N(SH), + B—SH + ReO*" - 3L~

1
— [A=NS, -ReO - S—B] + 3L —H M

[A—NS, - ReO - S—B] + GSH=—[A—NS, - ReO - S—G| + B—H (2)

Assembly of the modules was carried out either in organic
solvents in the presence of commercially available oxorhenium
salts™* or in buffers by transchelation of oxorhenium gluco-
nate,®>* and takes place in the presence of hCyp-18 in aqueous
solutions. As anticipated, bimolecular complexes are sensitive
to glutathione (GSH) and other thiols, which reversibly substi-
tute the B moiety."”

It would therefore be anticipated that all complexes should
dissociate readily through GSH-mediated substitution
[Eqg. (2)1,*® whereas complexes that interact with the protein
(i.e., hCyp-18) should be protected against thiol exchange. A
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against thiol exchange and could be detected by LC-MS. Determi-
nation of the GSH concentration that decreased the extracted
ionic current of the complex by 50% (CCs,) enabled the selection
of three oxorhenium coordinates that were shown to bind to the
active site of hCyp-18 and to inhibit its peptidyl-prolyl isomerase
activity in the micromolar to submicromolar range.

thermodynamic step is thus combined with the kinetically con-
trolled coordination process®™ in order to introduce partial re-
versibility and, therefore, to select high-affinity cyclophilin [i-
gands. In addition, the reversible substitution of the B moiety
by GSH might lead to amplification of the best cyclophilin li-
gands to the detriment of rhenium complexes that do not
bind to hCyp-18.

Here we report the dynamic selection of new rhenium coor-
dinates that bind specifically to hCyp-18 under GSH-mediated
discrimination conditions (reaction under thermodynamic con-
trol), their identification from dynamic combinatorial libraries
(DCLs)"” by LC-MS,® and their biochemical characterization.

Results and Discussion
Validation of the strategy

We first tested our strategy on a limited library of sixteen
known compounds. Modules A1-4 were combined with mod-
ules Ba and Bi to give the corresponding complexes (Figure 1).
These bound to cyclophilin in the submillimolar range, except
for complex 4i, which displayed an apparent Ky of 11+2 um.

[a] C. Clavaud, Dr. J. Le Gal, Dr. R. Thai, Dr. M. Moutiez, Dr. C. Dugave
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NO,

Complex 4i

Scheme 1. Synthesis of complex 4i in a buffer. The putative interaction with the two subsites of hCyp-18 is shown.

Conversely, most of the complexes in series Bl and Bo were
inactive.™

Self-assembly of the complexes in the presence of oxorheni-
um gluconate, after reduction of the corresponding mixture of
modules with tributylphosphine in methanol, gave all sixteen
complexes. The UV chromatograms could not be efficiently ex-
ploited because of the multiplicity of compounds (i.e., starting
components and their oxidized forms, as well as GSH adducts).
We preferred to monitor the evolution of the mixture by LC-
MS (ES/MS in the positive mode). The expected rhenium coor-
dinates were identified by extracting the characteristic isotopic
32-345185-187Ra motif (Figure 2)."¥ Selective integration of the
corresponding extracted ionic current peaks reflected the
yields of complexation and the ability of rhenium complexes
to be ionized by the electrospray ionization technique in the
positive mode. We checked that the spectrometer response
was linear in the 107® to 10™*m range (concentration in oxi-
dized modules) without significant “memory effect”.'” As ex-
pected, all sixteen complexes appeared as mixtures of two dia-
stereomers due to syn/anti isomerism (Figure 2)."*™"

To overcome the problems resulting from variability in com-
plexation yields, intrinsic stability of complexes to GSH and
buffer, and unpredictable ionization capacity, the intensity of
the ionic current for each complex was monitored with in-
creasing GSH concentrations (from 107® to 107%m) and the re-
sults were standardized by applying a correction as follows:

CCSO = CSO X (”Creference/llccomplex)

where CCg, and Cs, are the corrected GSH concentration and
the experimentally observed GSH concentration necessary to
decrease the observed ionic current by 50 %, respectively. IIC is
the experimentally measured integrated ionic current of the
pair of diastereomers. Complex 4i was chosen as a reference."

1824
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We ensured that addition of rhenium gluconate did not
affect cyclophilin: incubation of hCyp-18 (64 um) with
[ReO-gluconate,] (5 mm) did not significantly inhibit the PPlase
activity of the protein.

The synthesis of the 16-component library was carried out
by reduction and incubation of modules A1-A4 (1.0 equiv) on
the one hand, and Ba, Bi, Bl, and Bo (0.5 equiv in dimers) on
the other hand with oxorhenium gluconate at 20 °C. Complex-
ation yields varied only slightly upon addition of recombinant
hCyp-18 (final concentration: 64 um),””’ except in the case of
complex 4i, which was formed more efficiently when cyclophi-
lin was added to the mixture (Figure 2A, graphsa and b), an
effect that we called the “cyclophilin-enhancing effect”. As ex-
pected, all complexes readily dissociated upon addition of GSH
in the absence of hCyp-18 (Figures 2B and D, graph d). Con-
versely, complexes that displayed an affinity for cyclophilin also
showed resistance to higher GSH concentrations (“cyclophilin-
protecting effect”), and their apparent resistance was related
to their affinity for the protein. In particular, compound 4i
(Ky=11 pm) displayed a CCg, value of 200 um, whereas com-
plex 20 (no affinity) was not protected by cyclophilin, with a
CC,, value below 1 pum (Figures 3B and D, graph c).

The positive effects of hCyp-18 both on the formation of a
complex and on its resistance to GSH strongly suggest that
the oxorhenium coordinate 4i specifically interacted with the
protein. In contrast, heat-denatured hCyp-18 and bovin serum
albumin had no protective effect towards GSH and were not
able to facilitate the formation of complex 4i. Active hCyp-18
inhibited with cyclosporine (10 um), a potent inhibitor of
PPlase activity,” was also unable to protect complex 4i against
GSH substitution. This result is likely to reflect competition be-
tween cyclosporine and 4i, and strongly points to a specific in-
teraction of the coordinate inside the active site of the protein.
In turn, there is no experimental evidence that the PPlase ac-
tivity is implicated in the selection process.

ChemBioChem 2008, 9, 1823 - 1829
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Dynamic Libraries Based on Oxorhenium Coordination

module A

Application to the selection of
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new inhibitors of hCyp-18

4 In a second step, we investigat-
ed cyclophilin-directed selection
within a series of 192 possible
oxorhenium coordinates. Analy-
sis of the complex mixtures was
difficult, due to large differences
in complexation yields in the
buffer, nonequivalent abilities of
coordinates to ionize by ESI-MS
in the positive mode, and for-
mation of numerous isomassic
species. Therefore, the library
was divided into sixteen parallel
DCLs. Each DCL was obtained
S by combination of twelve

16 A modules (compounds 5-16)
with one of the sixteen B mod-

O,N 12

module B

SH
H H
RE, N /gf N Hf N
T L
© NO, © NO
B
R SH

SN QY“
0
a b [}
OZNQ( ]
E\ [Nj\[(ﬁi HS o
e O \L

d O

ules with increasing GSH con-

centrations (107° to 107" m). LC-

HS MS analysis of the resulting mix-
tures showed that compounds

5b, 9b, and 16n displayed

o higher resistance to GSH (CCy, >
1 mm) in the presence of hCyp-

18, and so these were selected

HS\L 0 as potential cyclophilin ligands

H N (Figure 3).

\©\ H In these experiments, four
NO, I NO, complexes were not observed

by LC-MS and probably did not
assemble properly. This might
be the consequence of the fast
reoxidation of modules, a reac-

o, 9

O O
f 9

HS

NO,

tion that competes with puta-
tive slow coordination in the
buffer, though all reactions
were carried out in thoroughly
degassed solvents.

The marked “cyclophilin-en-
hancing effect” reported with
compound 4i in the absence of
p GSH was also observed with

complex 16 n and suggests that
assembly of these compounds
was assisted by the protein and
is likely to take place at the
active site of cyclophilin (in situ
coordination chemistry). Although cyclophilin assistance in the
assembly of complexes 4i and 16 n could explain these results,
a hCyp-18-related protecting effect towards spontaneous dis-
sociation of the complex cannot be ruled out. Additional ex-
periments are needed to decide this point. Curiously, the ex-
pected “cyclophilin-enhancing effect” was not observed with
all selected complexes (in particular complex 5b), suggesting

B ’

N,

h O O

<
O~
-

° NO,

Figure 1. Proline analogues and Cys-pNA surrogates selected for the synthesis of DCLs.

Positive results were confirmed with binding experiments
and enzyme kinetic assays.” The specific binding of compound
4i to hCyp-18 shown by fluorescence titration (K;=11 um) was
confirmed by monitoring the PPlase activity of hCyp-18 with
increasing concentrations of oxorhenium complex. Thus, an
ICso of 12 um was calculated from the trypsin-coupled PPlase
assay (Table 1).1'?

ChemBioChem 2008, 9, 1823 - 1829 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1825



www.chembiochem.org



C. Dugave et al.

Intens. Conclusions
x107
B) 348 A)
2.0 375 We describe a simple and
lﬁl\b 662.1 straightforward method for the
," identification of new protein li-
151 I‘ i gands assembled through oxo-
' i ﬁl rhenium coordination. The de-
! :l// velopment of the 192-compo-
f }. nent DCL in the presence of
1.01 ; i hCyp-18 and GSH clearly fa-
' 662.1 vored the selection of some
. compounds with micro- to sub-
i micromolar affinities for the
0.5 660 670 . . .
/ protein. Studies to determine
{ the exact mode of interaction
J between the oxorhenium com-
0.0 ; - - o N IPVLN £ plexes and hCyp-18—in particu-
0 5 10 15 20 25 30 35 40 45 50 .
¥ i lar a possible preference for a
Inten?s, given diastereomer—are under-
x10 C} . .
way. The possible coexistence
=y of two selection pathways—
that is, “protecting effect” and
705.1 “enhancing effect”"—will also be
1.54 investigated (Figure 4).
Although sensitivity to GSH
699.2 .
and other endogenous thiols
i T mlght. be 'a major drawback to
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700 710 tide motifs that can interact
with protein subsites and might
UIAT be used as starting building
0.0 : . : . . i
0 5 10 15 20 25 30 35 40 45 50 blocks for the design of nonrhe-
t/ min nium inhibitors of hCyp-18. The

Figure 2. Extracted ionic current (LC-MS) for m/z 662 (complex 4i, A and offset B) and m/z 705 (complex 20, C
and offset D); a: no effector (—); b: with hCyp-18 (-----) ); ¢: with GSH and hCyp-18 (-); d: with GSH only (- - - -);

e: with GSH, hCyp18, and cyclosporine ().

that the “enhancing effect” and the “protecting effect” are in-
dependent processes.

Complexes 5b, 9b, 10i, and 16 n were synthesized in meth-
anol in milligram amounts, with use of commercial tetrabutyl-
ammonium tetrachlorooxorhenate.* The obtained diastereo-
mers were not separated and were tested simultaneously, due
to slow syn-anti interconversion in the buffer." As expected,
fluorescence titration experiments® showed that complex 5b
binds to cyclophilin in the micromolar range. Complexes 9b
and 16n displayed submicromolar affinities and interesting
IC5, values (Table 1) similar to those of previously reported in-
hibitors of hCyp-18.>%
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utilization of presynthesized
modules that can be stored and
reused in other combinations is
simple and attractive. Although
they are not commercially avail-
able, modules A can easily be obtained by standard peptide
coupling between a set of amines and the NS, motif, which is
readily available at preparative scales.” The strategy might be
applied to other proteins as well, in particular surface proteins,
provided that they tolerate addition of GSH and are not sensi-
tive to oxorhenium chelates. Moreover, the ReO*" core might
be replaced with *™TcO*", a radioisotope commonly used for
molecular imaging.""

Experimental Section

Preparation of aqueous [ReO-gluconate,] (50mm): A solution of
SnCl, (63 mg, 1.05 equiv) in HCl (0.05m, 1.5 mL) was added under
argon in portions of 50 uL to a suspension of sodium of NaReO,
(92 mg, 318 umol) and sodium gluconate (503 mg, 8.8 equiv) in
water (4.8 mL), and the solution was stirred for 1-2 h at room tem-

ChemBioChem 2008, 9, 1823 - 1829
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Intens.

B) split into eight portions (100 pL),
which were added to pure B and
stirred until complete dissolution
of the solid and then for 1h at
room temperature under argon.
Series of eight tubes containing
increasing concentrations in GSH
(from 107 to 107%m for the 16-
component DCL and from 107> to
10'm for the 12-component
DCLs) were incubated at 20°C for
24 h. A typical experimental mix-

ture contained: reduced A+B
(15 pL), [ReO-gluconate,] (40 pL),
hCyp-18 (512 pm, 50 ub), GSH
(20 pL), and HEPES (pH 7.8,
35mm, to a final volume of
400 pL). The results were com-
pared with references (ref.[1]: no
GSH, no hCyp-18; ref. [2]: no GSH,
64 um hCyp-18). The reaction was
quenched by sudden addition of
methanol (400 pl) and freezing.

Figure 3. Effect of increasing concentrations in GSH on the extracted ionic current (LC-MS) for A) m/z 735

(complex 5b), B) m/z 768 (complex 9b), and C) m/z 713 (complex 16 n).

108 0% 10 10 102 107 100
[GSH]/ m

Table 1. Apparent K, values of rhenium complexes and ICs, values of se-
lected rhenium complexes and related molecules that bind to hCyp-18.

Compound CCs [um]  Ky£=SD [um] 1C50£SD [um]
Suc-Ala-Ala-Pro-Phe-pNA - 118+6 540+70

20 <05 >10000 n.il

4i 200 11+1 1242

5b 1000 240.1 53+2

9b 2200 0.340.03®  03+0.05
10i <05 >10000 n.il

16n 1250 0.340.049  02+0.02

cyclosporine - 03+0.049  0.02

[a] No inhibition; [b] fluorescence quenching at 345 nm; [c] fluorescence
enhancement at 345 nm; [b, c] limit of detection with [hCyp-18]=320 nm.

ChemBioChem 2008, 9, 1823 - 1829
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LC-MS  analysis: The LC-MS
system used for the assays com-
prised an Agilent 1100 Series LC
system (Santa Clara, CA) coupled
on-line to an Esquire HCT ion trap
mass spectrometer equipped with
an orthogonal Atmospheric Pres-
sure Interface-ElectroSpray loniza-
tion (AP-ESI) source (Bruker Dalto-
nik, GmbH, Germany). LC separa-
tion was carried out on an analytical octadecyl column (Atlan-
tis dC18, 4.6x 150 mm, 3 um, 100 A; Waters, Milford, MA, USA) at a
flow rate of 600 pLmin~' with a 40 min linear gradient from 0 to
100% acetonitrile/MilliQ water with 0.1% formic acid after a 5 min
step in the initial conditions for column equilibration and sample
desalting. Elution from the LC column was split into two flows:
one at 550 uLmin~' was directed to UV monitoring at 214 nm, and
the remaining flow (50 uLmin~") was directed to the electrospray
mass spectrometer for MS analyses.

An aliquot of sample (100 pL) was injected for each run. The LC
flow was directed to the waste through a switching valve for the
first 7 min after the injection before entering the source to mini-
mize contamination of the AP-ESI source from potential interfer-
ence from the sample buffer.
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Figure 4. Titration of the GSH sensitivity of the 192-component DLC after
calculation of the CCs,. Lead compounds are indicated by an asterisk; (4):
false positive; (—): complexes that were not observed.

Nitrogen served as the drying and nebulizing gas, while helium
gas was introduced into the ion trap for efficient trapping and
cooling of the ions generated by the ESI ionization. lonization was
carried out in positive mode with a nebulizing gas set at 35 psi, a
drying gas set at 8 uLmin~', and a drying temperature set at
340°C for optimal spray and desolvation. lonization and mass anal-
yses conditions (capillary high voltage, skimmer and capillary exit
voltages, and ion-transfer parameters) were tuned for optimal de-
tection of compounds in the 100-1000 m/z range. Full scan MS
and MS/MS spectra were acquired with EsquireControl software,
and all data were processed with Data Analysis software (Bruker
Daltonik, GmbH, Germany).

Selection of complexes: The complexes were unambiguously
identified on the basis of their time of retention (relative to a refer-
ence synthesized with [nBu,N]ReOCl,) and both their m/z and their
typical isotopic profiles in mass spectrometry. All data were pro-
cessed as follows: the integrated ionic current (IIC in arbitrary
units) was calculated by use of the integration software in order to
determine the detection efficiency for each complex. The GSH con-
centration necessary for a 50% decrease in the IIC (Cs,) was evalu-
ated and was corrected by use of the formula: CCyo=Csox(Il-

Creference/l lccomplex) .

Complexes 4i and 20 were prepared as described previously.™

Synthesis of complexes 5b, 9b, 10i, and 16 n: Solutions of modu-
les A (0.1 mmol) and B (0.05 mmol) in methanol or acetone (5 mL)
were treated under argon with tributylphosphine (10%, 42 L,
0.165 mmol) for 30 min before addition of [nBu,N]ReOCl|, and tri-
ethylamine in methanol (10%, 40 pL). A green-brown precipitate
immediately formed. After stirring for 2 h, the crude mixture was
centrifuged. The precipitate was washed twice with methanol, dis-
solved in DMSO, and purified by HPLC.

Complex 5b: Semipreparative RP-HPLC t;=28.5 min; purity 98%
(analytical RP-HPLC t;=28.5 min); '"H NMR (CD,0D): 6 =1.54 (s, 9H;
CHj; tBu), 2.03 (s, 3H; CH; Ac), 2.96-3.01 (m, 4H; CH,S NS,), 3.66-
3.71 (m, 4H; CH,N NS,), 3.97-4.07 (2 X brs, 2H; CH,p Cys), 444 (s,
2H; NCH,CO NS,), 4.80 (brt, J=6.8Hz, 1H; CHa Cys), 7.78-7.82
and 8.19-8.21 ppm (2 x d, J=9.6 Hz, 4H; CH ar. pNA); ES/MS (posi-
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tive mode): m/z=732.8 (60%)-+734.8 (100%) [M+H]"; HRMS
calcd for C,;H3;N,O,ReS;: 734.0913; found: 734.0943.

Complex 9b: Semipreparative RP-HPLC t;=23.0 (minor)+25.1
(major) min; purity 96% (major) (analytical RP-HPLC tz=27.4 min);
'H NMR (CD;0D, major isomer): 6 =1.99 (s, 3H; CH; Ac), 2.93-3.06
(m, 4H; CH,S NS,), 3.73 (m, 4H; CH,N NS,), 3.96 and 4.05 (2 X brs,
2H; CH,B Cys), 443 (m, 2H; CH,—Ph), 447 (s, 2H; NCH,CO NS,),
4.80 (brt, J=73Hz, 1H; CHa Cys), 7.27-7.38 (m, 5H; H Ph), 7.80
and 8.20 ppm (2 xd, J=9.0 Hz, 4H; CH ar. pNA); ES/MS (positive
mode): m/z=766.1 (60%) +768.1 (100%) [M-+H]"* for ®Re; HRMS
calcd for C,4H;;N;O¢ReS;: 767.0916; found: 767.0939.

Complex 10i: Semipreparative RP-HPLC t;=25.2 min; purity 98%
(analytical RP-HPLC t;=27.7 min); "H NMR (CD,0D, major isomer):
0=3.02-3.17 (m, 4H; CH,S NS,), 3.59-3.91 (m, 6H; CH,N NS, +
SCH,—CO), 4.63 (s, 2H; NCH,CO NS,), 7.10-7.16 (m, 1H) + 7.30-
7.36 (m, 2H) + 7.58-7.62 (m, 2H) (H Ph), 7.80 (d, J/=9.3 Hz, 2H; H
pNA), 8.19 ppm (d, J=9.3 Hz, 2H; H pNA); ES/MS (positive mode):
m/z=681.0 (60%)+683.0 (100%) [M+H]*; HRMS caled for
C,0H,3N,05ReS;: 682.0389; found: 682.0366.

Complex 16n: Semipreparative RP-HPLC t;=21.2 (minor)+21.7
(major) min; purity 97 % (analytical RP-HPLC t;=23.9 min); '"H NMR
(CD,0D): §=2.99-3.13 (m, 4H; CH,S NS,), 3.65-3.90 (m, 8H; CH,N
NS, + SCH,—CH,NCON), 4.72 (s, 2H; NCH,CO NS,), 7.58 (d, J=
9.3 Hz, 2H; pNA), 7.77 (dd, J=5.1, J=8.5Hz, 1H; Pyr), 8.15 (d, J=
9.3 Hz, 2H; pNA), 8.34 (brdd, J=1.5, J'=8.5 Hz, 1H; Pyr), 8.47 (dd,
J=1.5, J=5.1 Hz, 1H; Pyr), 9.14 ppm (brs, 1H; Pyr); ES/MS (posi-
tive mode): m/z=711.0 (60%)+713.0 (100%) [M+H]*; HRMS
calcd for CyoH,sNgOsReS;: 712.0606; found: 712.0584.

Biochemical assays: The apparent dissociation constant (K;) was
obtained from the titration of the cyclophilin Trp121 at 345 nm.®!
The trypsin-coupled PPlase assay was carried out as previously
reported.™
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Rhizobium rubi": A Gram-Negative Phytopathogenic
Bacterium Expressing the Lewis B Epitope on the Outer
Core of its Lipooligosaccharide Fraction

Valentina Gargiulo,” Domenico Garozzo,” Rosa Lanzetta,” Antonio Molinaro,®

]

Luisa Sturiale,” Cristina De Castro,*™ and Michelangelo Parrilli®®

The structure of the core oligosaccharide from the phytopatho-
genic bacterium Rhizobium rubi was deduced by combining in-
formation from complementary chemical approaches (alkaline
and acid hydrolysis), similar to the “overlap peptide” strategy.
This structure is new and it contains two main oligosaccharide
backbones that differ in the substitution degree of the external
Kdo unit. The relevant feature shared by both oligosaccharides is
the presence of a tetrasaccharide motif that is similar to the

Introduction

Rhizobium rubi is a Gram-negative, capsulated, soil-borne bac-
terium that was previously named Agrobacterium rubi, but re-
cently reclassified.™

It displays phytopathogenic activity and causes tumours on
the fruiting canes of Rubus plants like raspberries and blackber-
ries; the galls develop as whitish eruptions that later turn
brown and black and begin to disintegrate, and their presence
causes the production of dry, seedy berries and prevents the
formation of new canes.

Its pathogenesis mechanism is similar to that described for
Rhizobium radiobacter (formerly Agrobacterium tumefaciens),"
which is responsible for the crown gall disease. In fact, R. rubi
has the same characteristic tumour-inducing plasmid Ti that
harbours the genes required for tumourogenesis. The tumour
formation is due to the ability of the pathogen to transfer the
T-DNA, a part of the plasmid Ti, into the nuclear genome of
the host cells, an event that is conditioned from the recogni-
tion and absorption of the bacterium on the host. This last
event is crucial because it conditions the successive steps, and
it is mediated by the polysaccharide components at the mem-
brane surface,” which makes their characterisation of impor-
tance to the understanding of this interaction.

Previous studies have determined the structure of one of
the membrane components produced from R. rubi, a capsular
polysaccharide that is composed entirely from 6-deoxy-talose,
with an O-acetylation pattern that is modulated during the
growth stadium of the organism.®!

In the present paper, the chemical characterisation of the
other glycidic membrane constituent, the lipooligosaccharide
(LOS), is achieved by the combined used of chemical and spec-
troscopic techniques.
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blood group Lewis B antigen (Le®). This epitope differs from Le® in
the glycosidic configuration of the glucosamine unit (a and not
B) and in the occurrence of acetyls substituents at O3 and/or 04
of the galactose moiety. Other notable structural features are the
location of the Dha residue, the presence of a a-glucose unit that
is linked to the inner Kdo unit, the high number of acid sugars
and the highly branched core structure.

Results and Discussion
LOS isolation and chemical composition data

Freeze-dried bacterial cells were extracted with a hot phenol/
water mixture,” LOS was found principally in the water phase
and it was composed of L-fucose (Fuc), p-galacturonic acid
(GalA), p-glucuronic acid (GlcA), p-galactose (Gal), p-glucose
(Glc), 2-amino-2-deoxy-p-glucosamine (GlcN), 3-deoxy-manno-
oct-2-ulosonic acid (Kdo) and 3-deoxy-lyxo-2-heptulosaric acid
(Dha).

Methylation analysis led to the identification of terminal
fucose, terminal Dha, terminal and 4- and 3-substituted GalA
residues, 4-substituted GlcA, 4,6-substituted and 3-linked Glc
units, 2-substituted Gal, 3,4-substituted GIcN, 4,5-linked and 7-
substituted Kdo and a small amount of terminal Kdo.

The analysis of the lipid fraction showed the presence of
C14:0 3-OH, C16:0 3-OH, C18:1 3-OH, and C28:0 27-OH, in
agreement with that reported for other phytopathogenic
Rhizobiaceae.”’

NMR spectroscopic analysis of core oligosaccharide

The primary structure of the entire core oligosaccharide, 1
(Figure 1), was deduced by combining the NMR data of the
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structure after aqueous ammonia treatment.

products that were isolated by alkaline degradation and acid
hydrolysis. The first approach provided an incomplete core oli-
gosaccharide, and information regarding the sequence of the
fragment that was lost during the alkaline treatment was
recovered by analysing the product from the mild acid
hydrolysis.

Core oligosaccharides from strong alkaline hydrolysis

Purification of the products from the strong alkaline degrada-
tion provided two truncated core oligosaccharides (2 and 3,
Figure 2) that included the lipid A sugar backbone and were

F P—4)-$-GlcN-(1-56)-a-GIcN-(1—>P

oy
wl b
S E

Figure 1. 1: R. rubi" complete LOS structure (primary fatty acids of the lipid A moiety are not included); 6: LOS

il \—‘ =]

capped with an uronic acid de-
rivative that bore an a,f-unsatu-
rated carboxyl group.

The o,p-unsaturated residue
resulted from a f-elimination
process that is effective only for
those uronic acids that are sub-
stituted at O4. Products 2 and 3
differed only in the sugar unit,
which was visible in the low-
field region of the '"H NMR spec-
trum; in fact product 2 (Fig-
ures 3A and B) contained eight
anomeric signals whereas oligo-
saccharide 3 (Figure3C) dis-
A played only seven anomeric
protons. In the high-field region
2 of the spectrum of both prod-
ucts, three sets of diastereotop-
ic methylene signals were pres-
ent due to two Kdo and one
Dha residue (Figure not shown).

The resonances of the eleven
residues of 2 were assigned by
comparing the product at both
neutral and alkaline pH (Fig-
ures 3A and B, TablesS1 and
S2). By exploiting the proton chemical shift sensitivity to the
solution pH, analysis of the spectra that were acquired under
both conditions avoided any ambiguous assignment. The spec-
tra that were recorded at neutral pH were studied first and the
anomeric protons were sequentially labelled with a capital
letter (A-H, Figure 3A) in order of decreasing chemical shift;
the three sets of methylene signals are indicated as Ka, Kb and
Dha.

Residue A was the GIcN-I of the lipid A backbone, in fact its
H2 (3.44 ppm) correlated with a nitrogen-bearing carbon
(55.9 ppm), the anomeric position was phosphorylated (Jiy;p=
8.1 Hz), and the anomeric carbon configuration was a on the

basis of its chemical shift (91.9 ppm) and of its *Jy;
A of 3.3 Hz. In addition, the low-field displacement of

Negatively charged
core area

acetyl

Pl
won
I

Dha-(zas)-a-GgA-ma3)-[3-G?c-(H4)-a-GE-(1ﬁ5)-KKdl:>-(2ae)-ﬁ-G|EN4P-(He)«x-emmp the C6 resonance indicated that this unit was glyco-
? R 4¢) sylated at 06.

wAGIYA(153)-p-Gle-(1 Kdo-(2 ZRZeGaAD Similarly, residue F was GIcN-Il of lipid A (C2 at

B H Ka 56.8 ppm and phosphorylated at 04), the ).,

value of 8.6 Hz proved the [ configuration, and the

4R =Ac ‘ glycosylation shift of 3.5 ppm at its C6 was diagnos-

5 R =H M c G E SR tic of a ketose unit at that position, namely the inter-
o-Fuc-(1 o-GalA-(1-3)-B-Gle-(1—-4)-a-Gle-(1-5)-Kdo nal Kdo (Kb).

3/4R’ 4) ? The spin system of B contained only four protons;

“'Fi‘c‘“*2)‘5‘6:‘"(1”3)‘“'G'|°NA°‘(1”4)'[3‘%“‘(“4)‘“‘62’\‘(1*3)‘B'G:“ the last in the sequence occurred at 5.80 ppm and

Figure 2. Structure of oligosaccharides that are derived from delipidation of Rhizobium

rubi’ LOS: 2 and 3, oligosaccharides from strong alkaline de-O-acylation; 4 oligosaccha-
ride from acid hydrolysis, 5 was obtained from 4 after mild de-O-acylation. The Kdo and
Dha residues are a configured. AGlyA is a hex-4-enuronic residue that resulted from the
B-elimination process of a galacturonic acid and was produced during the lipid-removal

procedure.
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belonged to the P carbon (108.5 ppm) of an o,f3-un-
saturated carboxyl system. B was the Hex-4-enuronic
residue that resulted from the B-elimination process
promoted from the lipid-removal procedure.

The residues C and D were identified as galactur-
onic residues because of their COSY H3/H4 and H4/

1831

www.chembiochem.org



www.chembiochem.org



T T T
60 58 56 54 52 50 48 46 44 42
S (ppm)

Figure 3. Anomeric area expansion of 'H NMR spectra at 600 MHz of oligo-
saccharides that are derived from R. rubi" LOS, signals are labelled according
to the notation used in Figure 1: a) product 2 from strong alkaline de-O-
acylation (283 K, neutral pH, D,0), b) product 2 (283 K, 10 mm NaOD in D,0),
) product 3 from strong alkaline de-O-acylation (283 K, 10 mm NaOD in
D,0), it differs from 2 for the lack of D residue; d) oligosaccharide 5 from
LOS acid hydrolysis (303 K, neutral pH, D,0).

H5 correlation magnitude and because of their long-range cor-
relation that related H5 to a carbonyl signal at 177.3 ppm. The
13C chemical shift of C1 (100.5 ppm for C and 101.4 ppm for D)
and the coupling constant *J,,,, values for both C and D
(3.2 Hz) indicated their a configuration, and analysis of their
carbon chemical shifts classified D as a terminal unit and C as
a 3-linked GalA unit. In this last case, the small glycosylation
shift that was found for the C3 of C (74.2 ppm) suggested that
this residue was glycosylated at its O3 by a ketose sugar.

Residue E was an a-configured glucose unit (C1 at
100.5 ppm and *Jiy; 1, = 3.2 Hz), signal attribution was hindered
by the overlapping of H3 and H4 resonances and by the ab-
sence of the scalar coupling between H5 and both Hé6a and
H6b. These last two protons were identified through the NOE
contact with H5. The exact position of H4 was assigned by its
COSY correlation with H5, and H3 was assigned by its COSY
correlation with H2. Finally, the C4 and C6 chemical shifts were
shifted with respect to the standard values® so that E resulted
in a 4,6-linked Glc unit.

G and H, were both classified as -configured glucose units
(anomeric carbons at 103.5 ppm and 103.4 ppm, respectively,
*Jinz=7.9 Hz in both cases), their C3 was displaced at low
field due to glycosylation.

The assignment of Ka, Kb and Dha was made by starting
from the diastereotopic methylene protons, whose chemical
shift was also diagnostic of their a-anomeric configuration.”

For both Ka and Kb, protons from H3 to H5 were easily
identified by using scalar connectivities, whereas H6 was de-
duced by exploiting the NOE with both H4 and H5. The assign-
ment of H7 and both H8a and H8b was made by analysing the
COSY spectrum by starting from the H6 signal. Ka was identi-
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fied as an O7-substituted unit and its location at O4 of Kb was
inferred from the NOE between its H6 with H3,, of Kb."®

In the case of Dha, proton H6 was poorly identifiable in the
spectrum that was recorded at neutral pH because its signal
was very broad; its position was deduced from the TOCSY and
ROESY (Figure 4) spectra, and no correlation in the HSQC spec-

42 %aﬁ;éce - A
% 54 2 - s S ]
N Dhag, [ ] aﬁ;\'f % o
: D D
Py - .04’5 EgH; 00770000 H5’1 HZ 1
4.6 e K3 ’ Y- copH, 0 T - T ™
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Figure 4. Expansion of ROESY spectrum of 2: relevant NOEs are indicated
together with the position of the H6 proton of the Dha residue (600 MHz,
283 K, neutral pH, D,0).

trum was present. The Dha analysis problem was solved by an-
alysing the spectrum at alkaline pH (Table S2, Figure 3B), in
this case, the H6 signal appeared as a broad singlet and it cor-
related to C6 and exhibited the expected long-range correla-
tion with a carbonyl at 177.0 ppm. The carbon chemical shift
values were diagnostic of its terminal location.”

The monosaccharide sequence was deduced from the fol-
lowing NOE contacts (Figure 4): H1 of B with H3 of H, H1 of H
with H6 of E, H1 of E with both H5 and H7 of Kb, which in
turn was linked to 06 of residue F of the lipid A, H1 of C with
H3 of G, H1 of G with both H3 and H4 of E, and H1 of D with
both H7 and H5 of Ka. The Dha position was deduced from
the NOE between H6 and H3 of C; this was supported by the
small glycosylation effect at C3 of this last residue.”

Oligosaccharide 3 differed from 2 in the absence of the a-
GalA unit D (Figure 2C, Table S3) on the external Kdo residue
(Ka), which is terminal.

Core oligosaccharide from mild acid hydrolysis

The product from the mild acid hydrolysis, 4 (Figure 2) lacked
the lipid A moiety, the Dha and the external Kdo residues, but
conserved the oligosaccharide fragment at the uronic acid B
together with the acetyl substituents. The structure of the de-
O-acetylated derivative 5 (Figure 2) was elucidated first.

The proton spectrum of 5 (Figure 3d, Table S4) presented
ten anomeric signals. Residues B, C, E, G, H and the Kdo at the
reducing end were expected on the basis of the product 2
structure, whereas the others (1-0) belonged to the previously

ChemBioChem 2008, 9, 1830 - 1835
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lost fragment; importantly, B was present in its native form,
namely as an a-galacturonic residue.

The new residues were assigned by using the same strategy
as was reported for oligosaccharide 2. | was a a-GIcN unit that
was substituted at both O3 and O4, L and M were two termi-
nal a-fucose units, N was an O2-linked -Gal unit, and O was a
B-GIcA unit linked at O4.

The following NOE effects elucidated the sequence: H1 of L
with H2 of N, H1 of N with H3 of I, H1 of M with H4 of I, H1 of
I with H4 of O and H1 of O with H4 of B. Finally, the nonstoi-
chiometric O-acetyl substituents were clarified by analysing
the 2D spectra (data not reported) of product 4. They were lo-
cated on N and E; the -Gal unit N was either acetylated at 03
or at 04, likewise residue E was incompletely acetylated at po-
sition O3. The possibility that an irregular distribution of the
acetyl groups could be induced from the acid hydrolysis was
discarded. Actually this protocol is routinely applied for the
LOS (or lipopolysaccharide), and the different products that are
obtained always display the intact original pattern of acetyl
groups.”'?

MALDI analysis of ammonia-treated LOS

MALDI analysis of the intact LOS gave inconclusive results, but
the data that were collected from the ammonia-treated LOS
(sample 6) were consistent with the NMR spectroscopic infor-
mation for compounds 2, 3, 5 and with the ammonia-treated
lipid A structure from the related R. radiobacter C58.%!

The negative-ion MALDI mass spectrum in Figure 5 shows a
main series of peaks between 3300 and 4300 Th, which result
from the molecular ions of the partially O-deacylated LOS that
still retains the amide and the acyloxyacylamide moieties. In
addition, in the mass range below 2600 Th, further peaks origi-
nated from the in source cleavage of the glycosydic linkage be-
tween the internal Kdo (Kb unit) and the lipid A distal GIcN
residue.

This well-known fragmentation pattern allowed us to
assign the molecular masses of the components that belong

1

de-O-acylated LOS

to the O-deacylated LOS species. The peak at m/z 1542.6 corre-
sponded to the Y-type ion (Domon and Costello nomencla-
ture)!'? of a bis-phosphorylated, triacylated lipid A moiety that
carries a 16:0 (3-OH) and a 18:1 (3-OH) in an amide linkage;
the 18:1(3-OH) is, in turn, esterified with a 28:0 (27-OH) and
one 3-hydroxy-butyroyl group. The second peak, which dif-
fered by 26 Th (m/z 1516.9) was consistent with the same spe-
cies, but carrying a 16:0 (3-OH) instead of a 18:1 (3-OH). A fur-
ther intense ion fragment at m/z 2491.9 (B-type ion) matched
the core oligosaccharide that was delineated through NMR
spectroscopic and compositional analyses.

Minor peaks were assigned to species with a different sugar
composition, this last depended on the nonstoichiometric
presence of a terminal hexuronic acid (Am/z ~176 Th), or to
the in source cleavage of the Dha residue (Am/z ~204 Th). The
above-described structural variety of LOS substructures was re-
flected even more strongly in the high mass spectrum region,
where a plethora of pseudomolecular ions [M—H]~, which
were due to either the number and/or composition of lipid A
fatty acids and to the core heterogeneity were found. The base
peak at m/z 4035.4 was consistent with the intact molecular
ion M; which components were the highly branched core oli-
gosaccharide at m/z 2941.9 and the triacyl lipid A at m/z
1542.6. The more significant molecular ions that were attribut-
ed to the LOSs mixture are listed in Table S5 together with the
corresponding composition.

Conclusions

Rhizobium rubi” produces a lipooligosaccharide with a rather
complex structure, the predominant species, 1 (Figure 1), is
composed by sixteen residues and can be divided into two
parts, an inner and an outer one. The inner part is proximal to
and comprehensive of the lipid A moiety, it possesses a strong
ionic character due to the presence of two phosphates and
seven acidic monosaccharides: two Kdo units, four uronic acids
and the bis-carboxylic Dha residue. This anionic character is
consistent with the functional role that is generally attributed

to this molecule; according to

this model, doubly charged cat-

Hex-HexA-Dha N ions such as Ca’" or Mg*"
de-O-acylated LipidA Kclio-Helzx-Hex-HexA-HeixA Vs ~ bridge different LOS units and
le he mechanical stabilisa-
o Kdo HexHexNAC 40354 'ad tot C a} ical stabilisa
I I | tion of the bacterial outer mem-
90 HexA deoxyHex deoxyHex 4009.5 brane and to the creation of an
80 352\6‘8 3950\ effective permeability barrier to-
S, 70 ' 3858.9| wards external stress factors.!"™
‘@ 60 —_— 3323 38317 \ In contrast with the function-
by core OS N 3351 )
€ 50 15169 15426 2491.9 N 3805 || | al role of the internal part, the
X 40 \ / 2316.4 3297.\'1 / ‘ 42617 outer core usually is considered
30 ! 2874 -/ )V Mr h l to be of importance for the in-
20| MM u ‘ i u \W“’Jw \.‘ i (ﬂl teraction of the bacterium with
10 'm“b WWWWWWMWW‘MMMWWW%LWV ‘ ‘ i WWW the plant cell wall.
! [} 1
0 bt The structure of this moiety is
1000 1800 2600 3400 4200

Mass (m/z)

rather lipophilic (nonstoichio-
metric O-acetyl groups and two

Figure 5. MALDI spectrum of R. rubi" LOS 6 (Figure 1) de-O-acylated with aqueous ammonia solution. fucose residues) and contains
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structural motifs of biological relevance. Actually, the disac-
charide Fuc-Gal (L and N residues) is widespread in plants as
well, where it constitutes the terminal part of the xyloglucan
oligosaccharides that reside in the ventral and lateral area of
the guard cell wall.™

This disaccharide is considered to be a signalling molecule
that is able to initiate physiological functions such as laminar-
ase activity in Rubus cells,™ and the existence of a high-affinity
receptor for this moiety has been demonstrated."®

In this context, it seems that R. rubi presents an epitope for
which the appropriate plant receptors exist and might pro-
mote the adhesion of the bacterium on the plant cell wall.

Further speculation is possible by considering the last four
sugar residues of the outer core; actually, they define a struc-
ture that is similar to the blood group epitope Lewis B. This
motif is reported for the first time in a plant pathogenic bacte-
rium, and it differs in the anomeric configuration (a and not f3)
of the glucosamine unit | and in the presence of nonstoichio-
metric acetyl decorations at the galactose moiety N.

The occurrence of blood group antigens in human patho-
genic bacteria is known (Neisseria,"” Helicobacter,"® Campylo-
bacter"™® and Haemophilus"”), and the advantages gained by
the bacteria are clear: they become invisible to the host
immune system and can better colonise the host tissue by
using the dedicated receptors.™

In contrast to human pathogenic bacteria, the importance
of the Lewis B epitope for R. rubi is less clear, but it suggests
the presence of a complementary receptor on the plant cell
wall. This hypothesis is probable because the existence of a
lectin that is specific for Lewis B determinant has already been
reported from Griffonia simplicifolia seeds.™

A more tempting speculation, which is raised from a parallel
with the human pathogenic bacteria, suggests that R. rubi
might mime those epitopes that are already present in the
plant cell wall. This possibility is acceptable in the case of the
Fuc-Gal disaccharide, but it is not supported in the case of the
Le® antigen, although it must be underscored that plants al-
ready display another similar human epitope, Lewis A, which
differs from B in that it lacks the fucose unit L.2"

In addition to the above considerations, a fruitful implication
of this discovery is the use of this bacterium for biotechnologi-
cal purposes: it is a “safe-to-handle” organism (biosafety
level 1) that is attractive for its enzymatic machinery that is
dedicated to the synthesis of the Lewis B epitope.

Experimental Section

Rhizobium rubi', bacterial cultivation and LOS isolation: R. rubi
strain DMS 6772 (type strain) was grown at 28°C in liquid shake
culture (200 rpm) in Nutrient Broth (Fluka) for 48 h. Cells were col-
lected by centrifugation at 7000 rpom for 15 min at 4°C, washed
with distilled water and freeze-dried (yield 180 Mgcas Leurure -

Dried cells were extracted according to the phenol-water
method.”! Both phases were separately dialyzed against distilled
water, freeze-dried and screened by discontinuous SDS-PAGE®” by
using a 12% gel on a miniprotean gel system from Bio-Rad (Her-
cules, CA, USA); the samples were run at constant voltage (150 V)
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and stained according to the procedure of Kittelberger and
Hilbink.”

LOS was present principally in the water phase; it was present only
in traces in the phenol phase.

General and analytical methods: Monosaccharides were analysed
as acetylated O-methyl glycoside derivates and lipids as methyl
esters, as reported elsewhere.”” The absolute configuration was
determined by analysis of the chiral 2-octyl® or 2-butyl®
derivatives.

Methylation analysis was modified for the detection of the acidic
residues, namely, LOS was first carboxy-methylated with methanol-
ic 0.1 M HCI (5 min), and then with diazomethane. The product was
methylated with CH,l and powdered NaOH in DMSO,?” then hy-
drolysed with 2 m trifluoroacetic acid (TFA; 100°C, 1 h). The carbon-
yl was then reduced with NaBD, (4°C, 18 h) and the carboxyl
group was methylated as before (with methanolic 0.1m HCl and
then diazomethane), reduced with NaBD, (4°C, 18 h), acetylated
and analysed by GC-MS. This approach led to the assignment of
the terminal Kdo and the Dha, the rest of the residues of the LOS
were detected by repeating the whole procedure but by adopting
stronger hydrolysis conditions (4m TFA, 100°C, 4 h).

GC-MS analysis conditions for the acetylated O-methyl glycoside
derivates, lipids and the chiral alcohol derivates were the same and
were performed with on a Agilent 5973 instrument by using a
SPB-5 capillary column (Supelco, Bellefonte, PA, USA; 30 mx0.25
i.d. flow rate 0.8 mLmin~', He as carrier gas, temperature program:
150°C for 3 min, 150—300°C at 10°Cmin~', 300° 12 min, ionisa-
tion energy of 70 eV and an ionising current of 0.2 mA).

The analysis of the partially methylated alditol acetates was per-
formed on the same GC-MS instrument by using a different tem-
perature program: 150°C for 3 min, 150—240°C at 2°Cmin",

240—300°C at 10°Cmin~', 300° 5 min.

Isolation of oligosaccharides 2-5: LOS (150 mg) was treated with
1m hydrazine in THF (3 mL, 30 min at 37°C) to yield to the de-O-
acylated LOS. The solution was cooled, poured into ice-cold ace-
tone (50 mL), and the de-O-acylated LOS (LOSyy) was collected by
centrifugation, washed twice with ice-cold acetone, dried, dis-
solved in distilled water and precipitated by the addition of ice-
cold acetone.

The LOSyy (43 mg) was treated with 4m KOH (2 mL) for 16 h at
120°C to de-N-acylate the substrate. After neutralisation, the
sample was desalted by SEC chromatography (Sephadex G-10,
Pharmacia, 1.5x 120 cm, eluent H,0, flow rate 16 mLmin~"). The re-
sulting oligosaccharide mixture (12 mg) was fractionated by analyt-
ical HPAEC on a Carbopac PA-100 column (4.6 X250 mm) by using
a flow rate of 1 mLmin™' and a gradient of 1M NaOAc (40—65%
over 90 min and a final regeneration 65—90% in 5 min) in 0.1™m
NaOH. Analytical runs were monitored by using a pulse ampero-
metric detector (Dionex, Sunnyvale, CA, USA). Two principal species
were isolated: oligosaccharide 2 (RT: 56 min, 2 mg) and 3 (RT:
52 min, 0.5 mg).

Another portion of the water phase (10 mg) was hydrolysed in aq.
1% AcOH (100°C, 1 h), the precipitate (lipid A) was removed by
centrifugation and the supernatant was lyophilised and fractionat-
ed by GPC on a TSK HW-40 column. The oligosaccharide 5 was ob-
tained by the de-O-acetylation (14% aq. ammonia, 37°C, 1 h) of
the first fraction of TSK-40 (product 4, 3 mg).

NMR spectroscopy: 'H and 'H,”°C NMR experiments on all the
products were carried out on a Bruker DRX-600 spectrometer that
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was equipped with a cryogenic probe. Spectra were calibrated
with respect to internal acetone (6, =2.225 ppm; d.=31.45 ppm).
3P NMR and with "H,*'P HSQC sequence were measured for oligo-
saccharide 2 at 162 MHz on a Bruker DRX 400 MHz spectrometer
that was equipped with a reverse broadband probe with z-gradi-
ents; 85% H,PO, was used as external standard for calibration.

For all the homonuclear spectra, experiments were measured with
data sets of 2048x512 points, and 32 scans were acquired, a
mixing time of 200 and 120 ms was employed for ROESY and
TOCSY, respectively. Each data matrix was zero-filled in both di-
mensions to give a matrix of 4096 x 2048 points and the resolution
was enhanced in both dimensions by a shifted sine-bell function
before Fourier transformation.

The HSQC experiment was measured by using a data set of 2048 x
512 points whereas for the HMBC experiment it was 2048 x 256; 64
scans were acquired for each t, value, and the HMBC sequence
was optimised for a 6 Hz long-range coupling constant. In all the
heteronuclear experiments the data matrix was extended to 2048 x
1024 points by forward linear prediction extrapolation.”® All NMR
spectra were acquired and transformed with Topspin 1.3 program,
and studied with Pronto software.”

For products 2 and 3, spectra were recorded at alkaline pH, which
was made by adding 4m NaOD (5 puL) to the sample solution
(500 L), to give a final concentration of 10 mm, no pH measure-
ment was performed.

MALDI mass spectrometry: The negative-ion MALDI mass spec-
trum of intact O-deacylated LOS was acquired in linear mode on a
Voyager STR instrument (Applied Biosystems, Framingham, MA,
USA). lons that were extracted by the pulsed laser beam (nitrogen
A=337) were accelerated through 24 kV. Each spectrum is the
result of 256 laser shots. Sample preparation was performed ac-
cording with the thin-layer procedure®® by using a homogeneous
film of 2,4,6- trihydroxyacetophenone (THAP, 200 mgmL™" in meth-
anol) and nitrocellulose (Trans-blot membrane, BioRad, 15 mgmL™"
in acetone/propan-2-ol, 1:1 v/v) mixed in a 4:1 (v/v) ratio as a
matrix. The sample was first suspended in a mixture of methanol/
water (1:1) that contained 5 mm ethylenediaminetetraacetic acid
(EDTA), then converted into the ammonium form with cation-ex-
change beads (Dowex 50WX8-200, Sigma-Aldrich) and finally de-
posited (~0.3 L), together with the same volume of 20 mm dibasic
ammonium citrate, on the matrix film that was already spotted on
the MALDI plate.
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Multivalent Carbohydrate Recognition on a
Glycodendrimer-Functionalized Flow-Through Chip

Hilbert M. Branderhorst,” Rob Ruijtenbeek,™ Rob M. J. Liskamp,” and Roland J. Pieters*®

Dendrimers were fitted out with up to eight mannose moieties by
“click” chemistry. They were subsequently attached to aluminum
oxide chips via a spacer that was linked to the dendrimer core;
this resulted in a microarray of glycodendrimers. Binding of the
glycodendrimers to the fluorescent lectins ConA and GNA was
observable in real time. In a single experiment it was possible to
observe the multivalency enhancement or cluster effect in the
binding event. This effect was small for ConA, in agreement with

Introduction

Carbohydrate recognition is increasingly believed to be a cru-
cial event in many biological processes, including the develop-
ment of diseases such as (avian) flu™ AIDS”? and cancer.”
Increasing the understanding of the language of the carbohy-
drate-mediated communication between cells and its prevent-
ing pathological consequences are important goals in sci-
ence.” For DNAP! and peptide/protein® recognition studies,
biochips have been developed that have greatly increased the
efficiency of these investigations due to miniaturization and
the high-throughput characteristics of such microarrays. To
apply such biochips to studies in carbohydrate recognition is a
logical progression, and increasingly papers are appearing that
report the development and/or application of carbohydrate
microarrays.”’ Reports describe the selective detection of car-
bohydrate-binding proteins, mostly lectins, on chips of various
designs.® In general, carbohydrates bind only weakly to their
complementary proteins. To achieve biologically relevant bind-
ing, multivalency is often involved in natural carbohydrate rec-
ognition processes.”’ To effectively interfere with multivalent
protein—-carbohydrate interactions it was found that multiva-
lent inhibitors can be much more potent than their monova-
lent counterparts. A multivalent display of synthetic carbohy-
drate ligands has proven to be an effective inhibitor design for
blocking for example, lectins,"® AB; toxins, and bacteria.""?
In these cases a chelation type of mechanism is the likely
cause of the enhancements, which can be very large and
exceed a factor of 10°~10°. Examples in which chelation cannot
play a role for geometric reasons typically show more moder-
ate enhancements of below a factor of 100, except when large
extended arrays are used."® Despite successes, many features
of multivalent carbohydrate binding require further study, such
as the degree to which multivalency effects vary with the ar-
chitecture of the protein (complex) and that of the multivalent
ligand."™ We here take a step in that direction by adding the
efficiency of microarrays to the study of multivalent interac-
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its widely spaced binding sites, whereas it was large for GNA,
with its twelve much more closely spaced binding sites. The den-
drimer-fitted chip represents a valuable screening tool for multi-
valency effects. Furthermore kinetic and thermodynamic data on
binding events can be deduced. Inhibition experiments are also
possible with the system as was shown for ConA with a-methyl
mannose as the inhibitor.

tions. The present system enables the systematic screening of
carbohydrate-binding proteins and can rapidly determine if
they favor a multivalent carbohydrate display and also to what
extent. Furthermore, selected binding parameters, including ki-
netic rate constants, can be deduced from the obtained data
due the ability to monitor the binding in real time.

In order to do so, a flow-through microarray technology was
used that had multivalent ligands spotted onto aluminium
oxide™ porous chips.'® The use of porous chips has several
advantages. It allows the analyte solution to be pumped up
and down in the chip material to avoid diffusion limitations.
Furthermore the binding process of the fluorescent protein to
the chip can be monitored in real time. This is in contrast to
the use of conventional chips in which only an end-point de-
termination is possible after all nonbound fluorescent material
has been washed away. The real-time monitoring is possible
because the liquid that contains the fluorescent components is
pumped up and down through the microchannels, which are
unique to this chip material, which is controlled by the air
pressure below the chip. Periodic pictures are taken by a CCD
camera when the fluid with the nonbound fluorescent compo-
nents is temporarily positioned below the chip where it will
not be pictured by the camera. In this way, only fluorescence
that results from binding is detected. Another advantage of
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the three-dimensional porous material is that its in- AcO
ternal surface to which ligands can be attached is Af\g
approximately 500-fold larger than for two-dimen-

sional spots on a glass surface. This high loading ca- 1
pacity has advantages for detecting weak binding R20

processes. Additionally it is advantageous for our
purpose because it allows us to place the ligands far
apart to avoid undesirable multivalency effects due
to proteins that bridge between ligands, which
would mask the intended multivalency effects in the
binding to glycodendrimers. In our studies we cou-
pled mono- to octavalent mannose ligands to the
chip surface, and we observed binding of the fluo-
rescently labeled lectins concanavalin A (ConA) from )
the Jack bean seeds and the Galanthus nivalis agglu- R
tinin (GNA) from the snowdrop bulb. Distinct multi-
valent binding of the higher generation mannose R?
dendrimers towards the GNA lectin was observed.

RZ

RZ

o)

o]

o)
Results
In order to prepare the glycodendrimer chips, first 0
dendrimers were prepared based on the 3,5-di-(2-
aminoethoxy)-benzoic acid repeating unit"” To
attach the dendrimers to the chip surface, its core
carboxylate was used for the attachment of a spacer.
The spacer terminated in an amine; this allowed for
conjugation at pH 9 to the chip-displayed maleimide
function. The carbohydrates were attached to the
dendrimer arm by “click” chemistry prior to attach-
ment of the whole construct to the chip.'®

b)y [
c)

3a, b, c

(0]
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Scheme 1. Synthesis of dendrimers; reagents and conditions: a) i. NaOH, dioxane, MeOH,
H,0; ii. 6, BOP, iPr,EtN, CH,Cl,/DMF, 40-95 %; b) 1, CuSO,, sodium ascorbate, DMF, 80°C,

Synthesis of mannose dendrimers and attachment
to the chip

Mannose azide building block 1" and alkyne-functionalized
dendrimers 2a-5a" were prepared as previously reported
(Scheme 1). Dendrimers 2a-5a were treated with Tesser’s
base,*" followed by coupling to amine 6 with benzotriazole-1-
yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate
(BOP) as the coupling reagent. Decoration of the dendrimers
with mannose moieties was achieved by using “click” chemis-
try under microwave irradiation, with copper(ll) sulfate/sodium
ascorbate as the copper(l) source.”? To this end, dendrimers
2b-5b were treated with 1. The obtained glycodendrimers
were deacetylated by sodium methoxide, after which the tert-
butoxycarbonyl (Boc) group was removed with trifluoroacetic
acid (TFA). The pure 2c-5c were obtained after preparative
HPLC purification and were satisfactorily characterized by NMR
spectroscopy and MS analysis.

Initial experiments on the chip were performed with den-
drimers 2c-5c¢, which reacted with the maleimide-functional-
ized chip surface at pH 9. The composition of the spotting sol-
utions was chosen to have an equal mannose concentration in
all solutions, despite the valency differences, that is, the den-
drimer concentrations were corrected for their valency. We
compared, for example, spots made from a 100 um spotting

ChemBioChem 2008, 9, 1836 — 1844
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20 min, 65-80%; c) i. NaOMe, MeOH, ii. TFA, H,O, quantitative.

solution of monovalent 2 ¢ to those made from a 12.5 um spot-
ting solution of octavalent 5¢, to yield chip surfaces as sche-
matically shown in Figure 1. In a separate preparation we also
corrected for the difference in amine concentrations of the
spotting solutions by adding the nonsugar amine 7, however
this did not make a significant difference in the binding studies
(see the Supporting Information) and was therefore not ap-
plied for the studies that are described below.

Binding experiments

The dendrimer solutions with varying concentrations and va-
lencies were printed onto the microarray slides by using piezo-
electric spotting of 330 pL per spot. A concentration range was
applied from 0.1 to 5 mM mannose, and was corrected for the
valency of the dendrimers, as mentioned before. Each array
slide contained spots in quadruplicate. The experimental bind-
ing protocol started with the blocking of the nonfunctionalized
area with BSA. A concentration range of FITC-labeled ConA
was applied to the chips and the fluorescent signal was peri-
odically recorded for 2 h (Figure 2), the fluorescent signal was
quantified, averaged for the same spots, and converted to
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Figure 1. Microarray surfaces with identical mannose contents, but different
valencies.
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Figure 2. Progress curves for the microarray experiment with attached
mono- to octavalent compounds 2 c-5 c (spotting concentrations 0.5 mm in
mannose) with a ConA (monomer concentration 98 nm).

progress curves. As a negative control, fluorescently labeled
BS-1 (Bandeiraea simplicifolia agglutinin) was used, which is
specific for -p-galactose residues. We did not observe any
binding of this lectin towards the array surface. From the ConA
results, we can clearly see the binding event of the lectin to
the dendrimers as a function of time. It is also clear that the
signal increases with the sugar density on the chip, which is a
consequence of the more concentrated spotting solutions
(Figure 3). A linear correlation between the spotting concentra-
tion and the observed equilibrium signal due to ConA binding
was observed up to a 1 mm concentration of mannose resi-
dues (Supporting Information). This indicated that the concen-
trations of dendrimer-linked amine that were used were not
enough to occupy all the maleimide sites. Furthermore, with
the spotting concentration of 0.5 mm in mannose residues, as
was used in the evaluations below, the calculated minimal in-
termolecular distance of the surface-bound ligands indicates
that this is nonbridgeable by ConA.”® The multivalency effect
that was observed for ConA was relatively small. The final equi-
librium signals only varied by a factor of two, and favored the
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Figure 3. FITC-labeled ConA binds to the chip surface. In each of the four
identical blocks the spotting concentration increases from top to bottom
whereas the valency increases from left (mono 2c) to right (octa 5c¢).

octavalent presentation. Furthermore, the binding kinetics
were similar for all compounds. By fitting the progress curves
to a simple receptor-ligand interaction model, that is, a one-
phase exponential association model, the observed rate con-
stants of binding k,,, were obtained.”” These were all within
the 0.20-0.23 min~' range for the mono- to octavalent glyco-
dendrimer-functionalized surfaces. Subsequently globally fit-
ting the progress curves that were obtained from several ConA
concentrations in the 0.2-1.0 um range yielded the kinetic
binding parameters k,, and k. and the related kinetically de-
termined dissociation constant K, (Table 1) for each of the four

Table 1. Kinetic and thermodynamic parameters deduced from chip ex-
periments for the association of ConA to the four different surfaces.

Compound Kot Kon Ky [nm] from

on surface M~ "min~"]® [min~"1® binding equilibrium
kinetics® values'?

mono 2c¢ 0.12 1.26x10° 950 960

di3c 0.08 1.76x10° 450 510

tetra 4c¢ 0.07 1.76x10° 400 540

octa 5¢ 0.04 1.93x10° 210 440

[a] Derived from global fitting of progress curves for multiple conA con-
centrations. [b] Ky=Kk.4/ko,. [c] Derived from fitting end values by using
different ConA concentrations to a Langmuir binding isotherm.

valencies. To see if reasonable numbers were obtained, the Kj's
were also determined by using equilibrium end values and a
Langmuir binding isotherm. As can be seen in the table, the K
values that were determined by these two methods were in
the same range. The K, for the octavalent 5 c-covered surface
is the lowest, followed by tetra- and divalent 3 c and 4c¢, which
are very similar; the monovalent 2 c-covered surface interacted
the weakest. The same trend can be seen from the progress
curves in Figure 2; this illustrates the value of the technology
as a rapid screening method to evaluate multivalency effects.

Subsequently, a higher-valency lectin, the Galanthus nivalis
agglutinin (GNA) was studied. This lectin is tetrameric and has
three binding sites per subunit, so twelve in total, and several
of them are spaced closely together. The close spacing should
allow chelation by the multivalent ligands, and thus strong

ChemBioChem 2008, 9, 1836 — 1844
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binding enhancement due to multivalency was expected. The
monovalent affinity for mannose derivatives, however, is much
lower: the K; of oa-methyl mannose for ConA is about
100 um,*! and for GNA this value is 24 mm.?* Despite the low
affinity for mannose, binding was observable and indeed a
strong preference for the higher-valency mannose dendrimers
was observed (Figure 4). Furthermore the binding kinetics

500 | W e 4
aHh A
_, 800 mh & LD octa 5¢
< 700
=2
B
c
]
£
= x ox KX
;K*SEBK
§ I tetra d¢c
(0]
o
0 »
E y di 3¢ y y
XX % X X XX
FEFERY ¥ O¥ ¥ o7
mono 2¢
100 150 200 250

Cycle (2 cycles per min)

Figure 4. Progress curves for the microarray experiment with GNA (mono-
mer concentration: 2 um). A clear preference for the higher-valency manno-
sides was observed.

were significantly faster than for the ConA experiment. It also
appears that GNA binds slightly slower to the higher-valency
compounds on the chip. The progress curves could not be
fitted adequately to a one-phase exponential association
model to obtain the k.. The use of a two-phase model was
necessary, which yielded a low k., in the 0.03-0.08 min~'
range for all valencies, and also a faster k,,, which varied
steadily with valency between 1.8 min~' for the monovalent
surface to 1.0 min~' for the tetra- and octavalent compounds
on the chip.

Inhibition experiment

The carbohydrate microarray system was also used for the
evaluation of an inhibition experiment that was similar to
those that were reported for other microarray systems.®®?" To
this end, the FITC-labeled ConA was incubated with the solu-
ble inhibitor a-methyl mannose under several concentrations,
and was added to spots of monovalent 2c. A clear inhibition
was observed that was used to determine an ICs, value of 400-
(£100) um (Figure 5).

Discussion and Conclusion

Multivalent mannose dendrimers were prepared from alkyne
dendrimers. The dendrimers were synthesized with an amine
functional group linked to the dendrimeric core that allowed
attachment to surfaces. The dendrimers that were based on
the 3,5-di-(2-aminoethoxy)benzoic acid repeating unit were
first equipped with a mono-Boc-protected diamino spacer

ChemBioChem 2008, 9, 1836 — 1844
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Figure 5. Inhibition data points and fitted curve of the binding of ConA to a
chip of 2c with increasing concentrations of a-methyl mannose in solution.

after which, the mannose residues were introduced at the pe-
riphery by the copper-catalyzed “click” reaction, and the com-
pounds were fully deprotected. The mannose dendrimers were
spotted onto a maleimide-functionalized porous aluminum
oxide surface and binding of FITC-labeled lectins to the func-
tionalized surfaces was clearly observed in real-time by using
flow-through microarray technology. The flow-through micro-
array setup has several advantages over ordinary microarray
technologies. Monitoring of progression of protein binding is
important; not only endpoints, but also the binding kinetics
were obtained. We demonstrated this technology for the bind-
ing of ConA and GNA towards multivalent compounds. Clear
differences were seen in the responses of these proteins. ConA
is a tetramer with binding sites that are separated by over
65 A, and are therefore too far apart to allow bridging by our
dendrimers. No major multivalency effects were expected by
our compounds, and indeed, they were not observed. In stud-
ies of related compounds, multivalency effects were limited to
a factor of up to ~6.2% Kinetic data were obtained from the
chip experiments due to the possibility of real-time monitor-
ing. By fitting a series of progress curves that were measured
at different ConA concentrations, k,, and k. values were ob-
tained as well as the related kinetically determined dissociation
constant Ky The K; was also determined by using the end
points, and the numbers are of the same order of magnitude.
The relative magnitude of the K, values correlate well with the
progress curves of the single experiment that is shown in
Figure 2. This underscores the value of the present methodolo-
gy as a screening tool that can rapidly identify multivalency ef-
fects, even in a single experimental run (and therefore well
controlled). The magnitude of the K; values was low (200-
900 nMm) in comparison to the reported K values of monova-
lent mannose derivatives that bind to conA, which are around
100 um.?>*! We speculate that the very long and very narrow
pores of the aluminum oxide (0.2 pm diameter, 60 um height)
are the cause. After dissociation, a rapid rebinding event is
likely, which results in a net slow k.. The determined kg rate
was seven-fold lower than that which was derived from using
SPR methodology with immobilized yeast mannan,*® which is
a system where kg rates are likely already lowered due to the
operative multivalency effects with the polymeric yeast
mannan.
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The phenomenon of enhanced binding due to the porous
three-dimensional nature of the chip material is a bonus for
the application of the technology as a screening tool for car-
bohydrate—protein interactions, which are typically weak. The
combination that was used in this study of multivalency en-
hancement and the long pores make it possible to convenient-
ly detect GNA binding, whose monovalent mannoside Kj is
about 24 mm, by using only 2 um of the protein (Figure 4).
This results in low detection limits of weakly binding proteins.
Whereas this study was not optimized for a low detection
limit, by using a moderately dense substituted surface (spot-
ting concentrations 0.5 mm in mannose) and an average shut-
ter time of the CCD camera, ConA was detectable down to
about 10 nm or 0.26 ugmL™". For comparison, the detection
limit of an SPR-based system with immobilized yeast mannan
was reported with a detection limit of 0.5 ugmL~' for ConA.B”

For GNA the effect of the multivalency was markedly differ-
ent than for ConA. A strong signal for the immobilized octava-
lent compound 5c¢ was observed, and hardly any observable
signal was seen for the mono- and divalent compounds (2c-
3¢) under the same conditions. This behavior is in-line with
the high-valency architecture of the tetramer that is comprised
of twelve binding sites in total with relatively closely spaced
binding sites that start at around 20 A, and the weak monova-
lent binding affinities in the millimolar range. Similar effects
were also seen with the WGA lectin with eight binding sites
and its binding to densely functionalized SPR chips.”*" Based
on our recent experiences with multivalent binding to cholera
toxin, the spacers that were used here are too short for opti-
mal multivalent binding.""*? Nevertheless strong multivalency
was clearly observed.

The spotting concentrations that were used for the analysis
of the ConA-binding parameters were in the range where the
fluorescent signal still increases linearly with the spotting con-
centrations, that is, <1 mm in mannosides. For the GNA stud-
ies, a higher spotting concentration of 5.0 mm in mannosides
was needed to get a strong enough signal, due to the weak in-
herent mannose affinity of this lectin. We cannot exclude that
at this concentration the packing of the monovalent 2 ¢ is suffi-
ciently dense to allow bridging by GNA molecules, however
considering the low signal of this binding event versus the
GNA binding to the octavalent 5¢, which was spotted at only
0.625 mw, it seems highly unlikely.

In conclusion, the real-time evaluation of a multivalent car-
bohydrate chip as described here is a useful rapid screening
method to evaluate multivalency effects in a single experi-
ment. Extension of this study will be undertaken in the direc-
tion of other carbohydrates, other spacers, and other carbohy-
drate-binding proteins. Furthermore it is also clear that inhibi-
tion studies are also possible that provide additional potential
for applications.

Experimental Section

General: Unless stated otherwise, chemicals were obtained from
commercial sources and were used without further purification.
Solvents were purchased from Biosolve (Valkenswaard, The Nether-
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lands). Microwave reactions were carried out in a dedicated micro-
wave oven, that is, the Biotage Initiator (Uppsala, Sweden). The
microwave power was limited by temperature control once the
desired temperature was reached. A sealed vessel of 2-5 mL was
used. Analytical HPLC runs were performed on a Shimadzu auto-
mated HPLC system with a reversed-phase column (Alltech, Adsor-
bosphere C8, 90 A, 5 um, 250 x4.6 mm, Deerfield, IL, USA) that was
equipped with an evaporative light-scattering detector (PL-
ELS 1000, Polymer Laboratories, Amherst, MA, USA) and a UV/Vis
detector that was operating at 220 and 254 nm. Preparative HPLC
runs were performed on a Applied Biosystems workstation. Elution
was effected by using a linear gradient of 5% MeCN/0.1% TFA in
H,O to 5% H,0/0.1% TFA in MeCN. 'HNMR (300 MHz) and
3C NMR (75.5 MHz) were performed on a Varian G-300 spectrome-
ter.

Monovalent alkyne dendrimer (2b): A solution of 2a (143 g,
7.5 mmol) was stirred in Tesser’s base (50 mL) for 20 h. The mixture
was acidified with aq KHSO, (1m) to pH 2 and concentrated in
vacuo. Crude product was taken up in EtOAc (100 mL) and washed
twice with H,0 (50 mL) and with brine (50 mL). The organic phase
was dried over Na,SO,, filtered and concentrated to give the free
carboxylic acid (1.30g, 98%). iPr,EtN (0.99 mL, 6.0 mmol) was
added to a solution of the acid (352 mg, 2.0 mmol), spacer 6
(0.96 g, 3.0 mmol), and BOP (1.33 g, 3.0 mmol) in CH,Cl, (30 mL),
and the reaction was stirred for 18 h. TLC (EtOAc) showed the for-
mation of 2b. The mixture was diluted with CH,Cl, (100 mL),
washed with Tm KHSO, (50 mL), 5% NaHCO; (50 mL), and brine.
The organic phase was dried over Na,SO,, filtered and concentrat-
ed. Silica column chromatography (EtOAc) afforded 2b (775 mg,
81%). 'H NMR (300 MHz, CDCl;): 6=7.45-7.29 (m, 3H; CH,2,5,6),
7.22 (brs, TH; C(O)NH), 7.13 (brs, TH; C(O)NH), 7.09 (dd, 1H;
CH,4), 498 (brs, 1H; NHBoc), 4.73 (d, J=2.4 Hz, 2H; OCH,CCH),
3.66-3.45 (m, 14H; CH,0, CH,NHC(0)), 3.18 (g, 2H; CH,NHBoC),
255 (t, J=24Hz, 1H; OCH,CCH), 1.93-185 (m, 2H;
OCH,CH,CH,NH), 1.76-1.68 (m, 2H; OCH,CH,CH,NH), 1.42 (s, 9H;
NHC(O)OC(CHs);); *CNMR (75.5 MHz, CDCly): 0=167.0 (C(O)NH),
157.6 (NHC(O)C(CH,)3), 157.6 (C,3), 136.2 (C,1), 129.4 (C,5), 119.8
(C,6), 118.1 (C,4), 1135 (C,2), 79.0 (OCH,CCH), 78.2 (NHC(O)C-
(CH,),), 75.8 (OCH,CCH), 70.2, 70.1, 70.0, 69.8, 69.2 (OCH,), 55.9
(OCH,CCH), 38.4 (CH,NHBoc), 29.6, 28.8 (OCH,CH,CH,NH), 28.3
(NHC(O)OC(CH,)5); HRMS calcd for C,sH34N,0, (478.2679): 501.262
[M+Na]*; found 501.240.

Divalent alkyne dendrimer (3b): A solution of 3a (1.35g,
5.53 mmol) was stirred in Tesser’s base (75 mL) for 16 h. The mix-
ture was acidified with ag 1m KHSO, to pH 2 and concentrated in
vacuo. Crude product was taken up in EtOAc (100 mL) and washed
with 1 M KHSO, (50 mL), brine (50 mL) and H,O (50 mL). The organ-
ic phase was dried over Na,SO,, filtered, and concentrated to give
the free carboxylic acid (1.27 g, quantitative). iPr,EtN (0.99 mL,
6.0 mmol) was added to a solution of the acid (460 mg, 2.0 mmol),
spacer 6 (960 mg, 3.0 mmol), and BOP (1.33 g, 3.0 mmol) in CH,CI,
(25 mL), and the solution was stirred for 2 h. TLC (CH,Cl,/MeOH,
19:1) showed full conversion. The mixture was diluted with CH,Cl,
(100 mL), washed with 1M KHSO, (50 mL), 5% NaHCO; (50 mL),
and brine (50 mL). The organic phase was dried over Na,SO,, fil-
tered, and concentrated. Compound 3b (1.10 g, quantitative) was
isolated by silica column chromatography (CH,Cl,/MeOH, 19:1).
'H NMR (300 MHz, CDCly): 6=7.03 (brs, 3H; CH, 2,6, NHC(Q)), 6.73
(t, 1H; CH,4), 471 (d, 4H; 20CH,CCH, J=2.2 Hz), 3.67-3.46 (m,
14H; CH,O, CH,NHC(0)), 3.18 (g, 2H; CH,NHBoC), 2.55 (t, J=2.2 Hz,
2H; OCH,CCH), 1.93-1.85 (m, 2H; OCH,CH,CH,NH), 1.76-1.68 (m,
2H; OCH,CH,CH,NH), 1.41 (s, 9H; NHC(O)OC(CHs);); "*CNMR
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(755 MHz, CDCly): 6=166.8 (C(O)NH), 156.2 (NHC(O)OC(CHs),),
1586 (C,3,5, 1370 (C,1), 1067 (C,2,6), 1052 (C,4), 79.2
(OCH,CCH), 78.1 (NHC(O)OC(CH,);), 75.9 (OCH,CCH), 70.2, 70.0,
69.9, 69.2 (OCH,), 56.1 (OCH,CCH), 38.5 (CH,NHBoc), 29.6, 28.8
(OCH,CH,CH,NH), 284  (NH(CO)OC(CHs);); HRMS  caled  for
CasHaoN,0g 533.286 [M++H]*; found: 533.108.

Tetravalent alkyne dendrimer (4b): A solution of 4a (680 mg,
1.0 mmol) was stirred in Tesser’s base (30 mL) for 3 h. The mixture
was acidified with ag 1m KHSO, to pH2 and concentrated in
vacuo. Crude product was taken up in EtOAc (100 mL, with 10 mL
of DMF) and washed twice with H,0 (50 mL) and brine (50 mL).
The organic phase was dried over Na,SO,, filtered, and concentrat-
ed to give the free carboxylic acid (682 mg, quantitative). iPr,EtN
(0.50 mL, 3.0 mmol) was added to a solution of the acid (680 mg,
1.0 mmol), spacer 6 (480 mg, 1.5 mmol) and BOP (660 mg,
1.5 mmol) in DMF (40 mL), and the solution was stirred for 3 h. The
mixture was concentrated in vacuo at 60 °C, and pure product was
obtained after silica column chromatography (EtOAc/MeOH, 1:0—
19:1) as a white foam (385 mg, 40%). 'H NMR (300 MHz, DMSO):
0=28.66 (t, 2H; C(O)NH), 8.41 (t, 1H; C(O)NH), 7.12 (s, 4H; CH,,2',6"),
7.04 (s, 2H; CH,2,6), 6.78 (s, 2H; CH,4'), 6.73 (brs, 1H; NHBoc),
6.70 (s, 1H; CH,4), 4.83 (d, J=2.4 Hz, 8H; OCH,CCH), 4.15 (t, 4H;
OCH,CH;,N), 3.63 (g, 4H; OCH,CH,N), 3.57 (t, 2H; CH,NHC(0)), 3.50-
3.27 (m, 16H; CH,0, CH,NHC(0)), 2.93 (q, 2H; CH,NHBoc), 2.50 (t,
J=1.8 Hz, 4H; OCH,CCH), 1.78-170 (m, 2H; OCH,CH,CH,NH), 1.62-
1.54 (m, 2H; OCH,CH,CH,NH), 1.36 (s, 9H; NHC(O)OC(CH,););
3C NMR (75.5 MHz, DMSO): 6 =165.7, 165.5 (C(O)NH), 159.4 (C,,3,5),
158.1 (C,3,5), 155.5 (NHC(O)OC(CH,);), 136.7 (C,1), 36.3 (C,1),
106.7(C,.2',6'), 1059 (C,2,6), 1050 (C,4), 1038 (C,4), 789
(OCH,CCH), 78.4 (OCH,CCH), 77.4 (NHC(O)OC(CH,);), 69.7, 69.5,
69.5, 68.2, 68.0, 66.2 (OCH,), 55.8 (OCH,CCH), 37.2 (CH,NHC(O)),
36.6 (CH,NHBoc), 29.7, 29.3 (OCH,CH,CH,NH), 28.2 (NHC(O)OC-
(CH5);); HRMS calcd for Cs,Hg,N,Op4: 967.434 [M+H]T; found
967.096.

Octavalent alkyne dendrimer (5b): A solution of 5a was stirred in
Tesser’s base. The mixture was acidified with agq 1 m KHSO, to pH 2
and concentrated in vacuo. Crude product was taken up in EtOAc
(with 10% of DMF) and washed twice with H,0O (50 mL) and brine
(50 mL). The organic phase was dried over Na,SO,, filtered, and
concentrated to give the free carboxylic acid (quantitative). iPr,EtN
(248 uL, 1.5 mmol) was added to a solution of the acid (767 mg,
0.5 mmol), spacer 6 (240 mg, 0.75 mmol) and BOP (332 mg,
0.75 mmol) in DMF (40 mL), and the solution was stirred for 20 h.
The mixture was concentrated in vacuo at 60°C, then taken up in
EtOAc (100 mL), washed with 1m KHSO, (50 mL), 5% NaHCO,
(50 mL) and brine. The organic phase was dried over Na,SO,, fil-
tered and concentrated. Silica column chromatography could not
be used for purification because of solubility problems. The prod-
uct was obtained after precipitation and centrifugation from DMF
and EtOAc (1.55 g, 55%). '"H NMR (300 MHz, DMSO): 6 =8.67 (brt,
6H; C(O)NH), 8.41 (t, 1H; C(O)NH), 7.13 (d, 8H; CH,2",6"), 7.08 (d,
4H; CH,2',6'), 7.03 (s, 2H; CH,2,6), 6.79 (d, 8H; CH,4"), 6.72 (s, 2H;
CH,4), 6.68 (s, TH; CH,4), 4.83 (d, /=19 Hz, 16H; OCH,CCH), 4.14
(t, 12H; OCH,CH,N), 3.64-3.27 (m, 26H; CH,0, CH,NHC(O),
OCH,CH,N), 295 (g, 2H; CH,NHBoc), 2.50 (t, J=1.7Hz, 8H;
OCH,CCH), 1.77-169 (m, 2H; OCH,CH,CH,NH), 1.62-1.54 (m, 2H;
OCH,CH,CH,NH), 1.36 (s, 9H; NHC(0)OC(CHs)5); *C NMR (75.5 MHz,
DMSO): 6=165.5, 165.8, 165.9 (C(O)NH), 159.5 (C,3,5), 159.4
(C,3,5), 158.2 (C,3",5"), 136.7 (C,1"), 136.3 (C,1"), 106.8(C,2",6"),
106.0 (C,2.5), 105.0 (C,4”), 104.1 (C,4), 78.9 (OCH,CCH), 78.4
(OCH,CCH), 69.7, 69.6, 68.2, 68.1, 66.2 (OCH,), 55.8 (OCH,CCH), 36.7
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(CH,NHBoc), 29.7, 29.3 (OCH,CH,CH,NH), 28.2 (NHC(O)OC(CH,)s);
HRMS calcd for CygoH;06NgOy6: 1835.257 [M+H]*; found: 1835.730.

General “click” conditions: Alkyne dendrimer, sugar azide
(1.5 equiv/alkyne), CuSO, (0.15 equiv/alkyne) and sodium ascorbate
(0.3 equiv/alkyne) were dissolved in an appropriate volume of 1%
H,O in DMF. The mixture was heated under microwave irradiation
to 80°C for 20 min. The mixture was concentrated in vacuo at
60°C, and the product was isolated by silica gel chromatography.

General deprotection procedure: Dendrimers were dissolved in
MeOH. Catalytic NaOMe was added, and the reaction was stirred
until TLC showed full deacetylation. The mixture was neutralized
with Dowex H*, filtered, and concentrated in vacuo. The residue
was stirred in 5% H,O in TFA for 1 h. Solvents were evaporated
and the product was purified by preparative HPLC and lyophilized
from H,0/MeCN.

Monovalent mannose dendrimer (2c): “Click” reaction was per-
formed by the general procedure. Protected monovalent mannose
dendrimer was isolated by silica gel chromatography (EtOAc/
MeOH, 1:0—9:1) (147 mg, 81%). "H NMR (300 MHz, CDCl,): 6 =7.64
(s, TH; CHyisore)r 7.21-7.42 (m, 3H; CH,256), 7.15 (brs, 1H;
C(ONH), 7.02 (d, 1H; CH,4), 517-523 (m, 5H; H2, H3, H4,
OCH,Cyiazoie)s 4.95 (brs, TH; NHBoc), 4.73 (s, 1H; H1), 4.47-4.41 (m,
2H; CH0,,0), 4.22 (dd, Jss,=5.2 Hz, Js6p=12.1 Hz, 1H; H6a), 4.02
(dd, Jsgp=2.5Hz, Js,6p=12.4 Hz, 1H; H6b), 3.93-3.89 (m, 1H; H5),
3.71-3.65 (m, 2H; CH,NH(CO)), 3.59-3.35 (m, 12H; CH,0), 3.14-3.08
(m, 2H; CH,NHBoc), 2.21-2.12 (m, 2H; OCH,CH,CH,N iaz0e), 2.09 (s,
3H; C(O)CH,), 2.01 (s, 3H; C(O)CH,), 1.98 (s, 3H; C(O)CH,), 1.92 (s,
3H; C(O)CH,), 1.86-1.79 (m, 2H; OCH,CH,CH,NH), 1.68-1.60 (m,
2H; OCH,CH,CH,NH), 1.35 (s, 9H; NHC(O)OC(CHs);); "CNMR
(75.5 MHz, CDCly): d=170.5, 170.0, 169.9, 169.6 (C(O)CH,), 166.9
(C(O)NH), 156.0 (NHC(O)C(CHs);), 158.2 (C,3), 143.7 (Cyiazoied), 136.2
(C,1), 1294 (C,,5), 123.1 (Cyiagore)s 119.3 (C,6), 117.8 (C,4), 113.4
(C,2), 97.6 (C1), 70.3, 70.1, 70.0 and 69.3 (OCH,), 69.3, 68.9, 68.6,
65.9, 64.5 (C2, C3, C4, C5, C6), 62.3 (CH,0,.), 61.8 (OCH,Cinzoie)s
47.0 (CH,Nyiazole), 38.6 (CH,NHBoC), 29.7 29.5, 28.8, (OCH,CH,CH,NH,
OCH,CH,CH,Nyiazoe),  28.3  (NHC(O)OC(CH,),), 20.7, 206, 20.5
(C(O)CH5); HRMS calcd for C,,HgsNsO;5: 932.4117 [M+Na]*; found:
932.3491. The dendrimer was deprotected according to the gener-
al deprotection procedure. Compound 2c was isolated as a clear
oil (54 mg, 88%). "H NMR (300 MHz, D,0): 6 =8.10 (s, 1H; CHizs0le)s
747-734 (s, 3H; CH,256), 723 (s, 1H; CH,4), 526 (s, 2H;
OCH,Cyiazole)s 471 (s, 1H; H1), 453 (t, 2H; OCH,CH,NH), 3.81-3.40
(m, 24H; H2, H3, H4, H5, H6, OCH,, CH,NH, CH,N,/.,0e), 3.08 (t, 2H;
CH,NH,), 2.23-2.15 (m, 2H; CH,CH,Op,.), 1.96-1.84 (m, 4H;
OCH,CH,CH,NH, OCH,CH,CH,NH); *CNMR (75.5 MHz, D,0): 6=
170.5 (C(O)NH), 158.2 (C,3), 143.7 (Cyinzoed), 136.0 (C,1), 130.9
(C,5), 125.9 (Ciiazoied), 121.0 (C,6), 119.4 (C,4), 114.6 (C,2), 100.5
(C1), 733, 71.2, 70.7, 67.3 (C2, C3, C4, C5), 70.3, 70.2, 70.0, 69.4,
68.9 (OCH,), 65.0 (OCH,Cy o) 61.9 (OCH,CH,NH), 61.5 (C6), 48.5
(CH,Nyiazore) 38.3, 38.0 (OCH,CH,NH, OCH,CH,CH,NH), 29.7, 28.9,
27.1 (CH,CH,Opan OCH,CH,CH,NH); HRMS calcd for C,oH,;NsO;;:
642.7178 [M+H]*; found: 642.070.

Divalent mannose dendrimer (3 c): “Click” reaction was performed
by the general procedure. Protected divalent mannose dendrimer
was isolated by silica gel chromatography (EtOAc/MeOH, 1:0—9:1)
(210 mg, 75%). 'H NMR (300 MHz, CDCl): 6 =7.65 (5, 2H; CH,in0r0),
7.10 (brs, TH; C(O)NH), 6.98 (d, 2H; CH,22,6), 6.69 (t, 1H; CH,4),
5.24-5.13 (m, 6H; H2, H3, H4), 499 (brs, 1H; NHBoc), 4.73 (s, 2H;
H1), 4.48-4.39 (m, 4H; CH,Cyinoie)r 422 (dd, Js6,=52Hz, Jsp0=
12.4 Hz, 1H; H6a), 4.02 (dd, Js¢,=2.2 Hz, Js,6,=12.4 Hz, 1H; H6b),
3.91-3.87 (m, 2H; H5), 3.71-3.66 (m, 2H; CH,NHC(0)), 3.57-3.36 (m,
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12H; CH,0), 3.13-3.07 (m, 2H; CH,NHBoc), 2.20-2.16 (m, 4H;
OCH,CH,CH,Ngiaz0ie), 2.09 (s, 3H; C(O)CH,), 2.01 (s, 3H; C(O)CH,),
1.97(s, 3H; C(O)CHs), 1.93 (s, 3H; C(O)CH,), 1.86-1.78 (m, 2H;
OCH,CH,CH,NH), 1.65-1.61 (m, 2H; OCH,CH,CH,NH), 1.35 (s, 9H;
NHC(O)OC(CH);); "CNMR (75.5 MHz, CDCly): 6=170.5, 169.9,
169.8, 169.6 (C(O)CH;), 166.7 (C(O)NH), 155.9 (NHC(O)C(CH5);), 159.3
(C,3,5), 143.5 (Cyiazored), 137.1 (C,1), 123.1 (Cyiazored), 106.3 (C,2,6),
104.6 (C,4), 97.6 (C1), 70.3, 70.1, 70.0, 69.3 (OCH,), 69.2, 68.9, 68.6,
65.9, 64.5 (C2, C3, C4, C5, C6), 62.3 (CH,O0.an), 61.9 (OCH,Cirinzote)s
470 (CH,Nyoe) 384 (CH,NHBoc), 29.7, 295 and 2838
(OCH,CH,CH,NH, OCH,CH,CH,N,i00), 28.3 (NHC(O)OC(CH,),), 20.7,
20.6, 20.5 (C(O)CHs); HRMS calcd for CgHggNgO,g: 1417.5763
[M+Na]™; found: 1417.7437. The dendrimer was deprotected ac-
cording to the general deprotection procedure. Compound 3¢ was
isolated as a clear oil (70 mg, 91%). '"H NMR (300 MHz, D,0): 6=
8.06 (s, 2H; CHyazoe) 6.96 (s, 2H; CH,2,6), 6.76 (s, 1H; CH,4), 5.16
(s, 4H; OCH,Cyino) 4.70 (s, 2H; H1), 450 (t, 4H; OCH,CH,NH),
3.80-3.55 (m, 28H; H2, H3, H4, H5, H6, OCH,), 3.50 (brs, 2H;
CH,NH), 3.40 (t, 4H; CH,Nyi0e) 3.07 (t, 2H; CHoNHS), 2.16 (t, 4H;
CH,CH,0Opan), 1.94-1.83 (m, 4H; OCH,CH,CH,NH, OCH,CH,CH,NH);
BCNMR (75.5 MHz, D,0): 6=169.7 (C(O)NH), 159.5 (C,3,5), 143.6
(Criazote)r 1369 (C,/1), 125.9 (CHyinore), 107.8 (C,2,6), 106.4 (C,4),
100.5 (C1), 73.4, 71.3, 70.7, 67.3 (C2, C3, C4, C5), 70.2 (OCH,), 70.1
(OCH,), 69.6 (OCH,), 69.0 (OCH,), 65.0 (OCH,Ciaz0e), 62.0 (CH,0pan),
615 (C6), 485  (CHNyizoe) 383, 380  (OCH,CH,NH,
OCH,CH,CH,NH), 29.8, 29.0, 27.2 (CH,CH,Op. OCH,CH,CH,NH);
HRMS calcd for C,;HggNgO4g: 960.0129 [M+H]™; found: 959.188.

Tetravalent mannose dendrimer (4c): “Click” reaction was per-
formed by the general procedure. Protected tetravalent mannose
dendrimer was isolated by silica gel chromatography (CH,Cl/
MeOH, 9:1—4:1) as a white foam (163 mg, 59%). 'HNMR
(300 MHz, CDCly): 6=7.76 (s, 4H; CHyipo) 745, (s, 2H; C(O)NH),
7.36 (s, TH; C(O)NH), 7.07 (s, 4H; CH,2',6"), 6.94 (s, 2H; CH,2,6),
6.72 (s, 2H; CH,4), 6.59 (s, 1H; CH,4), 5.32-5.15 (m, 12H; H2, H3,
H4), 4.80 (s, 4H; 4H1), 454-4.48 (m, 8H; CH,0,,,,), 4.29 (dd, Js¢,=
54Hz, Juew=123Hz 1H; H6a), 408 (dd, Jsg,=24Hz, Jsoo=
123 Hz, 1H; H6éb), 3.96-4.00 (m, 4H; H5), 3.80-3.73 (m, 8H;
CH;Nyiazole), 3.60-3.41 (m, 14H; CH,0O, CH,NHC(0)), 3.18-3.12 (m,
2H; CH,NHBoC), 2.29-2.19 (m, 8H; OCH,CH,CH,N,ipoc), 215 (s, 3H;
C(O)CH;,), 2.08 (s, 3H; C(O)CH;), 2.04 (s, 3H; C(O)CH;), 1.99 (s, 3H;
C(O)CH,), 1.90-1.82 (m, 2H; OCH,CH,CH,NH), 1.72-1.64 (m, 2H;
OCH,CH,CH,NH), 1.40 (s, 9H; NHC(0)OC(CH;,);); *C NMR (75.5 MHz,
CDCl;): 6=170.5, 169.9, 169.8, 169.5 (C(O)CH,), 167.1, 166.7
(C(O)NH), 159.5 (C,3,5), 159.2 (C,.3,5'), 155.9 (NHC(O)C(CH,),), 143.4
(Cuiazoled), 136.9 (C,.1), 136.4 (C, 1), 123.3 (Cyiazored), 106.3 (C,2'6'),
106.0 (C,2,6), 104.9 (C,4), 104.1 (C,4), 97.5 (C1), 78.7 (NHC(O)C-
(CH5)3), 70.1, 70.0, 69.8, 69.8 (OCH,), 69.2, 68.9, 68.5, 65.8, 64.5 (C2,
C3, C4, C5, C6), 62.2 (CH,0an), 61.7 (OCH,Ciriazote) 47.1 (CHyNyiazote)s
296, 294, 288 (OCH,CH,CH,NH, OCH,CH,CH,Nyisore), 28.2
(NHC(O)OC(CHs)s), 20.7, 20.6, 20.5 (C(O)CHs); HRMS calcd for
Ci0H16:N160s4: 2714.0320 [M+Nal™; found 2714.3508. The dendri-
mer was deprotected according to the general deprotection proce-
dure. Compound 4c was isolated as a white powder (59 mg, quan-
titative). "H NMR (300 MHz, D,0): 6=7.91 (s, 4H; CHyinsoic)s 6.78 (s,
4H; CH,26'), 6.76 (s, 2H; CH,2,6), 6.51 (s, 2H; CH,4"), 6.39 (s, 1H;
CH,4), 490 (s, 8H; OCH,Cyinr0ie), 469 (s, 4H; H1), 437 (brs, 8H;
OCH,CH,NH), 3.96 (4H; bs, OCH,CH,NH), 3.81-3.46 (48H; m), 3.38-
3.25 (8H; m, CH,Nywoo), 3.08 (t, 2H; CH,NH,), 2.06 (8H; m,
CH,CH,Op.n), 191 (g, 2H; OCH,CH,CH,NH), 1.74 (brt, 2H;
OCH,CH,CH,NH); *CNMR (75.5 MHz, D,0): 6=169.1 (C(O)NH),
160.0 (C,3,5), 1594 (C,3',5), 143.5 (Cyimaid) 136.1 (C,1'), 125.5
(Coimmoed), 107.2, 105.5 (C,), 100.4 (C1), 73.4, 71.3, 70.7, 67.3 (C2, C3,
C4, C5), 70.1, 69.2, 68.9 (OCH,), 64.8 (OCH,C,in0), 61.5 (C6), 48.4
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(CHyNyimoe), 383 (OCH,CH,NH), 299, 29.1, 27.1 (CH,CH,Opun
OCH,CH,CH,NH): HRMS calcd for CasH,,N(Os6 (1918.8208): 959.914
[M+2H]**; found: 960.129

Octavalent mannose dendrimer (5c¢): A “click” reaction was per-
formed by the general procedure. Protected octavalent mannose
dendrimer was isolated by silica gel chromatography (CH,CL/
MeOH, 1/0—9:1) (185 mg, 65%). 'H NMR (300 MHz, CDCl,): 6=
7.79 (brs, 8H; CHyipoe), 7.06 (brs, 8H; CH,2",6"), 6.88 (brs, 6H;
CH, 2,6, 2',6), 6.67 (bs, 4H; CH,4"), 6.44 (brs, 3H; CH, 4, 4), 5.29-
520 (m, 24H; H2, H3, H4), 4.80 (brs, 8H; H1), 4.50 (brs, 16H;
CH,0,ar), 429 (brd, 8H; H6a), 4.07 (brd, 8H; H6b), 3.99 (brs, 8H;
H5), 374 (brs, 16H; CH,Nyweo, 3.59-347 (m, 14H; CH,0,
CH,NHC(0)), 3.13 (brs, 2H; CH,NHBoc), 223 (brs, 16H;
OCH,CH,CH,Nyiapore)s 2.15 (s, 24H; C(O)CHs), 2.07 (s, 24H; C(O)CHs),
2.04 (s, 24H; C(O)CHs), 1.99 (s, 24H; C(O)CH,), 1.90-1.82 (m, 2H;
OCH,CH,CH,NH), 1.72-1.64 (m, 2H; OCH,CH,CH,NH), 1.39 (s, 9H;
NHC(O)OC(CHs);); "*CNMR (75.5 MHz, CDCly): 6=170.3, 169.7,
169.6, 169.4 (C(O)CH), 167.1 (C(O)NH), 159.4 (C,;3,5), 159.2 (C,,3’,5),
158.9 (C,3",5"), 155.8 (NHC(O)C(CH;);), 136.2 (C,17), 136.7 (C, 1),
106.2 (C,2",6"), 97.4 (C1), 78.5 (NHC(O)C(CHs)), 70.2(OCH,), 69.0,
68.8, 68.3, 65.8, 64.5 (C2, C3, C4, C5, C6), 62.2 (CH,O,..), 62.1
(OCH,Crizor)s 47.8 (CH,Nyiapor)s 29.5, 29.3, 283 (OCH,CH,CH,NH,
OCH,CH,CH,N iagore): 28.1 (NHC(O)OC(CH,);), 20.5 (C(O)CH,), 20.4
(C(O)CH5); HRMS calcd for CpsgHsoeNs,0106 (M, 5283.9538): 2666.543
[M+2Nal**; found: 2666.540. A solution of 30% NaOMe in MeOH
(50 pL) was added to a solution of the dendrimer (60 mg, 12 pmol)
in MeOH (5 mL) and H,0 (5 mL) and stirred for 18 h. The reaction
mixture was concentrated and taken up in H,0 (5mL) and TFA
(5 mL) was added. The reaction was stirred for 18 h, concentrated,
and subjected to preparative HPLC purification. After lyophilization
5¢ was obtained as white foam (40.2 mg, 92%). 'H NMR (300 MHz,
D,0): 6=7.88 (brs, 8H; CHyimoe) 6.79 (s, 8H; CH,2",6"), 6.69 (s,
6H; CH,2,6, 2,6), 6.51 (s, 2H; CH,4"), 6.27 (s, 2H; CH,4), 6.39 (s,
1H; CHar4)l 4.87 (S, 16H, OCHZCtriazoIe), 4.69 (S, 8H, H]), 434 (bl’S,
16H; OCH,CH,NH), 3.81-3.49 (100H; m), 3.31 (brs, 16 H; CH;N,iaz01)s
3.08 (t, 2H; CH,NH,), 2.02 (brs, 16 H; CH,CH,0pa0), 1.95-1.91 (q, 2H;
OCH,CH,CH,NH); BCNMR (75.5 MHz, D,0): 6=168.9 (C(O)NH),
159.9 (C,3,5), 159.4 (C,3",5"), 143.4 (Cyimecd), 136.1 (C,17), 125.4
(Ciiazored), 107.1 (C,), 100.4 (C1), 73.4, 71.3, 70.7, 67.3 (C2, C3, C4,
C5), 70.1 (OCH,), 64.8 (OCH,Ciaz0e), 61.5 (C6), 48.3 (CH,Nyyiaz0ie), 38.3
(OCH,CH,NH), 30.8 (CH,CH,Op.w OCH,CH,CH,NH). MALDI ToF
HRMS calcd for C,oH,5N5,05, (M, 3841.8161): 3842.8235 [M+H]*;
found: 3842.4735.

Microarray analysis: Microarray experiments were performed by
using PamChip® arrays run on a PamStation®12 instrument (Pam-
Gene B.V., 's Hertogenbosch, The Netherlands). Temperature-con-
trolled mannose chips were run in parallel by pumping the sample
up and down through the 3-dimensional porous chip. Data were
captured by real-time imaging of the fluorescence signal by CCD
imaging. Images were analyzed by BioNavigator software (Pam-
Gene B.V.,, s Hertogenbosch, The Netherlands). The fluorescent
intensities were expressed as arbitrary units and the relative inten-
sities of individual dendrimers was the average of four spots.

Detection of Dendrimer-ConA binding: A concentration range of
FITC-labeled ConA (25-0.5 pgmL™") in HEPES/BSA buffer that con-
tained Ca’" and Mn?" (10 mm HEPES, 1 mm CaCl,, 1 mm MnCl,,
100 mm NaCl, 0.1% BSA, pH 7.5) was used for binding experiments.
Determination of the observed rate constant k., was performed
by fitting the data to an exponential association equation, within
GraphPad Prism v.4/5 the “one-phase exponential association”
model was used. The kinetic parameters k,,, k¢ and the related K,
were determined by a global fit of multiple binding progress
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curves that were determined by different ConA concentrations,
within GraphPad Prism v.4/5 the “Association kinetics—two or
more conc. of hot.” model was used, globally sharing the k., ko
and the B,,.. The K; that was based on equilibrium end-value was
determined by fitting these values as a function of the ConA con-
centration by using the GraphPad Prism v. 4/5 the “One-site bind-
ing (hyperbola)” model.

Detection of dendrimer-GNA binding: A concentration range of
FITC-labeled GNA (100-5 pgmL™") in HEPES/BSA buffer (10 mm
HEPES, 100 mm NaCl, 0.1% BSA, pH7.5) was used for binding
experiments. Determination of the observed rate constant k,, was
performed by fitting the data to an exponential association equa-
tion, within GraphPad Prims v. 4/5 the “Two-phase exponential as-
sociation” model was used.

Negative control: A concentration range of FITC-labeled BS-I (250-
10 ugmL™") in HEPES/BSA buffer (10 mm HEPES, 100 mm NaCl,
0.1% BSA, pH 7.5) was used for binding experiments.
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