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Genetic Selection of Cyclic Peptide Dam Methyltransferase Inhibitors

Todd A. Naumann,® ' Ali Tavassoli,™ 9 and Stephen J. Benkovic*®

Enzymatic methylation of specific DNA bases is fundamental to
the survival and propagation of a variety of organisms, includ-
ing humans. DNA methyltransferases control and regulate a
variety of cellular processes, and due to the central role these
processes play in the organism’s lifecycle, bacterial methyl-
transferases are attractive targets for the development of new
antibiotics. The Escherichia coli dam methyltransferase protein
(EcoDam) is an N-6 adenine methyltransferase that methylates
the GATC palindrome by transfer of a methyl group from S-ad-
enosyl-L-methionine (SAM). EcoDam functions in a number of
diverse and important cellular processes, the most well studied
being postreplicative DNA mismatch repair”’ and control of
DNA replication.*® In uropathogenic E. coli, EcoDam activity is
required for conversion to and maintenance of the virulent
phenotype.””

EcoDam also effects movement of some bacterial transpo-
sons®” including Tn5 transposase (Tnp), which facilitates
movement of any DNA sequence bordered by two 19 bp Tnp-
binding sites termed inside end (IE), (Figure 1). EcoDam cata-
lyzed methylation of IE inhibits transposition by Tnp. Transpo-
sition is restored by using a dam negative E. coli strain, or
through the use of a mutant Tnp that is insensitive to the
methylation state of IE.”

Here we report the development and application of a genet-
ic-selection methodology that links in vivo EcoDam activity to
that of the Tn5 transposase. The screen was combined with
our split intein-mediated circular ligation of peptides and pro-
teins (SICLOPPS)® technology to yield a rapid and powerful
method that was used here to uncover a new class of cyclic
peptide EcoDam inhibitors. SICLOPPS utilizes the Synechocistis
sp. DnaE trans intein, degenerate oligonucleotide synthesis,
and standard DNA-cloning techniques for the biosynthesis of
cyclic-peptide libraries of up to ~1x10® members (Figure 2)."”
These libraries have been used in conjunction with bacterial
reverse two-hybrid systems to identify cyclic-peptide inhibitors
of a variety of protein-protein interactions."'?
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Figure 1. Tn5 functions by a “cut-and-paste” mechanism. Two monomers of
Tnp bind to the 19 bp IE sequences and dimerize to form a nucleoprotein-
synaptic complex. Tnp catalyzes all DNA-breaking and -joining steps, and
the transposon is removed from its initial location and inserted into a new
one.

In this system, SICLOPPS is expressed under conditions that
are unfavorable to transposition of the methylation sensitive
Tnp, due to the activity of the native EcoDam. Hence, the
system will select for encoded cyclic peptides that activate
transposition through inhibition of DNA methylation. SICLOPPS
and chloramphenicol (Cam) resistance genes are encoded
within the IE-bordered transposon, (Figure 2A) and allow the
amino acid sequence of potential cyclic-peptide inhibitors to
be readily identified by the transposed element. The isolation
of the transposed genes is accomplished by conjugation of F-
factor DNA (which contains gentamycin (Gen) resistance gene)
from the initial strain into a recipient strain that is resistant to
the DNA-gyrase inhibitor nalidixic acid (Nal). Transposed SI-
CLOPPS genes are isolated by selecting for strains that are
resistant to a combination of Gen (F-factor), Cam (transposed
element, including SICLOPPS), and Nal (recipient strain); this
selects for cyclic-peptide inhibitors of EcoDam (Figure 3).

We tested the viability of this approach by recovering a
transposed SICLOPPS gene that encoded for an EcoDam inac-
tive cyclic peptide (CFTNVHPQFANA) from an E. coli strain that
contained a plasmid encoding a mutant Tnp that is insensitive
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Figure 2. Intein-catalyzed cyclic-peptide production. A) Plasmid parCBD encodes the SICLOPPS gene. In this study the cyclic-peptide library contained three
constant residues (SGW) followed by five random amino acids. B) After transcription and translation, the intein catalyzes a series of chemical rearrangements

that result in the formation of the cyclic peptide.

to methylation of IE sequences (Tnp-l). As the control peptide
does not inhibit EcoDam, we did not isolate any transposed
genes from a corresponding strain with a methylation-sensitive
Tnp (Tnp-S). We thus turned our attention to constructing and
screening a cyclic-peptide library for inhibitors of EcoDam.

The SICLOPPS library™® ' was constructed in the parCBD-IE/
IE plasmid with oligonucleotides that encoded for cyclic pep-
tides of type SGWXXXXX (X: any amino acid). The invariable
motif of the peptide was designed to contain serine (which is
a required nucleophile for intein processing), glycine (which
avoids racemization during chemical synthesis), and trypto-
phan, which functions as a chromophore for HPLC purification.
The initial library size recovered after electroporation into
E. coli (DH5a) was estimated to be 2.4x10’. Isolated plasmids
from this library were then transformed into the selection
strain (RZ212) that contained the F-factor and a plasmid that
encoded Tnp-S, and recovered at an estimated size of 3.4x 108,
The library was diluted and grown under either low- (13 um
arabinose) or high-induction (130 um arabinose) conditions on
solid media. After overnight growth, cells were harvested, di-
luted, and plated onto new plates for four cycles. Conjugation
of the F-factor into the recipient strain allowed the isolation of
transposed SICLOPPS genes. Dilutions of each conjugation
mixture were plated on Luria-Bertani medium (LB) with Nal+
Gen, and the efficiency of F-factor transfer was estimated
(~1.5x107). The remaining media was plated on LB+ Nal+
Gen+Cam to recover recipient cells with transposon-contain-
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ing F-factors coding for active cyclic-peptide inhibitors of
EcoDam (~200 colonies per plate).

In order to eliminate the numbers of false positives and give
a competitive advantage to the most effective inhibitors, a
second round of selection was performed. A new SICLOPPS
library was constructed from the first round of selectants (PCR
templates) followed by cloning into parCBD-IE/IE. The ligation
product was transformed directly into the selection strain at a
rate of 3.4x10° The library was again grown on solid media
under low or high induction for four days followed by conju-
gation of F-factors into the recipient strain. The number of col-
onies that grew on agar with Nal+Gen+Cam was again in
the hundreds. DNA sequencing of the transposed element
from randomly picked colonies indicated that many of the sur-
viving colonies contained the same cyclic peptides. From the
low-induction library eight sequenced colonies yielded the
same peptide, SGWYVRNM. From the high-induction plate, one
sequence contained a stop codon while the remaining seven
encoded either SGWKHNGG (5 colonies) or SGWPYKWM (2 col-
onies). The considerable sequence homology in the genetically
selected peptides should be noted, especially the conserved
[K/R];-X,—M;s motif. This identified epitope could serve as the
basis for peptidomimetic evolution of these inhibitors.'"

The effect of the selected cyclic peptides on transposition
was assayed in vivo by transforming each of the plasmid con-
structs that coded for the active cyclic peptides and a nega-
tive-control peptide back into the selection strain. The result-
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Figure 3. The selection strain is grown in the presence of arabinose to induce SICLOPPS expression. In the majority of cases the cyclic peptide is inactive
against EcoDam; this allows IE methylation and no transposition. In instances in which cyclic peptides inhibit EcoDam, IE is unmethylated and transposition
can occur. Transposons that insert into F-factor are isolated by conjugation into a recipient strain followed by plating on Nal+ Gen 4+ Cam. White cells repre-
sent the initial strain, RZ212, with SICLOPPS transposon plasmid parCBD-IE/IE (SICLOPPS), Tnp encoding plasmid pRZ9905 (Tnp), and the F-factor pOX-Gen

(F-factor). Shaded cells represent the Nal resistant recipient 14R.

ing strains were grown, overnight, on solid media with low
arabinose induction of SICLOPPS, followed by F-factor conjuga-
tion into the recipient strain. After conjugation, a small dilution
was plated onto agar with Nal 4 Gen to determine the efficien-
cy of F-factor transfer while the remaining volume was plated
on agar with Nal+Gen+Cam to determine the frequency of
transposon containing F-factors. The results (Table 1) show that
the selectants increased transposition approximately tenfold
relative to the negative control.

Table 1. Quantitative in vivo analysis of selected SICLOPPS genes.
Peptide Nal+Gen Nal+Gen+Cam Frequency Relative
[mL] [mL] frequency
CFTNVHPQFANA  2.39x10’ 1 420x10°® 1.0
SGWKHNGG 3.88x10° 16 412x107 98
SGWYVRNM 220x107 12 533x107 128
SGWPYKWM 255%x10° 10 3.92x107 93
196 www.chembiochem.org
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The quantitative in vivo transposition assay confirmed in-
creased transposition by the SICLOPPS gene product, but this
only indirectly indicates EcoDam inhibition by the cyclic pep-
tides. We wished to unequivocally demonstrate and character-
ize the activity of the selected cyclic peptide by using in vitro
EcoDam assays. To this end we chemically synthesized the
three selectants using standard peptide coupling tech-
niques."? After synthesis and cyclization, the peptides were
purified by reversed-phase HPLC. The chemical nature of the
peptides was confirmed by comparison with biologically pre-
pared samples by using reversed-phase HPLC and electrospray
ionization mass spectrometry. The cyclic peptides and their
linear counterparts were tested by EcoDam filter-binding
assays,''” at concentrations between 0 and 1 mm to determine
their relative activity and 1C5,. Concentration-dependent inhibi-
tion was observed for each cyclic peptide, while all linear pep-
tides were inactive at 1 mm concentration. The IC;, for each
cyclic peptide was determined by linear-regression analysis of
the reciprocal of counts per minute (CPM™') per peptide con-
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centration, and calculated as the concentration necessary to
reduce the CPM to half of the value achieved in the absence
of inhibitor (Table 2). The IC;, of sinefungin (a naturally occur-
ring inhibitor of EcoDam) was also determined for comparison
with the selected peptides. A cyclic-peptide inhibitor of ATIC
homodimerization (SGWMFLNV)!'? was used as negative con-
trol.

Table 2. In vitro EcoDam inhibition assays.

Compound Linear ICs, Cyclic ICs R value
SGWYVRNM >1mm 50 um 0.950
SGWPYKWM >1mm 121 um 0.960
SGWKHNGG >1mm 144 um 0.983
sinefungin 51 um 0.993
SGWMFLNV (control) >1mm >1mm

Interestingly, the relative activity of the cyclic peptides in the
in vivo transposition assay closely matched their activity in the
in vitro EcoDam assays. The most active peptide in both assays
(SGWYVRNM) showed similar EcoDam inhibition to sinefungin,
with an IC;, of 50 um. The other two selected peptides were
around 2-3-times less active. The linear counterparts of the se-
lected peptides were inactive in the assay; this highlights the
crucial role cyclization plays in their activity against EcoDam.
The negative control was found to be inactive at concentra-
tions of up to T mm.

The high concentration of SAM and DNA required, com-
bined with their low K, make filter-binding assays unsuitable
for determining the mechanism of inhibition. Work is currently
underway with fluorescence-based in vitro assays to decipher
the mechanism of action of these inhibitors.

To probe the EcoDam specificity of the cyclic-peptide inhibi-
tors we assayed each peptide against the bacterial C-5 cyto-
sine methyltransferase Hhal. All three selected cyclic peptides
were ineffective against Hhal at concentrations of 1 mm or
less. This is in contrast to the SAM analogue sinefungin, which
is a broad-spectrum methyltransferase inhibitor. The cyclic
peptides’ apparent specificity against EcoDam is of great inter-
est, as it could potentially allow the development of antibacte-
rial compounds that selectively target EcoDam in the presence
of the host organism’s methyltransferase.

In summary, we report a new genetic selection methodology
that exploits the inhibition of Tnp binding to IE by EcoDam
methylation. The methodology was used to uncover a series of
small-molecule inhibitors of EcoDam, the activities of which
were confirmed in vivo and in vitro. These compounds repre-
sent a striking structural departure from the SAM analogues
generally targeted against methyltransferases. While the genet-
ic selection was devised for use with SICLOPPS, it could also
be used in conjunction with peptide and nucleic acid aptamer
libraries,”"®'” siRNA,""® or cDNA expression libraries."

Keywords: cyclic peptides - EcoDam
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Affinity Analyses on Moldable Optical Polycarbonate

Kwang-Seuk Ko, Peyman Najmabadi, James J. La Clair,* and Michael D. Burkart*®

The integration of molecular analyses within modern media
requires a general approach to display molecular receptors in
three-dimensional space. Current methods include the use of
assemblies of beads (Figure 1A),™ lithography or nanolithogra-
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Figure 1. Strategies for constructing and actualizing affinity based devices.
A) Bead-based methods use sorting to generate, display, and analyze molec-
ular reactions. B) Lithographic methods are implemented to display surface
microarrays and transact analyses on their surface. C) Self-assembled devices
can also be used to develop microarrays. D) Molding of plastics can also be
implemented to display receptor arrays.

phy to generate surface microarrays (Figure 1B),” or self-as-

sembly processes (Figure 1C).”! Here we investigate the devel-
opment of arrays by directly molding receptors in plastic (Fig-
ure 1D). This approach offers versatility in the fabrication of
biosensors for both two- and three-dimensional arrays.

To develop this process, we turned to polycarbonate (PC), as
its superior mechanical and optical properties have led to its
general use in laboratory and clinical devices." PC is a thermo-
plastic polymer that is highly transparent to visible light and
provides better optical properties than many types of glasses
as well as high impact (Hardness—Rockwell M70) and tempera-
ture resistance (< 130°C)."”! Most importantly, it can be molded
on a commercial scale by using injection molding and extru-
sion methods.”

[a] Dr. K.-S. Ko, Dr. P. Najmabadi, Dr. J. J. La Clair, Prof. Dr. M. D. Burkart
Department of Chemistry and Biochemistry
University of California-San Diego
9500 Gilman Drive, La Jolla, CA 92037-0358 (USA)
Fax: (4+1)858-822-2182
E-mail: mburkart@ucsd.edu
jlaclair@ucsd.edu

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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We began by designing a general strategy to dope receptors
in PC. A motif was required that was soluble in PC, yet would
not be extracted when exposed to aqueous media. Compound
1 was chosen as it contained a tricarbonate tail for retention in
PC (left-hand boxes in Figure 2A), a polyethylene glycol link-
age to deliver the receptor to the surface (center boxes in Fig-
ure 2A), and an amide bond for ligand attachment (right-hand
boxes in Figure 2A). Moreover, spectrophotometric analysis
substantiated a better doping efficacy when using compound
1 in comparison with 2 and 3, as shown in Figure 2B. This
analysis was performed in order to determine the relative
doping efficacy. Milled polycarbonate 100-200 um resin was
doped from solutions containing 100, 50, 5, 0.5, or 0.1 nm of
1-3. Solutions were filtered after the doping process and ana-
lyzed spectrophotometrically for the uptake of 1-3 in the
resin. The relative uptake was best observed from 0.1 nm of 1-
3. Figure 2B depicts the relative fluorescence intensity of solu-
tions. As shown, compound 1 provides the best doping effica-
cy.

The synthesis of dopant 1 was completed in six steps from
commercially available bisphenol A (4). The synthesis was
begun by applying the methods of Brunelle” to prepare oligo-
mer 5. Under high dilution, 5 was converted to 6 by sequential
treatment with methylchloroformate and p-nitrophenylchloro-
formate. The desired poly(ethylene glycol) linkage was then
installed by coupling 6 to single-molecular-weight azidopoly-
(ethylene glycol) 7 to afford 8 (see Scheme 1 and the Support-
ing Information).

A fluorescent sandwich assay with a murine monoclonal an-
tibody (mAb) XRI-TF35,® elicited against the 7-dimethylamino-
coumarinacetamide motif, was used to evaluate receptors
arrays developed from 8. For this antibody, receptor-labeled 1
was prepared by Staudinger reduction of azide 8 followed by
peptide coupling to acid 9 (Scheme 1). As designed, the left
side of 1 served to anchor the material in PC, and the right
side provided a ligand to screen surface accessibility.

Doping studies were conducted on commercially-available
Makrolon CD2005 PC milled to 150+50 um and doped by
shaking 100 mg of resin in 1 mL of 50 nm 1 in ethanol for 2 h,
followed by washing with water or phosphate-buffered saline
(PBS). This protocol was sufficient to prepare resins doped with
standardized concentrations to the limit of detection of 1 by
fluorescence microscopy (~10 nm on Nikon TE 3000 at maxi-
mum excitation at 377450 nm and emission at 447 +=60 nm).

The effectiveness of the doping process was evaluated by
screening samples of the doped PC for leaching of 1. After
weeks of incubation in PBS, no significant changes were ob-
served in the intensity of blue light emission from resin doped
with 50 nm 1 (see the Supporting Information) or by examin-
ing the aqueous media spectrophotometrically.
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Figure 2. A) Structures of polycarbonate (PC) and dopant 1 and fluorescent labels 2 and 3. Boxed regions denote function as given by a PC solubilizing
anchor (left), linker (center), and receptor (right), n denotes the number of ethylene glycol units. B) Spectrophotometric analysis depicts the amount of ligand
remaining in the mother liquor after doping 1.0 g of resin with substrate in ethanol (50 nm, 2.0 mL). These plots display the emission scanned at 1 nm resolu-
tion from 380-450 nm under a constant excitation at 350 nm. The ligands 1-3 were taken up in the order of 1>3>2.
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Scheme 1. Synthesis of dopant 1. Reagents and conditions: a) i: tert-butyl dimethyl silyl chloride, Et;N, N,N-dimethylformamide (DMF), RT; ii: 4-nitrophenyl-
chloroformate, Et;N, THF, 0°C; iii: 4, Et;N, THF, 0°C; iv: tetrabutylammonium fluoride, THF, 73 % over four steps. b) MeOCOCI, Et;N, THF, 0°C to RT, 1.5 h, 83%.
) p-nitrophenylchloroformate, Et;N, CH,Cl,, 30 min, 96 %. d) Et;N, CH,Cl,, 2 h, 88%. e) H,, Pd/C, MeOH, CH.Cl,, 12 h, 88 %. f) 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride, 1-hydroxybenzotriazole, DMF, RT, 8 h, 65 %.

The molecular affinity of the resin was determined prior to
molding by using a dual-color fluorescent antibody sandwich
assay. The experiment was designed such that 1 was analyzed
by using a blue fluorescent channel (Figure 3 A). This resin was
then treated with aliquots of the XRI-TF35- and FITC-labeled
anti-mouse antibodies each examined at 3 nm, 30 nm, 0.3 um,
and 3 pm. Fluorescence from binding of the XRI-TF35 mAb was
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determined by hybridization of an equivalent amount of sec-
ondary FITC-labeled anti-mouse IgG (Figure 3C). Compared to
the control resin, g1, a concentration-dependent binding
event was observed as given by an increase in green fluores-
cence light intensity compared to the concentration of XRI-
TF35 mAb (g2-g5, Figure3C). The DMC 1-doped poly-
carbonate granules that are not treated with either primary or

ChemBioChem 2008, 9, 201 - 205
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Figure 3. Polycarbonate resin-based, antibody-based sandwich assay. A) Dual-color fluorescent analysis on doped PC resins depicting the binding of a primary
XRI-TF35 mADb to the 7-dimethylaminocoumarin-acetamide label in resin-bound 1. The affinity event was visualized by examining the complexation of a sec-
ondary FITC-labeled anti-mouse IgG mAb. B) Fluorescent image collected with excitation at 377 +50 nm and emission at 447 460 nm of five resins by using

a BrightLine DAPI-5060B filter set. g1 denotes a granule doped with 50 nm 1 that was not treated with the XRI-TF35 primary mAb. g2-g5 denote granules
doped with 50 nm 1 and treated with various concentrations of primary mAb and secondary FITC-labeled anti-mouse IgG mAb. The concentration of the pri-
mary mAb was given by 3 nm in g2, 30 nm in g3, 0.3 um in g4, and 3 pm in g5. The mAb was also treated with the same amounts of secondary FITC-labeled
anti-mouse IgG. C) Fluorescent image of the same resins as in (B) collected with excitation at 500 + 24 nm and emission 542 + 27 nm by using a BrightLine
YFP-2427A filter set. An asterisk denotes inadvertent fluorescent debris arising during the transfer of resin to the glass slide. Scale bars=100 um. D) A plot

depicting the relative fluorescence at different wavelengths for each resin g1-g5.

secondary antibodies act as the control, g1. The small amount
of green fluorescence observed from g1 in Figure 3C arises
from inherent background fluorescence observed in poly-
carbonate. A comparable background was also obtained in
resin that was not doped with 1. This intensity did not increase
at the limit detection by fluorescence microscopy when the
doped resin was treated with FITC-labeled anti-mouse IgG
(concentrations <30 um were screened).

We then quantitatively evaluated the assay by using two-
color fluorescent imaging. The fluorescent intensity of samples
shown in Figure 3B and C was sampled from regions of each
resin by using Imagel).”’ Five random locations in each of the
resins depicted in Figure 3B were recorded by using a rectan-
gle of 20x20 pixels. This procedure was repeated for the
green fluorescent image (Figure 3C) with an identically sized
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rectangle and identical positioning. Then, the mean value of
the five points was calculated for each of the samples as well
as for the background. The relative green-to-blue intensity, as
depicted in Figure 3D, confirmed the concentration dependen-
cy of this assay.

With the assay established on resin format, we turned our
attention to using resin g5 to mold objects containing small
regions of the reporter 1. Samples of the granules in g5 were
sprinkled on the top of a cylindrical mold loaded with PC and
pressed to form a lens (see the Supporting Information). Upon
repeating the dual-color fluorescent analysis, regions that ap-
peared on the surface of the lens (g5*, Figure 4) reacted posi-
tively to the binding of the green fluorescent antibody com-
plex, while regions within the PC (g5, Figure 4) did not uptake
the antibody complex. The entire lens pressing and analysis
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Figure 4. Antibody-based sandwich analysis conducted on the surface of a molded PC lens. A) An illustration of the sandwich assay and a photograph of the
lens. This assay was conducted under identical conditions to those given in Figure 3. B) A white-light image depicting the surface of the lens. Molding (see
the Supporting Information) supplies a transparent surface with receptors from individual granules available at the surface for microarrays or affinity-based
assays. This surface contained imperfections at the 10-30 um level, as the surface was used directly from the molding process without polishing. C) Blue fluo-
rescence from regions in (B) collected with excitation at 377 +50 nm and emission at 447 +60 nm from five resins by using a BrightLine® DAPI-5060B filter
set. The regions of blue fluorescence denote the position of 1 localized on the lens as delivered from g5 granules prior to melting. D) Green fluorescence
from regions in (B) in which the surface was treated with 3 um XRI-TF35 and 3 um FITC-labeled anti-mouse IgG antibodies. Green fluorescence arises from the
binding of FITC-labeled mAb complex to the receptor regions on the surface and was collected with excitation at 500 + 24 nm and emission 542 427 nm by
using a BrightLine® YFP-2427A filter set. g5* denotes doped regions exposed to surface and g5 denotes regions molded inside the PC. Fluorescence was col-

lected as stated in Figure 3. Scale bars=100 um.

process was repeated three times with deviations in the inten-
sity of spots on the surface of within 5% when prepared by
hand. This deviation can be profoundly reduced upon automa-
tion, as already established for a wide range of mass-produced
polycarbonate objects, including compact discs.”

These experiments now provide a means to engineer active
receptor arrays on three-dimensional polycarbonate objects by
using conventional thermal molding. The method is practical
and requires minimal cost and effort to design and implement.
This method, as illustrated by the pressing of a lens in
Figure 4, can be used to manufacture optical devices contain-
ing patterns of fluorescent materials or reporters for subse-
quent analyses. Such components can provide an affordable
means to allow optical components to become part of an
analytical system. Efforts are underway to deliver optimized
systems with reactive labels to attach and screen biologically
relevant affinity events.
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Random Walks to Synthetic Riboswitches—A High-Throughput Selection

Based on Cell Motility

Shana Topp and Justin P. Gallivan*®

A major goal of chemical and synthetic biologists is to create
ligand-dependent genetic-control systems to report on cellular
metabolism, to construct synthetic gene circuits, or to repro-
gram cellular behavior. Because designing genetic switches de
novo is challenging, many groups have employed directed-
evolution strategies to achieve these goals.""? Our laboratory
recently reported a high-throughput robotic screen that was
used to identify synthetic riboswitches that displayed low
background levels of gene expression in the absence of a
ligand, and strongly activated gene expression in the presence
of the ligand.”’ We subsequently demonstrated that these ri-
boswitches could control bacterial motility in a ligand-depen-
dent fashion.” Because the differences in cell motility at differ-
ent ligand concentrations were easy to distinguish by using
only a ruler, we asked whether motility differences could be
the basis of a high-throughput selection to discover new syn-
thetic riboswitches from large libraries. We envisioned that this
method could equal, if not exceed, the throughput of our pre-
viously reported robotic screen, and could be performed at a
fraction of the cost. Here we report an inexpensive and opera-
tionally simple selection method based on cell motility that
not only approaches the throughput of a genetic selection,
but also provides the quantitative nature of a genetic screen.
We further show that this selection quickly identifies synthetic
riboswitches that display low background levels of gene ex-
pression in the absence of a ligand, and robust increases in
the presence of a ligand. We anticipate that motility-based se-
lections will be generally useful in the discovery of rare events
from large genetic libraries.

There is good precedent for using motility to select for rare
events. For decades, microbiologists have identified rare mu-
tants by spotting cells at the center of a Petri dish containing
semisolid media, and manually selecting cells that migrate ab-
normally.®! Capitalizing on these successes, Goulian and co-
workers recently developed a motility-based selection to dis-
cover mutant chemoreceptors that could recognize a new
ligand.” Because a riboswitch displays two different pheno-
types, depending on whether or not the ligand is present, a se-
lection process must be able to quantitatively assay both the
“on” and “off” states. Such counter-selections, which select for
one phenotype and against another, are powerful, but can be
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challenging to implement. We envisioned that a motility-based
selection could be used to discover “on” switches by selecting
for mutants that do not move in the absence of the ligand,
and then further selecting for mutants that move in the pres-
ence of the ligand. Of course, there are many ways that one
can imagine setting up the experiment (for example, looking
for “off” switches), but the key is to be able to rapidly and
inexpensively determine the phenotype under two sets of con-
ditions.

To compare our motility selection to a more traditional
screening technique, we assayed combinatorial libraries that
were similar to those previously reported by our laboratory,”
which were comprised of four to eight randomized base pairs
flanked by the mTCT8-4 theophylline aptamer” and a fixed ri-
bosome-binding site upstream of the (-galactosidase reporter
gene. E. coli expressing these libraries were assayed by using a
multistep process that used a robotic colony picker and an
automated liquid-handling system.® While our previous assay
identified several outstanding synthetic riboswitches, it relied
on expensive robotics, in addition to large quantities of con-
sumables. We anticipated that a motility-based selection could
eliminate the need for specialized capital equipment, and iden-
tify synthetic riboswitches with only standard consumables.

To select for riboswitches by using motility as the readout,
we used cheZ as a reporter gene. CheZ plays a critical role in
E. coli chemotaxis by dephosphorylating the CheY-P protein,®
which binds to the flagellar motor and causes cells to tumble.
Optimal levels of CheZ are necessary for E. coli cells to migrate
on semisolid media. If too little CheZ is present, the level of
CheY-P will increase, and the cells will tumble incessantly and
not migrate.” If cells have excess CheZ, they will swim very
smoothly and rarely tumble. Because cells that swim extremely
smoothly can become embedded in the semisolid media, they
cannot migrate.'” Thus it is critical to ensure that CheZ is not
over-expressed in these assays.

Since the strength of the promoter will ultimately dictate
the maximum expression level of the cheZ gene, we began
with two different promoters: a “weak” /S70 promoter™ and
the tac promoter,"® which is 60- to 100-fold stronger (S.T. un-
published results). We anticipated that the motility selections
would readily reveal which promoter provides the appropriate
CheZ expression level. Using cassette-based PCR mutagenesis,
we constructed a library in which the mTCT8-4 theophylline
aptamer” was followed by ten consecutive randomized base
pairs (N;) in the 5 untranslated region (5" UTR) of cheZ
(Figure 1). We chose to assay an N, library that lacked a preset
ribosome-binding site for these experiments rather than our
previously described “Ng” library, for two reasons. First, we an-
ticipated that this selection could more effectively sample the
additional sequence space; and second, having the additional
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Figure 1. Cloning strategy to create libraries.

randomized bases would allow us to optimize the strength of
the ribosome-binding site to ensure proper levels of CheZ
expression.

E. coli strain JW1870" (dcheZ) was transformed separately
with the N,, plasmid libraries under the control of either the
IS10 or tac promoter. After each transformation, ~600000 cells
were spotted on semisolid selection media with or without
theophylline, and grown at 30°C for 13 h (Figure 2). Cells that

round 1 round 2 round 3 final pool

=

+ theophylline — theophylline

Figure 2. Progress of selections for synthetic riboswitch activity by using
the IS70 promoter. In rounds 1 and 2, cells were chosen from the center of
plates without theophylline. In round 3, we picked cells from the outside
of the plate that contained theophylline (1 mm). The final pool showed a
significant increase in motility when theophylline was present. Plates from
rounds 1, 2, 3, and the final pool were incubated at 30°C for 13, 18, 14, and
14 h, respectively. The longer incubation in round 2 ensured that cells had
time to migrate; this allowed us to pick the least motile cells.

did not migrate in the absence of theophylline were isolated
and subjected to a second round of selection. After 18 h, im-
motile cells on the theophylline-free plate were isolated and
spotted on plates with and without theophylline. Populations
of cells from both libraries displayed increased motility in the
presence of theophylline, and cells were collected by scraping
the region of the plates that extended beyond the outermost
visible ring of cells. Cultures derived from the weaker IS70 pro-
moter library grew normally, and when spotted on semisolid
media in the presence or absence of theophylline (1 mm),
showed clear differences in motility. In contrast, cells derived
from the stronger tac promoter library failed to grow; this sug-
gests that very few cells migrated far across the plate.

We suspected that this was a result of the strong tac pro-
moter, which led to the over-expression of cheZ and caused
the majority of the cells not to move, regardless of whether
theophylline was present. To confirm this, we cloned the
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5" UTRs from each library after the second round of negative
selection upstream of the f-galactosidase reporter gene. These
cells were plated onto selection media containing X-gal, but
no theophylline. As expected, the majority of the cells from
the weak IS70 promoter library were white or light blue; this
indicates that gene expression was low in the absence of theo-
phylline (see Figure S1 in the Supporting Information). Howev-
er, the majority of cells from the tac promoter library were
dark blue; this suggests that they expressed substantial
amounts of -galactosidase (and by extension, CheZ) in the ab-
sence of theophylline. Thus, many of the cells in the tac library
were immotile because CheZ was over-expressed and the cells
became embedded in the media. This result underscores the
need to control for promoter strength in motility assays.

Since most of the cells in the IS70 library showed low levels
of gene expression in the absence of theophylline, and signifi-
cant increases in motility in the presence of theophylline, we
anticipated that this library contained functional synthetic ri-
boswitches. To confirm this, the plasmids were extracted from
the population of cells collected after the third round of selec-
tion, the DNA pool was amplified by PCR, and this library was
cloned in the 5 UTR of a cheZ-lacZ translational fusion that
was used to transform E. coli. Ninety five random transformants
were assayed for (-galactosidase activity in the absence and
presence of theophylline (1 mm) by using a multichannel pi-
pettor. Of the 95 clones assayed, 12 contained riboswitches
that activated gene expression more than fivefold in the pres-
ence of theophylline (1 mm), and of these, four exhibited acti-
vation ratios greater than 15-fold (Figure 3). Sequencing re-
vealed that two of the four switches were identical in the Ny,
region (see the Supporting Information). Another had 11 nucle-
otides in this region, which might have resulted from errors in
oligonucleotide synthesis, or from random mutations intro-
duced by replication in E. coli; regardless of the cause, this
result highlights the ability of the motility selection to discover
rare events. All of the sequences could adopt folds"™ similar to
riboswitches identified by using our previously described
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Figure 3. Measures of the activities of the synthetic riboswitches identified
in the motility selections. Each measurement was performed in triplicate.
Right-hand y axis: -galactosidase activity in the absence (0) or presence of
theophylline (1 mm; @). Activities are expressed in Miller units, and the stan-
dard errors of the mean are less than the diameters of the circles. Left-hand
y axis: activation ratios of the synthetic riboswitches (m), which were deter-
mined by using the ratio of the Miller units in the presence and absence of
theophylline.
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screen,” and each contained a region of purines that could
function as a ribosome-binding site (Figure S2).

Although our selection method identified new riboswitches,
we wanted to confirm whether the motility of the cells on
semisolid agar corresponded to the absolute levels of gene
expression as measured by B-galactosidase expression. If this
were the case, our motility selection, which can be performed
with millions of clones in parallel by using only semisolid agar
and a ruler, could be used in place of the p-galactosidase
assay, which requires significantly more resources to perform.
To address this question, we cloned several riboswitches that
were discovered by robotic screening into the 5 UTR of cheZ,
and performed maotility assays in the presence and absence of
theophylline. We correlated the (-galactosidase expression in
the presence and absence of theophylline with migration on
semisolid agar for these previously described clones,” as well
as for the newly-discovered synthetic riboswitches (Figure 4).
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Figure 4. 3-Galactosidase activity (in Miller units) as a function of cell motility
(distance migrated on semisolid agar) for synthetic riboswitches. Measure-
ments in the absence of theophylline (0); measurements in the presence of
theophylline (1 mm; @). There is a strong correlation between migration dis-
tance and f-galactosidase activity.

Regardless of the method by which the riboswitch was iden-
tified, the results correlate well; this suggests that motility on
semisolid agar is an inexpensive and effective proxy for high-
throughput assays for [-galactosidase expression, which re-
quire expensive reagents and equipment.

In summary, we have developed a rapid, efficient, and in-
expensive method to discover synthetic riboswitches. This
method can be used to perform both positive and negative
selections with very large libraries (>10° clones) and does not
require robotics: only standard consumables, and a minimal
amount of human intervention. The riboswitches identified by
using this assay have low background levels of gene expres-
sion in the absence of ligand and display good activation
ratios. We expect that this method will be useful for discover-
ing riboswitches starting from a variety of RNA aptamers, and
that the resulting synthetic riboswitches will be generally
useful for controlling bacterial gene expression. Furthermore,
we suggest that current genetic screens that detect changes in
the production of proteins, such as green fluorescent protein
or B-galactosidase, can be adapted to use cell motility as an
inexpensive high-throughput readout.
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Experimental Section

General: Synthetic oligonucleotides were purchased from Integrat-
ed DNA Technologies (Coralville, 1A, USA). Culture media was ob-
tained from EMD Bioscience (San Diego, CA, USA). Ampicillin was
purchased from Fisher. Theophylline was obtained from Sigma.
DNA polymerase, restriction enzymes, and the pUC18 cloning
vector were purchased from New England BioLabs. Purifications of
plasmid DNA, PCR products, and enzymatic digestions were per-
formed by using kits from Qiagen. All new plasmids were verified
by DNA sequencing provided by Agencourt, MWG Biotech, or the
Center for Fundamental and Applied Molecular Evolution at Emory
University.

Construction of libraries for motility selection: Cassette-based
PCR mutagenesis was used to construct the libraries shown in
Figure 1, which were subcloned into the Kpnl and Sacl sites of a
vector derived from pUC18 (Ap®). Plasmid manipulations were per-
formed with E. coli TOP10F' cells (Invitrogen) that were trans-
formed by electroporation. The theoretical library size was 4
(~10% clones. On a single Petri dish (85 mm), we typically assayed
~6x10° clones. Approximately five Petri dishes could provide 95%
coverage of the library."

Motility selection: Motility experiments were performed with
E. coli strain JW1870." For all motility plates, selection media (tryp-
tone broth with 0.25% agar, 50 ygmL™" ampicillin, and theophyl-
line: 0 or 1 mm) was prepared in Petri dishes (85 mm diameter).
Diluted cell suspensions from mid-log-phase cultures (3 pL, ~6x
10° cells) were applied to the center of the plates, which were
dried in air for 15 min, and incubated at 30°C. Selected cells were
suspended in liquid media (tryptone broth, 50 pgmL™" ampicillin)
and grown to mid-log-phase to begin the next round of selection.

To begin selection, JW1870 cells were transformed with both plas-
mid libraries and ~600000 cells from each library were spotted at
the center of motility plates with and without theophylline. After
13 h, immotile cells remaining at the center of the plates without
theophylline were suspended in liquid media, grown to mid-log
phase, and spotted on plates with and without theophylline. After
18 h, cells that remained at the center of the plates without theo-
phylline were transferred to liquid media, and again spotted on
motility plates with and without theophylline. After 14 h, cells
were collected from the region beyond the visible migration edge
of the theophylline (1 mm) plates. A diluted suspension of the final
pool derived from the IS70 promoter library was spotted on motili-
ty plates to confirm the theophylline-dependent migration of this
population.

Construction of cheZ-lacZ translational fusions: Plasmid DNA
was extracted from cell cultures grown after the second and third
rounds of selection. These pools were amplified with the forward
primer JPG-007 (which anneals 5’ to the aptamer) and the reverse
primer ST-278 (which anneals to the 3’ end of cheZ, removes the
stop codon, adds a GGSSAA linker, and introduces a Hindlll restric-
tion site to construct a translation fusion to lacZ). The pools of PCR
products were subcloned into the Kpnl and Hindlll sites of SAL172
(IS10 promoter) or SAL109 (tac promoter), both of which contain
lacZ and are derivatives of pUC18."!

B-Galactosidase promoter comparison: TOP10F cells were trans-
formed with the cheZ-lacZ pools constructed for both the /S70 and
tac promoter populations after two rounds of motility selection.
Cells were grown at 37°C on LB agar (25 mL) supplemented with
ampicillin (50 igmL™") and X-gal (2.1 mg dissolved in 83.3 uL di-
methyl formamide).
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p-Galactosidase assay to confirm activity: TOP10F cells were
transformed with the cheZ-lacZ pool that was constructed after
the final round of motility selection. Cells were grown at 37°C on
LB agar supplemented with ampicillin (50 ugmL™"). Ninety five
clones were picked by hand, and were assayed for -galactosidase
activity in the absence and presence of theophylline (1 mm) by
using a multichannel pipettor as previously described.”’ Clones
with activation ratios greater than 15 were subcultured and as-
sayed in triplicate, as previously described.” Miller units were
calculated by using the following formula (1):

Miller units =
OD.y
ODgyo x hydrolysis time x (volume of cell lysate/total volume)

(M

Motility assay to correlate migration to Miller units: Forward
primer JPG-007 and reverse primer SKD-056 were used to clone
several riboswitches (which were discovered previously by using
the robotic assay)® into the 5' UTR of a pUC18 derivative contain-
ing the cheZ gene. JW1870 (dcheZ) cells were transformed with
these riboswitches. Cells were grown to mid-log phase in tryptone
broth supplemented with ampicillin (50 pgmL™"), and diluted sus-
pensions (~600000 cells) were spotted at the center of motility
plates with or without theophylline (1 mm). Plates were imaged
after 13 h incubation at 30°C. The Miller units for each riboswitch
were measured, and these values were plotted as a function of the
corresponding migration radii.
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Parallel Analysis of Two Analytes in Solutions or on
Surfaces by Using a Bifunctional Aptamer: Applications for
Biosensing and Logic Gate Operations

Johann Elbaz, Bella Shlyahovsky, Di Li, and Itamar Willner*?

A bifunctional aptamer that includes two aptamer units for co-
caine and adenosine 5-monophosphate (AMP) is blocked by a
nucleic acid to form a hybrid structure with two duplex regions.
The blocked bifunctional aptamer assembly is used as a function-
al structure for the simultaneous sensing of cocaine or AMP. The
blocked bifunctional aptamer is dissociated by either of the two
analytes, and the readout of the separation of the sensing struc-
ture is accomplished by a colorimetric detection, by a released
DNAzyme, or by electronic means that use Faradaic impedance
spectroscopy or field-effect transistors. In one configuration, the
blocked bifunctional aptamer structure is separated by the sub-
strates cocaine or AMP, and the displaced blocker units act as
a horseradish peroxidase-mimicking DNAzyme that permits the
colorimetric detection of the analytes. In the second system, the

Introduction

Aptamers are nucleic acids that specifically bind to low-molec-
ular-weight substrates or to proteins. The aptamers are gener-
ated by the SELEX (systematic evolution of ligand by exponen-
tial enrichment) procedure, and are amplified to viable quanti-
ties by the polymerase chain reaction (PCR)." Substantial
recent research efforts use aptamers as sensing units, which
are called aptasensors.”? Different electrochemical,® optical™
or microgravimetric® aptasensors were designed in the recent
years. For example, aptamers that were functionalized with
redox labels were used to detect low-molecular-weight sub-
strates or proteins, for instance, cocaine or thrombin, respecti-
vely.>9 Similarly, nanoparticle-labeled proteins were employed
as tracers to analyze the proteins by a competitive assay,
through the dissolution of the nanoparticles and their electro-
chemical stripping.® Optical aptasensors were developed by
controlling the fluorescence properties of the analyte-induced
folded configuration of aptamers.” Also, the analyte-stimulat-
ed deaggregation of aptamer-modified Au nanoparticles was
used for the colorimetric detection of low-molecular-weight
substrates, for instance, cocaine or AMP The amplified micro-
gravimetric detection of thrombin by its aptamer was accom-
plished by using aptamer-functionalized gold nanoparticles
(Au NP) and their catalytic enlargement as “weight labels” that
probe the formation of the aptamer-thrombin complex.”? Two
challenges exist, however, in the development of aptasensors:
one challenge involves the label-less detection of the apta-
mer-substrate complexes. This has been recently demonstrat-
ed by the use of impedimetric methods and the use of field-
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blocked bifunctional aptamer hybrid is associated with a Au elec-
trode. The displacement of the aptamer by any of the substrates
alters the interfacial electron transfer resistance at the electrode
surface, thus providing an electronic signal for the sensing pro-
cess. In the third configuration, the blocked aptamer hybrid is
linked to the gate of a field-effect transistor device. The separa-
tion of the complex by means of any of the analytes, cocaine, or
AMP alters the gate potential, and this allows the electronic
transduction of the sensing process by following the changes in
the gate-to-source potentials. The different systems enable not
only the simultaneous detection of the two analytes, but they
provide a functional assembly that performs a logic gate “OR”
operation.

effect transistors as a transduction means that follow the for-
mation of aptamer—substrate complexes."” The second chal-
lenge involves the amplification of the substrate-aptamer de-
tection event. Recently, a dynamic amplification procedure for
the analysis of cocaine by its aptamer was reported."” The
method is based on the formation of the cocaine-aptamer
complex, and the subsequent cyclic replication—nicking pro-
cess that accumulates a DNA product that activates a fluores-
cence signal.

DNAzymes are catalytic nucleic acids that mimic the func-
tions of enzymes.'? The possibility to hybridize nucleic acids,
and simultaneously to use them as catalysts provides unique
recognition and catalytic functions for amplified biosensing.!™

The hemin-G-quadruplex assembly was reported to act as a
DNAzyme that mimics the functions of horseradish perox-
idase." This DNAzyme was used as a label for the amplified
detection of DNA."® Recently, “DNA-machines” for the ampli-
fied detection of DNA by the cyclic, autonomous synthesis of
DNAzyme units were reported.'® Similarly, a lead-ion-depen-
dent DNAzyme was used for the optical detection of Pb®" by
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the DNAzyme-mediated cleavage of a Au nanoparti-
cles aggregate.l'”? Also, the release of a DNAzyme-
tethered aptamer upon forming the aptamer-sub-
strate (AMP) complex was used for the amplified col-
orimetric detection of the substrate."®

In the present study we report on the use of a
blocked bifunctional nucleic acid that consists of the
cocaine and AMP aptamers; this complex acts as an
active assembly for the separate analysis of cocaine
or AMP. The formation of the substrate-aptamer
complexes releases the blocking nucleic acid, which
subsequently acts either as a DNAzyme, or it enables (n
the electronic transduction of the sensing processes
by means of Faradaic impedance spectroscopy or by
field-effect transistors. We also address the possibility
of using the different optical or electronic transduc-
tion means as systems that perform logic gate opera-
tions. It should be noted that the present study,
which demonstrates the utility of the bis-aptamer
system to sense in parallel cocaine or AMP has no
immediate practical application. Nonetheless, the
system is aimed to introduce the concept of multi-
plexed analysis of other substrates by composite
aptamers, and to highlight the different colorimetric
and electrical methods that can be used to follow
the sensing processes. Also, the demonstration of the
cooperative function of the bis-aptamer system for
logic gate operations adds a new dimension to the
bis-aptamer system.
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Scheme 1. The amplified analysis of cocaine or AMP by the substrate-induced separation

Results and Discussion

of a blocked bifunctional aptamer-nucleic acid complex, and the formation of a horse-

radish-peroxidase-mimicking DNAzyme

Scheme 1 outlines the principle to use a blocked bi-
functional aptamer unit for the amplified detection
of cocaine or AMP by the formation of the horserad-
ish-peroxidase-mimicking DNAzyme.

The nucleic acid 1 includes two units, | and Il that consist of
the aptamer units for cocaine and AMP, respectively. The nucle-
ic acid 2 is designed to include the DNAzyme sequence and
appropriate regions lll and IV that hybridize with the comple-
mentary regions of 1. The blocking unit 2 is designed by fol-
lowing two basic considerations: 1) the domains Ill and IV each
include a hybridization sequence of 11 and 9 bases, respective-
ly. These three domains act cooperatively in the stabilization of
the two regions of the duplexes, and the resulting duplex
structure reveals higher stability than the self-assembly of the
DNAzyme to the G-quadruplex structure. 2) Each of the du-
plexes in regions I/lll and 1I/IV is opened by the respective sub-
strate, and the resulting substrate—aptamer complex exhibits a
higher stability than the respective duplex. 3) The separation
of each of the duplexes I/lll or II/IV by cocaine or AMP results
in an unstable single duplex that is spontaneously dissociated
at room temperature. This results in the complete dissociation
of 2, and its self-assembly in the presence of hemin to the
active DNAzyme structure.

Thus, upon the detection of either cocaine or AMP, the
hybrid structure consisting of 1 and 2 is separated, and the re-

ChemBioChem 2008, 9, 232 - 239
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sulting DNAzyme transduces the sensing events through the
catalyzed H,0,-mediated oxidation of 2 mm 2,2"-azino-bis(3-
ethylbenzothiazoline)-6-sulfonic acid, ABTS*", to the colored
product, ABTS ™. Because the separation of each of the apta-
mers is controlled by the concentration of the respective sub-
strate, the activity of the released DNAzyme provides a quanti-
tative measure for the concentration of the substrates. Fig-
ure 1A shows the time-dependent evolution of the absorbance
of ABTS™ at A=415nm, upon analyzing different concentra-
tions of cocaine. Similarly, Figure 1B depicts the time-depen-
dent formation of the colored product, ABTS™", upon analyzing
different concentrations of AMP. Control experiments indicate
that in the absence of cocaine or AMP, only a slow evolution
of the colored product is generated (Figure TA and B,
curves a). Similarly, hemin by itself catalyzes the H,0,-mediated
oxidation of ABTS* to a small extent, Figure 1A and B,
curves f. In a further control experiment, the 1/2 duplex was
treated with the foreign nucleotide, for example, cytidine 5'-
monophosphate (CMP), at a high concentration (1x107°m),
and the response of the system was similar to that of 1/2 in
the absence of any added analytes, Figure 1B, curve e. Thus,
we conclude that only cocaine or AMP dehybridize the supra-
molecular structure 1/2 to result in the formation of the DNA-
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Figure 1. A) Absorbance changes that were observed upon the treatment
of the bifunctional aptamer-nucleic acid complex (1/2) with different con-
centrations of cocaine: a) OM, b) 5x10™°M, ¢) 1xX10™°M, d) 1x107*m,

e) 1x 1073 M. Curve f corresponds to the absorbance changes that resulted
in the buffer solution in the presence of hemin with no added (1/2). B) Ab-
sorbance changes that were observed upon the treatment of the bifunction-
al aptamer-nucleic acid complex, (1/2), with different concentrations of
AMP: a)OM, b) 1xX107°M, c) 1x107*M, d) 1x 1073 M. Curve e shows the ab-
sorbance changes upon treatment of the (1/2) complex with cytidine 5'-
monophosphate (1x 102 m). Curve f shows the absorbance changes in the
presence of hemin only in the buffer solution, in the absence of the (1/2)
complex. All experiments were performed in a 25 mm Tris buffer solution
that included 100 mm NaCl, (pH 8.2), by using 2 mm ABTS?, 5x10 " m
hemin , 2 mm H,0,, and where appropriate, the nucleotides 1 (3% 107" m)
and 2 (3x107" m).

zyme that catalyzes the oxidation of ABTS*™ by H,0,. The sensi-
tivity limits for analyzing cocaine or AMP by the system corre-
spond to 5x107° and 1x107°m, respectively. The detection
limits for analyzing AMP and cocaine are comparable with the
other optical aptasensor.®'!

Because the concentration of the blocking DNAzyme unit, 2,
in the system is known, we performed an activity assay in
which the time-dependent oxidation of ABTS*~ was monitored
at different concentrations of the DNAzymes, and an appropri-
ate calibration curve was derived (see the Supporting Informa-
tion).

By using this calibration curve, we conclude that at cocaine
and AMP concentrations that correspond to 1x 107> m, approx-
imately 100% of the duplex structure 1/2 was separated. The
dissociation of the complex that was generated between the
bis-aptamer 1 and the blocker 2 by means of the two sub-
strates, cocaine or AMP, can be utilized not only for the sensing
of the two substrates, but also to demonstrate the utility of
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the system to perform a logic gate operation. In fact, recently,
several groups have used aptamers and their substrates as
components that activate logic gate operations.””

Accordingly, the cocaine and AMP can be considered to be
the inputs that activate an OR gate, and the dissociation of the
blocking DNAzyme activates the colorimetric readout signal.
Figure 2a shows that in the absence of the inputs (0,0 state)

Input: |Input: | Out Exp.
cocaine|AMP
0 0 0 |curve (a)
1} 1 1 |curve (b)
0.06 - 1 0 1 curve (c)
1 1 1 | curve (d) d c
0.05 b
T 0.04
©
4]
& 0.03
2
3
< 0.024
<C
0.01
a
0.00 T T T T T T T T T 1
0 20 40 60 80 100

tls —

Figure 2. The optical readout of the “OR” logic gate operation of the bifunc-
tional aptamer-nucleic acid complex by using cocaine or AMP (1x10>m
each) as inputs: (a) The optical changes in the absence of any input. (b) and
(c) The optical changes upon addition of cocaine or AMP as inputs, respec-
tively. (d) Absorbance changes that were observed upon adding the two
inputs to the (1/2) complex. The experimental conditions are detailed in the
legend of Figure 1. Inset: Truth-table of the “OR” logic gate system.

the DNAzyme is not dissociated, and thus no color of ABTS™™ is
generated (output 0). In the presence of cocaine or AMP, input
states (1,0) or (0,1), the DNAzyme is separated, and this leads
to the formation of the ABTS™ colored product, Figure 2,
curves b and ¢, respectively (output 1). In the presence of the
two inputs, state (1,1), the dissociated DNAzyme activates the
oxidation of ABTS?", and the resulting colored product acts as
a readout signal (output 1). The truth-table of the resulting OR
gate is given in Figure 2, inset.

Impedance spectroscopy is a powerful method to probe
chemically modified surfaces, and particularly, to characterize
biomolecule-functionalized electrodes, and biorecognition
events that occur on surfaces.?” The formation of antigen-an-
tibody complexes® or nucleic acid hybrids® was followed by
Faradaic impedance spectroscopy by using a solution-solubi-
lized redox label, for example, Fe(CN)>"/Fe(CN)¢*", as electro-
chemical indicator for the biorecognition events. The insulating
effect that was introduced upon the formation of the antigen-
antibody complex on the surface, or the electrostatic repulsion
of the negatively charged redox indicator by the DNA hybrid,
resulted in an increase in the interfacial electron transfer resis-
tances between the electrode surface and the electrochemical
probe in solution upon formation of the biomolecule recogni-

ChemBioChem 2008, 9, 232 -239



www.chembiochem.org



Parallel Analysis of Two Analytes by Using a Bifunctional Aptamer

tion complex on the electrode. Recently, an impedimetric apta-
sensor for the detection of AMP was reported.!'” A nucleic-
acid-blocked AMP-specific aptamer was immobilized on a Au
electrode, and the separation of the blocked duplex by the for-
mation of the AMP-aptamer complex was detected by Farada-
ic impedance spectroscopy. Scheme 2 A depicts the method to
apply the bifunctional cocaine-AMP aptamer to separately an-
alyze cocaine or AMP. The amine-functionalized nucleic acid, 3
was covalently linked to the active ester monolayer-functional-
ized electrode. The nucleic acid 3 acts as a blocker unit and in-
cludes two complementary regions for the bifunctional apta-
mer 4. The bifuncional aptamer 4 was then hybridized with
the blocker nucleic acid 3 and immobilized on a Au electrode.
The surface coverage of the resulting duplex on the electrode
surface was determined by Tarlov's method,*” and it corre-
sponded to 1x107">molcm™2. The modified electrode was
then treated with cocaine or AMP to stimulate the separation
of the blocked aptamer unit. It is anticipated that either of the
analytes can release the respective aptamer-substrate com-
plexes, and consequently reduce the negative charge that is
associated with the electrode. As a result, the dissociation of
the blocked-aptamer structure that is associated with the elec-
trode would decrease the interfacial electron transfer resist-
ance in the presence of the negatively charged redox probe,
Fe(CN)s*"/Fe(CN)s*", as compared to the primary duplex struc-
ture 3/4, which is associated with the electrode. Figure 3A de-
picts the Faradaic impedance spectra (in the form of Nyquist
plots) upon the treatment of the 3/4-modified electrode with
different concentrations of cocaine. As the concentration of
cocaine increases, the interfacial electron transfer decreases be-
cause the negative charge that is associated with the electrode
is diminished.

Similarly, Figure 3B shows the Faradaic impedance spectra
upon analyzing different concentrations of AMP by the func-
tionalized electrode. As the concentration of AMP increases,
the interfacial electron transfer resistances decrease.

For example, the electrode that was employed for the analy-
sis of cocaine revealed an interfacial electron transfer resist-
ance of 450 Q prior to the reaction with cocaine. The resist-
ance value decreased to R,=220 Q after treatment with a 1x
107> M cocaine solution (AR, =230 Q). Furthermore, it can be
seen that the change in the electron transfer resistance of the
electrode upon analyzing 1x107°mM cocaine is substantially
higher than the resistance changes that are observed upon an-
alyzing AMP at a higher concentration (1x107*M, AR, =60 Q).

These results are consistent with the fact that the dissocia-
tion constant of cocaine to its aptamer (Ky<5 um)' is sub-
stantially lower than the association of AMP to its aptamer.””!
Thus, a higher concentration of the AMP is needed to separate
the blocked aptamer, and the extent of separated aptamer is
lower, which gives rise to the lower AR, values. The sensitivity
limits for the detection of cocaine and AMP by Faradaic impe-
dance spectroscopy correspond to 5x107°m and 1x 107> wm, re-
spectively, a value that is comparable to other configurations
of AMP or cocaine aptasensors.'*¥ The advantage of the im-
pedimetric method is the fact that the system does not reveal
any background interference.

ChemBioChem 2008, 9, 232 - 239
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Scheme 2. The analysis of cocaine or AMP by the substrate-induced separa-
tion of a blocked bifunctional aptamer-nucleic acid complex: A) Analysis of
the substrates by using a monolayer-functionalized electrode and Faradaic
impedance spectroscopy as a transduction means. B) The label-less detec-
tion of the substrates by the immobilization of the bifunctional aptamer-
nucleic acid complex on the gate of a field-effect transistor device.

0-

The cocaine- or AMP-stimulated separation of the complex
that is formed between the bifunctional aptamer 4 and the
“blocker” nucleic acid 3 on the electrode surface, and the
transduction of the process by the Faradaic impedance spectra
can be used to develop an “OR” logic gate with electronic
readout, Figure 4. While the blocked aptamer complex in the
absence of the cocaine/AMP inputs, state (0,0), reveals a high
interfacial electron transfer resistance, output “0” (Figure 4,
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Figure 3. Faradaic impedance spectra (Nyquist plots) that correspond to

the treatment of the bifunctional aptamer-nucleic acid complex 3/4 with:
A) Different concentrations of cocaine: a) OM, b) 5x107°M, ¢) 5x10°m,

d) 1x107° M. B) Different concentrations of AMP: a) Om, b) 5x10°m,

) 1x107°Mm, d) 1x10*M. All experiments were performed in a 25 mm Tris
buffer solution that included 100 mm NaCl (pH 8.2). The solution also includ-
ed 10 mm Fe(CN);®> . Measurements were performed in the frequency
range of 100 MHz to 10 kHz, at E=0.17 V vs. SCE and by using the 5 mV al-
ternating voltage.

curve a), the cocaine or AMP-induced separation of the apta-
mer states (1,0) or (0,1), respectively, leads to low electron
transfer resistances, respectively (see Figure 4, curves b and c,
respectively). Similarly, the addition of both inputs, state (1,1)
yields a low interfacial electron transfer resistance (output “1”,
Figure 4, curve d). The respective truth-table of the resulting
“OR" gate is given in Figure 4, inset.

Field-effect transistors are receiving growing interest as elec-
tronic devices that transduce biorecognition events.”® The
gate potential of the field-effect transistor can be changed by
the charge that is associated with the gate. Recently, the sepa-
ration of a blocked aptamer complex on the transistor gate by
the aptamer substrate was used for the label-less detection of
aptamer—substrate complexes."” Scheme 2B outlines the
method to assemble the field-effect transistor for monitoring
the dual analysis of cocaine and AMP. The oxide gate surface
of the transistor device was modified with an aminopropylsi-
loxane layer, and the amine-functionalized nucleic acid 3 was
covalently linked to the surface by the glutaric dialdehyde
crosslinker. The modified gate was then hybridized with the
nucleic acid 4. The association of cocaine or AMP with the re-
spective aptamer domains is then expected to release 4, and
the change in the charge on the gate gives rise to the re-
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Figure 4. The Faradaic impedance readout of the “OR” logic gate operation
of the bifunctional aptamer-nucleic acid complex by using cocaine and
AMP (6x107*m) as inputs: a) Faradaic impedance spectrum of the 3/4 com-
plex in the absence of inputs. b) and c) Impedance spectra in the presence
of cocaine or AMP, respectively. d) Impedance spectrum in the presence of
the two inputs. Experimental conditions as detailed in the legend of Fig-
ure 3.

sponse of the transistor device. Figure 5A and B shows the
time-dependent changes in the gate-to-source potential, AV,
upon interaction of the device with 1x107>m cocaine and
AMP, respectively. The gate potential changes for 7 min, and
then levels off to the saturation value.

Accordingly, a time-interval of 15 min was used to analyze
the two substrates, cocaine or AMP. Figure 6 A shows the
changes in the gate-to-source potential upon analyzing differ-
ent concentrations of AMP. The AV, value increases as the
concentration of AMP is elevated, and it reaches a saturation
value at an AMP concentration of 1x107*M. At this concentra-
tion, most of the blocked aptamer units that are associated
with the gate are separated to the aptamer-AMP complex.
Similarly, Figure 6B depicts the change in the gate-to-source
potential upon treatment of the 3/4-functionalized device with
cocaine. Similarly, the AV, values increase as the concentration
of cocaine is elevated; the transistor response levels off to a
saturation value at a cocaine concentration of 1x10™*m. Con-
trol experiments revealed, as before, that the duplex 3/4 was
not separated by the foreign nucleotide (CMP), because only
minute changes in the device response (AV, =5 mV) were
detected with CMP.

The field-effect transistor could also be used to transduce
the “OR” logic gate functions of the system. Figure 7 shows
the readout signals of the device (in the form of a bar presen-
tation) upon its activation by the two substrates as inputs. The
interaction of the ISFET device that is modified with the com-
plex 3/4 with only cocaine (state 0,1) or AMP (state 1,0) leads
to a signal response, and the signal is also generated by the
two substrates (state 1,1) in accordance with an “OR” gate con-
figuration.

ChemBioChem 2008, 9, 232 -239
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A) 30-

0 2 4 6 8 100 12 14 16
t/ min —

P N T

0 2 4 6 8 10 12 14 16
t/ min ——

Figure 5. Time-dependent gate-to-source potential changes upon treatment
of the 3/4-functionalized field-effect transistor with: A) cocaine (1x107*m),
B) AMP (1x1073 M). Measurements were performed in a 25 mwm Tris buffer
solution that included 100 mm NaCl (pH 8.2). In all experiments Vs, =1V and

lp =100 pA.

Conclusions

This study has introduced a bifunctional aptamer structure for
the parallel analysis of two different molecular analytes, co-
caine or AMP.

The different configurations for analyzing the aptamer-sub-
strate complexes were presented, and these included the for-
mation of a DNAzyme as a catalytic label, and the use of impe-
dance spectroscopy and field-effect transistors. Besides the
analytical significance of the study, which demonstrates the
design of new aptasensors, the results suggest future possibili-
ties to tailor bioelectronic logic gate systems. The availability
of numerous aptamers and DNAzymes opens the way to
construct nucleic acids that will act as other logic gates or as
signal transduction cascades.

Experimental Section

Chemicals: Hemin was purchased from Porphyrin Products (Logan,
Utah, USA) and it was used without further purification. A hemin
stock solution was prepared in DMSO and stored in the dark at
—20°C. 2,2-azino-bis(3-ethylbenzothiazoline)-6-sulfonate (ABTS?),
3,3'-dithiodipropionic acid di(N-hydroxysuccinimide ester), glutaric
dialdehyde solution, (3-aminopropyl) triethoxysilane, tris(hydroxy-
methyl) aminomethane hydrochloride (Tris), 4-(2-hydroxyethyl)pi-
perazine-1 ethanesulfonic acid sodium salt (HEPES), and adenosine
5’-monophosphate (AMP) were purchased from Sigma-Aldrich and
were used as supplied. Oligonucleotides were custom-ordered

ChemBioChem 2008, 9, 232 - 239
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A)

AVgs / mV

5x10° 1X10°
[AMP] /M —»
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B)

AVgs / mV

0 1x10° 1x10” 1x107 1x10°

[cocaine] /M —

Figure 6. Gate-to-source potential changes upon the treatment of the 3/4-
functionalized field-effect transistor with different concentrations of: A) AMP
B) cocaine. Experimental conditions were the same as detailed in the legend
of Figure 5. Point “X” corresponds to the response of the 3/4-functionalized
field-effect transistor to cytidine 5-monophosphate (1x 107> m).

354

(0,0) 0,1) (1,0) (1,1
State

Figure 7. The use of the 3/4-modified ISFET device as electronic readout
system of the blocked aptamer hybrid as an “OR” logic gate. The readout
signal is displayed in the form of a bar presentation of the changes in the
gate-to-source potential upon treatment of the hybrid with cocaine
(1x1073 M) and/or AMP (1 x 1073 M) as inputs. All other experimental con-
ditions are given in the legend of Figure 5.

from Sigma Genosys (Rehovot, Israel). Ultrapure water from NANO-
pure Diamond (Barnstead, Boston, USA) source was used in all of
the experiments.

Colorimetric analysis: Absorbance measurements were performed
by using a Shimadzu UV-2401PC UV/Vis spectrophotometer. Vari-
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ous concentrations of AMP or cocaine were added to the system
that included the hybridized oligonucleotides 1 and 2 (3x 1077 m)
in a buffer solution that contained Tris (25 mm, pH 8.2), NaCl
(0.1m), and KCI (5mm). After 1h of the reaction hemin (7x
1077 m), ABTS?>™ (2 mm), and H,0, (2 mm) were added to the reac-
tion mixture (to yield a final volume of 200 pL). The rate of the bio-
catalyzed oxidation of ABTS?” was monitored at A=415 nm.

Chemical modification of the electrodes: Gold wire electrodes
(0.5 mm diameter, ~0.2 cm? geometrical area, roughness factor,
~1.2-1.5) were used for the electrochemical measurements. The
electrodes were cleaned by boiling them in a supersaturated hot
KOH solution for 5 h, followed by treatment for 15 min with con-
centrated H,SO,. The electrodes were then rinsed with water, then
soaked in concentrated HNO; for 10 min and rinsed again with
water. The Au surface was treated with a 1 mm solution of 3,3'-di-
thiodipropionic acid di(N-hydroxysuccinimide ester) in DMSO for
1 h. The resulting electrodes were washed with DMSO and interact-
ed with a solution of 3 (5x 1077 m) in HEPES buffer (0.1 m) at pH 7.4
for 1 h. The oligonucleotide-functionalized Au surface was then
treated with a 5x 107’ m solution of 4 in a buffer solution that was
composed of Tris (25 mMm, pH 8.2) and NaCl (0.3 m) for 2 h, to yield
the double-stranded DNA assembly on the surface. The resulting
electrodes were then treated with different concentrations of AMP
or cocaine in a buffer solution that contained Tris (25 mm, pH 8.2)
and NaCl (0.1 m).

Electrochemical measurements: Faradaic impedance spectroscopy
experiments were performed by using an electrochemical analyzer
(PGSTAT12 Differential Electrometer, Autolab). The measurements
were carried out in a conventional three-electrode electrochemical
cell that consisted of the modified Au electrode as a working elec-
trode, a glassy carbon auxiliary electrode, and a saturated calomel
electrode (SCE) that was connected to the working volume with a
Luggin capillary. The Faradaic impedance measurements were
performed in the presence of a K;[Fe(CN)el/K,[Fe(CN)s (1:1, 10 mm)
mixture, in a buffer solution that contained Tris (25 mm, pH 8.2)
and NaCl (0.1 m). The Faradaic impedance spectra were recorded
by applying a potential equal to the redox probe formal potential,
0.17 V. Electron transfer resistances were calculated by extrapolat-
ing the Nyquist plots and by assuming that the electron transfer
resistances corresponded to the diameter of the semicircle lying
on the Z' axis. Also, the Nyquist plots that are shown in Figure 3
were fitted with an equivalent circuit, which is shown in Figure 8.
The results of the fitting were very similar to the values that were
extracted by the extrapolation of the semicircle regions. For exam-
ple, for Figure 3 curves a and d, the fitting yields values of R,=
360 Q and 160 Q and a AR, value of 200 Q.

Preparation of the ISFET devices. The Al,O; ISFET devices (20x
700 um?, IMT, Neuchatel, Switzerland) were preliminary functional-
ized with (3-aminopropyl)triethoxysilane, 10% (v/v) in toluene by
dropping the silane solution (0.2 ul) on the top of the gate. The

R1 R2

Figure 8. Equivalent circuit for fitting the impedance spectra shown in
Figure 3.

238

www.chembiochem.org

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

I. Willner et al.

chips were rinsed with toluene and a Tris buffer solution (25 mm,
pH 8.2), and then dried in air at room temperature for 20 min. Sub-
sequently, the functionalized gate was modified with 10% (v/v)
glutaric dialdehyde in 10 mm phosphate buffer (pH 7.4). Then, the
functionalized chip was interacted with a 5x 107" m solution of the
amine-functionalized nucleic acid 3, in a buffer solution that in-
cluded 25 mm Tris (pH 8.2) and NaCl (0.1 m). Further partial hybridi-
zation was carried out with a 5x 107" m solution of the nucleic acid
4 in a buffer solution that contained 25 mm Tris (pH 8.2) and NaCl
(0.3 m). The resulting devices were then treated with the different
concentrations of AMP or cocaine in a buffer solution that con-
tained Tris (25 mm, pH 8.2) and NaCl (0.1 m).

ISFET measurements: ISFET devices with an Al,O; gate interface
(20x 700 um?, IMT, Neuchatel, Switzerland) were used in all the ex-
periments. An Ag/AgCl electrode was used as a reference. The chip
that was functionalized with the hybridized oligonucleotides was
immersed in the working cell, which was filled with a buffer solu-
tion that consisted of Tris (25 mm, pH 8.2) and NaCl (0.1 m). The
output signal between the source of the ISFET and the reference
electrode was recorded by using a semiconductor parameter ana-
lyzer (HP 4155B). The system configuration enabled the measure-
ments of the source-gate voltage (V,,), while the source-drain volt-
age (V,,) and the source-drain current remained constant (V,z=1V,
I,;="100pA). The difference between V,, values for the ISFET that
was modified with oligonucleotides before and after the reaction
with the different concentrations of substrates was plotted against
the substrate concentrations.
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Conformational Analysis of a Dermatan Sulfate-Derived
Tetrasaccharide by NMR, Molecular Modeling, and

Residual Dipolar Couplings

Alba Silipo,™ " Zhenging Zhang, F. Javier Cafada,”” Antonio Molinaro,®

]

Robert J. Linhardt,*™ and Jesus Jiménez-Barbero*™

The solution conformation behavior of a dermatan-derived tetra-
saccharide—AHexA-(1—3)-GalNAc4S-f3-(1—4)-ldoA-a-(1— 3)-red-
GalNAc4S (S is a sulfate group)—has been explored by means of
NMR spectroscopy, especially by NOE-based conformational anal-
ysis. The tetrasaccharide was present as four species, two of
which are chemically different in the anomeric orientation of the
reducing 2-deoxy-2-acetamido-galactose (red-GalNAc) residue,
while the other two are the result of different conformations of
the iduronic acid (IdoA) unit. The two a—{-interconverting ano-
mers were present in a 0.6:1 ratio. Ring conformations have been
defined by analysis of *),,,, coupling constants and interresidual
NOE contacts. Both 2-deoxy-2-acetamido-galactose (GalNAc) resi-
dues were found in the *C, chair conformation, the unsaturated
uronic acid (A-Hex A) adopts a strongly predominant half-chair
"H, conformation, while the IdoA residue exists either in the 'C,
chair or in the °S, skewed boat geometries, in a 4:1 ratio. There

Introduction

The most abundant polysaccharides distributed throughout
the human body are the glycosaminoglycans (GAGs). These
unbranched and highly negatively charged molecules contain
disaccharide repeating units consisting of 2-deoxy-2-acetami-
do-p-galactose (GalNAc) or 2-deoxy-2-acetamido-b-glucose
(GIcNAc) and a uronic acid such as p-glucuronic acid (GIcA) or
L-iduronic acid (IdoA). Hyaluronic acid, dermatan sulfate (DS),
chondroitin sulfate (CS), heparin (Hp), heparan sulfate (HS),
and keratan sulfate are members of this family, and with the
exception of hyaluronic acid, these sulfated polysaccharides
are covalently linked to core proteins, forming proteoglycans.™
These molecules are located inside cells, on the cell surfaces,
and in the extracellular matrixes of a wide variety of vertebrate
and invertebrate tissues. Their locations and highly charged
natures explain their roles in cell-cell and cell-matrix interac-
tions in embryonic development, cell recognition, adhesion,
and migration. Some GAGs (DS, CS, and HS) bind and regulate
chemokines and growth factors.>®! The chemical natures of
GAGs impart characteristic physical rheological properties,
such as high viscosity and low compressibility, that make these
molecules ideal as a lubricating fluids in the joints, and their ri-
gidity lends structural integrity to cells and gives protection
from mechanical damage, absorption, and distribution of com-
pressive weight.""
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is a moderate flexibility of ® and W torsions as suggested by nu-
clear Overhauser effects (NOEs), molecular modeling (MM), and
molecular dynamics (MD) studies. This was further investigated
by residual dipolar couplings (RDCs). One-bond C—H RDCs ('Dc,)
and long-range H-H (3DH,H) RDCs were measured for the tetrasac-
charide in a phage solution and interpreted in combination with
restrained MD simulation. The RDC-derived data substantially
confirmed the validity of the conformer distribution resulting
from the NOE-derived simulations, but allowed an improved defi-
nition of the conformational behavior of the oligosaccharides in
solution. In summary, the data show a moderate flexibility of the
four tetrasaccharide species at the central glycosidic linkage. Dif-
ferences in the shapes of species with the IdoA in skew and in
chair conformations and in the distribution of the sulfate groups
have also been highlighted.

DS and CS are related glycosaminoglycans composed of a
disaccharide repeating unit of uronic acid (1—3)-linked to
GalNAc. These disaccharide repeats are 3-(1—4)-linked to one
another to form polymers of DS or CS. Epimerization at the C-5
position of the uronic acid moiety during the biosynthesis of
DS leads to mixtures of epimers of IdoA and GIcA. DS GAG is
found mostly in skin, but also in blood vessels, the heart
valves, tendons, and the lungs. Despite the wealth of data re-
garding the solution conformations of HP- and CS-derived oli-
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gosaccharides,” little or no information on the solution con-
formations of DS-derived oligosaccharides is available.® Glyco-
saminoglycan-degrading lyases (chondroitinase B and ABC) are
able to cleave DS polymers through a (-elimination mecha-
nism, producing a terminal uronate with a 4,5-double bond
(AHexA) at the nonreducing end.” By this enzymatic treat-
ment a DS-derived tetrasaccharide has been isolated and
chemically characterized, and its NMR solution conformation
has been assigned. The isolated tetrasaccharide has the follow-
ing sequence:

HexA-(1—= 3)-GalNAC4S-0-(1-= 4)-IdoA-o-(1-—= 3)-red-GalNAc4S

A B c D

The conformational study of such GAG-derived oligo- and
polysaccharides can be complicated by the well known confor-
mational flexibility of the iduronic acid."®"¥ It has been report-
ed that an internal IdoA residue can be present, depending on
the substitution pattern, in *C; chair and %S, skewed boat ring
conformations. Moreover, further complications derive from
the presence of two interconverting o and 3 anomers at the
reducing end and from the unsaturated uronate residue at the
nonreducing end, which can exist in two half-chair conforma-
tions, 2H, and 'H,.

The conformational behavior of a DS-derived tetrasaccharide
has been explored by analysis of chemical shifts, NOEs, *J,
coupling constants, MM, and restrained MD calculations. The
relative orientations of the sugar rings have been defined,
starting with the interresidue NOE contacts, from which the in-
terproton distances were deduced. MM calculations were per-
formed, in order to provide an estimation of the energetically
accessible conformational regions and to determine the low-
energy regions centered around the @ and ¥ glycosidic tor-
sions. The conformational space available for the regions was
then investigated by MD simulations. Restrained-MD simula-
tions were carried out by use of
the experimentally acquired
NOE/J coupling information and
the AMBER forcefield to obtain
the best experimental conformer
distributions of all the species in
solution. The conformational be-
havior of the tetrasaccharide as
suggested by NOE, MM, and MD
studies has been further investi-
gated by RDCs. One-bond C—H
RCDs ('Dcy) and long range H-H
(*Dyy) RCDs were measured for Al
the tetrasaccharide in a phage
solution. The TRAMITE (tracking
alignment from the moment of

n...J\.,-.J&,,

inertia tensor) method was

mentally determined ones and interpreted with the assistance
of MD simulations. These results were compared with those
obtained from NOE-based information.

Results and Discussion

Isolation, purification, and characterization of dermatan
sulfate tetrasaccharides

DS was partially digested with chondroitinase ABC. The per-
centage completion of digestion was quantified by dividing
the UV absorbance (at 232 nm) of the products prepared with
a given amount of enzyme for 10 h, by the UV absorbance at
232 nm determined at reaction completion. The absorbance at
232 nm indicated that the digestion was 50% complete. The
digested product mixtures were separated by size on a Bio-
Gel P10 column. Seven fractions were observed in the chroma-
tography on Bio-Gel P10 (data not shown), containing disac-
charide (degree of polymerization 2, dp2) to tetradecasacchar-
ide (dp14). The molecular weight of each fraction was con-
firmed by electrospray ionization-mass spectrometry (ESI-MS,
data not shown), by which molecular ions of the tetrasacchar-
ide were observed at m/z 458.1 (IM—2H]*") and 918.1 (IM—H]J).
Further purification was based on semipreparative strong
anion exchange high-performance liquid chromatography
(SAX-HPLC). Analysis by analytical SAX-HPLC indicated that the
purity of this tetrasaccharide after purification was >97%. All
signals observed in ESI-MS could be assigned to the dermatan
sulfate tetrasaccharide.

NMR analysis

The monosaccharide spin systems were assigned by 1D and
2D NMR spectroscopy. The 'HNMR spectrum is shown in
Figure 1. A combination of homo- and heteronuclear 2D NMR
experiment double quantum filtered COSY, TOCSY, transverse-

BR6DS

nr

Co el

¥

used to align the MD trajectories 5.5
and to back-calculate the aver-
age RDCs. Calculated RDCs were
then compared with the experi-
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Figure 1. '"H NMR spectrum (600 MHz, 298 K, pD 7.0) of the target dermatan-derived tetrasaccharide. Key NMR
signals are indicated, denoted as indicated in Table 1.
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Table 1. 'H and "C (italic) NMR chemical shifts (5, ppm) for the different sugar residues of the dermatan sulfate derived tetrasaccharide. Different values
are observed for the GalNAca (unit D) and -f (unit D’) anomers, and for their vicinal residues, dubbed as Ca and Cp.

Chemical shift 0 (‘"H/"*C)

Unit 1 2 3 4 5 6

A 5.19 3.76 3.87 5.89 - COOH

AHex-A 99.9 68.4 64.4 106.47

D 5.19 4.28 4.09 4.66 4.20 3.65/3.70

a-red-GalNAc 91.2 49.5 72.5 77.2 70.3 61.2
Ac 1.97/22.0

B 4.62 3.99 4.08 4.55 3.79 3.71

B-GalNAc 102.0 51.9 75.5 76.0 74.5 60.9
Ac 2.04/22.4

D’ 4.69 3.97 3.93 4,59 3.80 3.71

B-red-GalNAc 94.8 53.0 75.3 76.1 74.5 60.9
Ac 1.97/22.0

c1p 479 3.47 3.80 4,02 4.66 COOH

IdoA (with B-red-GalNAc) 103.2 69.5 71.6 80.7 69.7

Ca 4.83 3.46 3.82 4,03 4.66 COOH

IdoA (with a-red-GalNAc) 102.9 69.5 71.6 80.7 69.7

ROESY, 'H,"*C HSQC, and 'H,"*C HMBC was executed in order to
attribute all the spin systems. The proton resonances of all
spin systems were obtained from the DQF-COSY and TOCSY
spectra and were used to assign the carbon resonances in the
HSQC spectrum. The anomeric configuration of each monosac-
charide unit was assigned on the basis of the *J,,, coupling
constants obtained from the DQF-COSY and the intraresidual
NOE contacts observable in the ROESY spectrum, whereas the
values of the vicinal J,y coupling constants allowed the iden-
tification of the relative configuration of each residue. In the
anomeric region of the 'H NMR spectrum (Figure 1) six signals
(Table 1) for the tetrasaccharide AHexA-(1— 3)-GalNAc4S-f3-
(1— 4)-ldoA-a-(1— 3)-red-GalNAc4S (residues A-D, respective-
ly) were identified. Because of the presence of a free reducing
end, represented by two residues D and D’ (a- and 3-GalNAc,
respectively, Table 1), two signals were observed for the D resi-
due. In addition, two different spin systems were identified for
the 1doA residue C: Co and CP, present in the a- and in the 8-
reducing form of the tetrasaccharide. The o and 3 anomers
were present in a ratio of 0.6:1, as deduced from the relative
integration of the ring proton signals of residues D and D’ and
of residue B.

Ring conformation and conformer population

Ring conformations have been defined by analysis of *J,, cou-
pling constants obtained from one-dimensional 'H NMR and
two-dimensional DQF-COSY spectra and supported by analysis
of the interresidual NOE contacts present in the ROESY spec-
trum.

Coupling constant values and intraresidue NOE contacts in-
dicated that both GalNAc residues B and D were present exclu-
sively in *C; chair conformations, in which carbon atoms 4 and
1 are respectively above and below the plane defined by car-
bons 2, 3, and 5 and the intraring oxygen (O5).

The presence of a 4,5-double bond in the six-membered
ring of residue A leads to a flattening of the chair due to the
planar geometry of the double bond, generating the half-chair
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conformation in which four contiguous carbons lie in one
plane and the other two atoms lie on opposite sides of the
plane. In principle, two almost isoenergetic half-chair confor-
mations—?H, and 'H,—differing in the alternative above- and
below-plane positions of C1 and C2, could exist for residue A;
analysis of *J,, (Table 2) showed that the contribution to the

Table 2. Experimentally and theoretically determined coupling constant
values (J, Hz) for the flexible pyranose residues C (IdoA) and A (AHexA).
The experimentally determined values were estimated from high-resolu-
tion 1D NMR spectra at 600 MHz and in certain cases from highly re-
solved 2D double quantum filtered COSY. The theoretical values were ob-
tained by applying the empirical Karplus equation proposed by Hassnoot
et al. to the torsion angles derived from the MD simulations.

Experimentally and theoretically determined coupling constants

3']'\ 2 3'/2,3 3']3,4 3‘]4,5
IdoA
IdoA, C1 exp 3.8 8.4 7.6 3.1
IdoA, C2 exp 3.8 8.1 7.6 3.1
IdoA, “C, calcd 2.0 2.1 2.0 34
IdoA, 2S, calcd 43 1.1 5.4 3.2
AHexA
AHexA, A exp 29 ca. 1.3 4.8 -
AHexA, 'H, calcd 3.0 15 4.1
AHexA, *H, calcd 8.3 7.7 2.8

AHexA: contribution of "H, conformer: 100%, IdoA: 25,:*C; ratio=280:20

equilibrium of the ?H, conformer is ca. 100%. The *H, confor-
mer is favored, as previously reported,*” ' probably as the
result of an intraresidual hydrogen bond between O1 and
HO3.

Residues B, D, and A seemed to be almost conformationally
rigid in solution. In contrast, coupling constants and NOE con-
tacts demonstrated that residue C of IdoA was conformational-
ly flexible. It has been reported™” that IdoA residues can exist
in both “C, and 'C, chair conformations and also in a skew-
boat %S, conformation, and that their relative proportions vary
as a function of the sugar sequence and of the attached sub-

ChemBioChem 2008, 9, 240 - 252
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stituents (if any). The contribution of each of these conforma-
tions was evaluated by analysis of *J,, values, which allowed
us to exclude the presence of the *C, form in equilibrium and
to describe the two existing conformations as 'C, and 25,
(Table 2). The experimental data indicated that the equilibrium
was significantly displaced toward the 2S, form (Table 2), the
contribution of which was up to 80%, as reflected in the large
*Juans and *Jyzpe values. This was further confirmed by the
strong and diagnostic NOE contact between H2 and H5 of resi-
due C, which is only possible in the skew-boat %S, conforma-
tion (Figure 2).

Vicinal Js5 coupling constants for the hydroxymethyl groups
were also analyzed, and were in agreement with the typical
gt:tg equilibrium of the w torsion angles of a galactopyranose.
Furthermore, analysis of the ROESY spectrum (Figure 2) gave
evidence of remarkable NOE contacts of H1 and H2 C with the
methyl protons of the N-acetyl group located on residue D,
and of H1 and H2 A with the methyl protons of the N-acetyl
group located on residue B.

In conclusion, the NMR data showed that the tetrasaccharide
was present in the form of four different species differing in
the anomeric orientation of the red-GalNAc unit and in the
conformation of the IdoA unit. For abbreviation, these species
are named as B-skew and a-skew (when the IdoA residue is

FULL PAPERS

present in the skew conformation with red-GalNAc as the f3
and the o anomer, respectively) and as f-chair and a-chair
(when the IdoA residue is present in the chair conformation
with the red-GalNAc as the § and the o anomer, respectively).
The estimated relative abundances of these species, as inferred
from the o/f anomer ratio and from the conformational equi-
librium of the IdoA unit, were: 3-skew 50%, a-skew 30%, [3-
chair 12.5%, and a-chair 7.5 %.

Molecular mechanics and molecular dynamics calculations

Since the conformation of an oligosaccharide is essentially de-
fined by the relative orientations of the sugar moieties, and
thus by @ and ¥ glycosidic torsions, MM calculations have
been performed to determine the best @ and ¥ anomeric tor-
sions and to provide a first estimate of the conformational re-
gions energetically accessible. Only the results for the p-skew
species are discussed here in detail, as no significant differen-
ces were found in the @/¥ energy maps of all species. Indeed,
the energy minima were found in the same region for each
species.

The three disaccharides making up the dermatan sulfate tet-
rasaccharide—namely, A-B (AHexA-(1—3)-$-GalNAc4S, B-C
(GaINAc4S-B-(1— 4)-a-ldoA), and C-D (IdoA-o-(1— 3)-p-Gal-
NAc4S)—were constructed and
subjected to extensive calcula-
tions with the AMBER* forcefield.

Several maps were calculated,
with account being taken of the
two possible orientations of the
w torsion angle of the hydroxy-
methyl groups of both GalNAc
residues and of the different ori-

entations of the sulfate groups
with respect to the sugar chain.

One example of the resulting
adiabatic energy maps is dis-
played in Figure 3 (in this case
the gt conformer with the sul-
fate oriented equatorially with
respect to the sugar moiety is
reported). These @/¥ surfaces
provided a rough estimation of
the conformational states that
the disaccharide linkages could
adopt. The glycosidic linkages all
adopted exo anomeric"® confor-
mations; it could be observed
that central disaccharide B-C is
potentially more flexible, as the
energy maps extend for a larger

@
Q
40 @ = e &
- é. o
44 4
48 4
5_2-.
1]
LY
12,
60 4° ¥
58 ' 5.4 ’ 5.0 ' 46 i
3 (ppm)

Figure 2. Key region of the 2D T-ROESY spectrum obtained with a 400 ms mixing time for the dermatan sulfate
tetrasaccharide (600 MHz, 298 K, pD 7.0). Diagnostic and key NOE contacts are indicated. For instance, the strong
C2-C5 cross peak indicated the presence of a high percentage of skew-boat conformers. The inset shows the
equilibrium between the skew and the chair conformations of the IdoA residue.
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area (Figure 3), representing a
higher number of conformation-
al states. The lowest-energy re-
gions of the B-C fragment were

located around two energy
minima: at @y /¥ 54/-18
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Figure 3. Relaxed energy maps for the disaccharide fragments—AHexA-(1—
3)-GalNAc4S, GalNAc4S-B-(1—4)-IdoA, and IdoA-a-(1—3)-red-GaINAc4S—
that make up the target tetrasaccharide. Only those maps corresponding to
the f-skew geometries of the IdoA ring are shown. Nevertheless, those for
the a anomers or the chair conformers are very similar. The positions of the
global and major local minima in the map are indicated.

and at 36/—54, separated by a low energy barrier (2 kJmol™).
The @, /¥, glycosidic linkages were centered at about 54/0,
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and the @ /¥ . glycosidic linkages are within the low-
energy region around 54/18. Analogous optimal dihedral
angles for all four disaccharide fragments species were found.
Interestingly, neither change in conformation of the IdoA resi-
due nor o/f interconversion induced substantial changes in
the potential energy surfaces of the disaccharide fragments
and did not affect the orientation of the glycosidic linkages.

Ensemble average interproton distances for each disacchar-
ide entity were extracted from molecular mechanic calculations
and translated into predicted NOEs by a full-matrix relaxation
approach; NOEs were then compared with those collected
experimentally to verify the reliability of the simulation data
(Table 3). The experimentally determined values were in good
agreement with the conformations adopted by the disacchar-
ides.

Table 3. Experimentally determined (from T-ROESY experiments) and cal-
culated (from MD and MM calculations) proton-proton distances for the
two dermatan sulfate tetrasaccharides, which differ in the anomeric con-
figuration at the reducing end. The notation is A-B-Ca-D (for reducing a-
GalNAc) and A-B-CB-D’ (for reducing -GalNAc). Interglycosidic NOEs are
in bold. The experimentally determined values were obtained as de-
scribed in the Experimental Section by applying the isolated spin pair
approximation as described.[24]

Exp. MM MD
(600 ms ROESY) IdoAin'C, IdoAin?S, P-chair [-skew
AHexA-A
A1-A2 2.7 2.51 2.51 244 243
A1-A3 4.4 4.30 4.30 4.23 4.22
A1-B3 24 2.28 2.28 2.24 2.23
A4-A3 25 2.50 2.50 249 247
A2-A3 26 2.65 2.65 2.59 2.56
B-GalNAc-B
B1-B5 24 240 242 234 2.36
B1-B3 24 2.68 2.63 248 245
B1-C4 2.3 2.26 2.28 231 231
B2-B4 3.8 3.83 3.81 3.74 3.74
B3-B5 2.3 2.53 240 233 2.32
B3-B4 25 245 249 240 242
B4-B5 24 248 2.50 243 243
B4-B6 2.5 2.58 2.54 2.88 2.99
IdoA-CP
Cp1-Cy2 3.1 2.54 3.09 2.51 3.03
Cp1-D'3 23 247 248 2.38 2.38
Cp2-Cg3 2.9 2.59 3.09 2.51 3.03
Cp2-Cg5 2.7 4.04 2.39 3.96 2.29
Cp3-Cpd 2.8 2.57 3.08 2.52 2.94
Cpd-Cy5 24 2.50 2.37 242 235
Cp2-Cpa 3.5 4.31 292 4.24 3.00
B-red-GalNAc—D’
D'1-D'3 24 2.50 2.53 244 245
D'1-D’5 24 240 242 240 2.4
D'3-D’5 24 2.39 240 237 235
D'4-D’3 25 245 2.46 243 242
D'4-D'5 25 2.50 247 243 243
D'4-D'6 25 3.23 2.56 2.76 2.90
AHexA-A
A1-A2 2.7 2.51 2.51 244 244
A1-A3 4.4 4.30 4.30 4.23 4.23
A1-B3 24 2.28 2.28 2.26 2.25
A4-A3 25 2.50 2.50 249 2.50
A2-A3 2.6 2.65 2.65 2.58 2.60
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Table 3. (Continued)
Exp. MM MD
(600 ms ROESY) IdoA in'C, IdoAin?S, P-chair B-skew
B-GalNAc-B
B1-B5 2.4 2.40 242 235 2.36
B1-B3 2.4 2.68 2.63 2.50 247
B1-C4 2.3 2.26 2.28 231 2.31
B2-B4 3.8 3.83 3.81 3.74 3.73
B3-B5 23 253 2.40 2.34 2.32
B3-B4 2.5 245 249 2.39 242
B4-B5 24 248 2.50 243 2.44
B4-B6 2.5 2.58 2.54 3.18 2.85
IdoA-C
C,1-C,2 3.0 2.53 3.05 2.51 3.03
C,1-D3 24 2.44 240 243 233
C2-C3 29 2.59 3.09 2,51 3.03
C,2-C,5 27 404 2.39 3.95 227
C3-CA4 2.8 2.57 3.08 2.52 2.94
CA-C5 24 2.50 237 243 235
C2-CA 35 431 2,92 425 3.03
a-red-GalNAc-D
D1-D2 2.5 242 243 2.39 2.39
D2-D3 3.2 3.05 3.05 3.05 3.04
D3-D4 2.5 2.44 245 242 242
D3-D5 2.3 233 2.31 2.30 2.34
D4-D6 3.2 3.19 3.13 3.27 3.02
D4-D5 2.7 2.69 241 2.69 241

The conformational space available to the tetrasaccharide
was next investigated by MD simulations. Computational
models of the four tetrasaccharides were generated by use of
the energy minima for each glycosidic junction from the disac-
charide energy maps obtained with the MM approach; when
two minima were present, the lower in energy was considered.
The sulfate groups extended equatorially from each sugar ring.
The initial structures were extensively minimized, and trajecto-
ry coordinates were sampled every ps; a total of 9000 struc-
tures were collected for each simulation. A better representa-
tion of the experimentally determined conformer distribution
of the four species was obtained by performing a restrained-
MD simulation with the AMBER* forcefield and the experimen-
tally derived NOE/J information. Calculations were performed
with the GB/SA water solvation model as implemented in Mac-
roModel (MMOD). NOE-derived dihedral angles were included
as time-averaged torsion constraints.

The trajectories and the @/¥ scatter plots of the three
glycosidic linkages of the [-skew species are displayed in
Figure 4. In no cases were chair-skew interconversions of the
sugar rings observed. The calculations showed that all glycosi-
dic linkages adopted the exo anomeric conformation, in agree-
ment with the MM results and the experimental data. The sim-
ulation confirmed the existence, for the two external glycosidic
linkages A-B and C-D, of a single and rather compact energy
located in the same energy region, as indicated by the MM
calculations (Figure 4). On the other hand, greater flexibility
around the central B-C glycosidic linkage was evident. Indeed,
in the scatter plot of the B-C glycosidic torsions, the two
minima located by the MC calculation belonged to a wide
energy valley spanning a larger interval of @, ¥ values. Analy-
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sis of these data (Table 4) provided other useful information.
The averaged values of @ and ¥ angles reported in Table 4
were in accord with the MM and the MD data, while the stan-
dard deviation values were indicative of the degree of flexibili-
ty around the glycosidic junction. Starting from the nonreduc-
ing end, the average @,¥ values extracted during the restrain-
ed MD simulation for the [3-skew species were: AHexA-GalNAc
50.3/—6.2, IdoA-GalNAc 45.4/—24.5, GalNAc-ldoA 53.6/—0.55
(Table 4a for the other species). The standard deviation values
for both A-B and C-D glycosidic linkages were rather low. The
central glycosidic linkage appeared to be more flexible, espe-
cially along ¥, as deduced from the higher standard deviation
values. Moreover, the average values of both @z . and ¥;
torsions diverged from those found by the MM calculations
and showed that the two previously located minima belonged
to a region spanning a large range of @/% torsions. Similar re-
sults were obtained for the other species; the conformational
behavior was fairly analogous (Table 4a).

The computational models obtained from the MD were then
compared with the experimentally obtained results. Ensemble
average interproton distances for each molecule were extract-
ed from dynamic simulations and translated into NOE contacts
by a full-matrix relaxation approach. The corresponding aver-
age distances obtained for the simulation from (r°) values
were compared to those collected experimentally (Table 3). A
satisfactory agreement between the calculated and the experi-
mentally determined values was observed. As expected, the
deviation of the ring proton distances in residue C of a-ldoA
from the experimentally derived data was attributable to the
equilibrium between 'C, and %S, forms; the smaller deviation
of proton distances of both a-skew and B-skew species con-
firmed the existence of the IdoA residue mainly in the skew
conformation (see above). Moreover, a careful study of the sim-
ulation data and the corresponding predicted NOEs confirmed
the existence of the small NOE contacts of H-1/H-2 C with the
methyl protons of the N-acetyl group located on residue D
and of H-1/H-2 A with the methyl protons of the N-acetyl
group located on residue B, which were all further confirma-
tion of the relative orientations of the sugar rings.

RDC calculation from MD trajectories with TRAMITE

The conformational distribution of the dermatan tetrasacchar-
ide suggested by NOE, MM, and MD studies was further as-
sessed by using RDCs (residual dipolar couplings). The align-
ment medium for the RDC measurements was a phage solu-
tion."” RDCs were measured for a natural abundance sample
of dermatan tetrasaccharide. In order to obtain Dy, and Dy
RDCs, the measurements of one-bond carbon-proton coupling
constants (Jey + ('Dcyy)) were performed by t,- and t;-coupled
HSQC experiments (Figure S1 in the Supporting Information).
Proton—proton coupling constants (), + (*Dyy)) were ob-
tained by DQF-COSY and 'HNMR experiments. Dy, values
were measured for those signals of good quality that could be
unambiguously assigned in both oriented and nonoriented
samples. An orientation tensor defining the direction and the
magnitude of the alignment of the molecule in the alignment
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Figure 4. Molecular dynamics trajectories (@ and ¥ vs. time) and scatter plot of @ vs. ¥ values, corresponding to the NOE-restrained MD simulation (9 ns) for
the tetrasaccharide. The data obtained when the -skew geometry was employed are shown. All the other simulations produce similar results.

Table 4. The flexibility of the tetrasaccharide. A) Average @ and ¥ values medium is required for the interpretation of RDCs. The align-
directly observed from the MD simulation. B) Best-fit average @ and ¥ ment tensor can be predicted on the basis of the global shape
values to the RDC data, considering different sets of conformers. The set . . N .
) . of the molecule, information already encoded in its inertia
of conformers that provide the lowest RMSDs are given. o . ]
tensor, which is then used to predict the alignment tensor by
A) p-Skew  a-Skew  B) p-Skew a-Skew the TRAMITE (Tracking Alignment from the Moment of Inertia
A-B Tensor)™ method and then to back-calculate average RDCs
av. @ 52.8 530 av. @ 503+7.6 519+73 from multiple structure files. Calculated RDCs were compared
;V'CW -1 29 av¥ —62+13 —35£14 | With the experimentally determined ones to evaluate and to
av. B 479 476 av.d 4544134 4544129 refine .the consistency of the previously derived conformational
av. ¥ ~13.8 244 av V¥ 2454176 ~266+166 behavior.
¢D The instantaneous RDCs associated with every frame saved
av. & 336 536 av.® 336477 527482 during the MD simulations predicted with TRAMITE were used,
av. ¥ —2.9 -12 aw¥ —0.5+11.9 —6.1412.0 described ab deri i f RDCs. Th
B-Chair  a-Chair B-Chair -Chair as described above, to derive a linear average o s. The ac-
A-B cordance between experimentally determined and calculated
av. ¢ 50.8 528 av.® 48.2+9.1 47.8+85 RDCs for all the 9000 conformers collected during the simula-
av. ¥ 20 —10 av ¥ ~00+96 413+94 1 tions is acceptable, as shown by the root-mean-square devia-
B-C B-C B-C B-C . d d in Table 5. A d the deviati
av. b 438 435 av. @ 4454145 4384145 tions (rmsd) reported in Table 5. As expected, the deviation
av. @ _17.7 201 av ¥ 2254188 _25.1417.9 from the experimentally determined values is higher for spe-
c-D cies with the IdoA in the chair conformation, due to their pres-
av. @ 486 527 av.® 483+78 50.9+6.7 ence in minor amounts in solution.
av. ¢ 9.8 141 av. ¥ 13.0+8.7 16.3+7.5
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Table 5. The best fit from the MD simulations to the RDC data. The table
compares the RMSD values obtained with TRAMITE when all the comput-
ed 9000 conformers from the MD simulations are considered in compari-
son to the values obtained when a limited subset of conformers is evalu-
ated. The agreement is better in the second case. Nevertheless, the con-
sidered 1000 “best-fit” conformers still encompass a certain flexibility
around the glycosidic torsion angles and the IdoA ring.

RMSD (9000 conformers)

RMSD (1000 conformers)

FULL PAPERS

The agreement between calculated and experimentally
determined RDCs was improved when conformers with large
RDC deviations were filtered out from the RDC calculations
(see RMSDs in Table 5). In the case of the f-skew species, the
RMSD decreased from 0.55 to 0.36, and the accordance for the
other species was also significantly increased. In each case, a
subset of 1000 structures with the lowest RMSDs was consid-
ered. These conformers are represented in the @ versus ¥

B-skew 0.55 0.35 maps with gray points (Figure 5).
a-skew 0.50 038 The average @/¥ values for conformers with the lowest
gz::rr g‘zi g‘:: RMSD deviations are reported in Table 4B, and views of the
: i most favored conformers are depicted in Figures 6 and 7. The
RDC data substantially confirmed the validity of the data sets
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Figure 5. A-D) Scatter plots of @ vs. ¥ for all the four species (combinations of f/a and skew/chair geometries) making up the dermatan sulfate-derived tet-
rasaccharide. From top to bottom: 3-skew, a-skew, [3-chair, and a-chair. The datapoints for the 1000 conformers that give the best fit to the experimentally
determined RDC values (those providing the lowest rmsd) are darker. Flexibility is still observable around the glycosidic linkages.
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Figure 6. A) Superimpositions of different conformers for each of the four geometries taken from the regions providing the best fit to the experimentally

determined RDCs. From left to right: 3-skew, a-skew, [3-chair, and a-chair. B) Views of the four representative structures (combinations of o/f3 and skew/chair
geometries) from the dermatan tetrasaccharide. In this case, the possible inter- and intraresidue hydrogen bonds are also shown. From left to right and top
to bottom: 3-skew, B-chair, a-skew, and a-chair.

obtained by the previous NOE-based calculations, though the
most favored conformers, represented by the lowest rmsd-cal-
culated RDCs, were distributed in a narrower region of the
scatter plot (Figure 5). In fact, the MD data produce a wider
distribution of conformers with a substantial flexibility around
the glycosidic torsions. In contrast, the best fit between the
combined NOE/RDC experimental data with the MD analysis
points to more compact regions for the @/¥ torsional maps.
In any case, flexibility is required to account for the experimen-
tal data, although the actual degree of motion might be a
matter of discussion."® The glycosidic torsions of the four tet-
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rasaccharides showed a similar trend (compare, for each glyco-
sidic torsion, the green points in the four maps in Figure 5),
even though rather small but significant differences were
detectable (see below for a detailed discussion).

Discussion

The NMR data reflect the existence of four dermatan sulfate-
derived tetrasaccharide species, present in different amounts
and distinguished by the conformation of the IdoA residue
and the anomeric configuration of the free reducing end (B/a
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FULL PAPERS

Figure 7. Connelly surfaces of the four major species (combinations of o/} and skew/chair geometries) depicted in Figure 6B. Two different perspectives for
each geometry are given. All adopted a similar shape, with different extensions related to the conformation of the IdoA residue. Those with IdoA in S, adopt-
ed a more extended shape with a large cleft defined between residues D and B. On the other hand, those with IdoA in the chair conformation presented a
smaller but deeper cleft between residues C and B. Three sugar moieties appeared coplanar in the first case (skew), while only two seemed to be coplanar in
the second one (chair). Thus, for longer oligosaccharides, a three-residues-per-turn helix-like structure would be present in the first case, while a two-residues-
per-turn helix-like structure could appear in the second case. From left to right and top to bottom: p-skew, 3-chair, a-skew, and a-chair. Two views are given

for each conformer.

in a 1 to 0.6 ratio). Both GalNAc species were present exclu-
sively in the *C, conformation. The IdoA species could be pres-
ent in twisted boat %S, and chair 'C, conformations in approxi-
mately 80:20 ratio This observed conformational equilibrium
(4:1) adds new data to those previously described for other
IdoA residues within GAGs.*®'0131921 For instance, within the
regular region of heparin, both conformers are almost equally
populated with a slight excess of the chair form (Sy/'C,
~40:60), whereas the presence of a sulfo group at position 3
on the successive glucosamine residue, as in the case of the
pentasaccharide with high affinity for AT-IlI, slightly unbalances
the equilibrium towards the skew-boat form (3Sy/'C, ~65:35).
The effect of sulfation at position 3 of the adjacent glucosa-
mine is indeed highly dependent on the sulfation of the corre-
sponding IdoA residue, as in the absence of the charged
group it leads to an increase in the chair form (*So/'C, ~25:75).
For 2-O-sulfo IdoA residues, the most dramatic effect takes
place when both adjacent glucosamine residues are sulfated at
position 3 (3Sy/'C, ~100:0).
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The AHexA residue, containing a 4,5-unsaturated bond, was
present in 'H, twist boat form, as inferred from the analysis of
the *J, 4 coupling constants and also confirmed by the MD sim-
ulations that showed the existence of possible internal hydro-
gen bonds of the hydroxy group HO3 with the glycosidic
oxygen O1 and the sulfo group present on the adjacent
GalNAc residue B (Figure 6).

The combined NOE-based molecular dynamics approach,
further improved with the RDC/MD data, allowed an accurate
description of the 3D structure of the dermatan sulfate tetra-
saccharides through a cautious evaluation of the conforma-
tional space effectively available to the species. The RDC calcu-
lations substantially confirmed the NOE-based studies and pre-
dicted that the most probable structures were located around
a well defined region of @/¥ combinations. Furthermore, the
data still pointed to a certain flexibility of the central glycosidic
linkage. Views of the most favored conformers are depicted in
Figures 6 and 7. With respect to the IdoA residue in skew con-
formation, the RDC-based distribution could be explained in a
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straightforward manner. It could be roughly assumed that the
glycosidic junctions @, z/¥, s and @ /W, behaved similarly
for both a and § anomers. The RDC-based analysis provided
less populated regions for both glycosidic angles @, /¥,
and @ /¥, giving evidence of overestimation of the flexi-
bility of both junctions from the MD data. The major differ-
ence, as evident from the scatter plots, is indicated by the be-
havior of the central linkage (Figure 5A-B). In the case of the
Y, _c torsion, in the 3 anomer (Figure 5A) most of the conform-
ers with the lowest RMSD were located around —13.8°
(Table 4b) and the distribution of species along the ¥ torsion
was almost extended, indicating that this torsion maintained
much of the previously found flexibility about the ¥; - angle.
On the other hand, the flexibility about the @; . torsion (Fig-
ure 5A) was significantly smaller. In the case of the o anomer,
the center of the distribution of conformers was shifted to
—24.4° and species were distributed around a less extended
area of ¥ values (Figure 5B). In addition, the flexibility along
the @ torsion was restricted. Analogously, species with IdoA
adopting a chair conformation, which are present in minor
amounts (<20%), were analyzed (Figure 5C and D). The cen-
tral torsion B-C behaved similarly to that described above and
appeared to be slightly more flexible. Interestingly, most of the
dihedral angles of both C-D junctions were located in a partic-
ular region of the scatter plot (Figure 5).

A distinctive feature of the presence of the skew or the chair
conformation is the relative spatial disposition of the two sul-
fate groups, extending equatorially from the sugar rings.
Indeed, the sulfates are oriented on opposite sides with re-
spect to the sugar chain in the skew conformation, whereas in
those species with the IdoA residue adopting the chair confor-
mation, the sulfate groups are located perpendicular to each
other (Figures 6 and 7). Moreover, as shown in Figure 6B, sev-
eral intramolecular hydrogen bonds that could stabilize the
structure and be responsible for the folding of the molecules
were identified (see also ref. [8]). The surfaces of the four oligo-
saccharides were built according to the Connelly method to
provide additional information regarding the overall shapes of
these species (Figure 7). Even though these tetrasaccharides
do not adopt a defined secondary motif, it is worth noting
that all species adopted a similar shape, with different exten-
sions once again attributable to the conformation of the IdoA
residue. Thus, species with IdoA in the 2S, conformation adopt-
ed a more extended shape, as observable from the Connolly
surface, in which a large cleft defined between residues D and
B, common to both anomers, was observable (Figure 7), al-
though to different extents. On the other hand, the species
with IdoA in the chair conformation presented a more con-
tracted structure, while a smaller but deeper cleft was observa-
ble between residues C and B, with greater folding of the
chain with respect to that observed for the skew forms. As
demonstrated in Figures 6B and 7, two sugar moieties ap-
peared coplanar for the a- and pB-chair species, while for the a-
and [-skew molecules, three sugar residues seemed to be co-
planar. Thus, when the saccharide chain were extended to a
longer oligosaccharide chain, a two-residues-per-turn helix-like
structure would be present in the first case, while a three-resi-
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dues-per-turn helix-like structure could appear in the second
case.

Conclusions

The locations and the highly charged natures of GAGs explain
the mechanical and functional roles of these key molecules.
Dermatan sulfate is a GAG found mostly in skin, but also in
blood vessels, heart valves, tendons, and lungs. Because of
their key roles in a variety of relevant physiological processes
and in numerous vital functions within the body, the study of
conformational details of a dermatan sulfate-derived oligosac-
charide is important for shedding light on its biological role
and mechanisms of action at molecular levels. The understand-
ing of the biological roles of such molecules thus requires
comprehension of the rules governing their conformational
equilibria in solution as a prerequisite toward comprehension
of the bioactive conformations of such important glycopoly-
mers.

To this end, we have accomplished the first study of the 3D
structure of a dermatan sulfate moiety in solution with the aid
of NMR and molecular modeling. Classical NOE-derived confor-
mational analysis has been assisted with an RDC-based ap-
proach that yielded a better definition of the conformational
behavior of the tetrasaccharide and allowed the consistency of
the previous NOE-based results to be checked. The analysis
confirmed a moderate flexibility of the two external anomeric
torsions, while highlighting a certain degree of flexibility of the
central glycosidic linkage.

The IdoA residue can exist in two different conformations
that give rise to different distributions of the sulfate groups
and also to a different extension of the shape of the molecules.
As a consequence, it could be supposed that dermatan sulfate
oligo-/polysaccharides might adopt different 3D helices charac-
terized by different numbers of residues per turn, depending
on the conformations of the IdoA residues. This conformational
flexibility of the IdoA ring between the 'C, and 2S, forms
might also be evaluated from a biochemical point of view,
since this equilibrium could imply a different three-dimensional
structure and biological activity of the molecule during recog-
nition processes, as happens in the case of heparin and hepa-
rin-derived analogues.!*%?

Experimental Section

Isolation, purification, and characterization of the dermatan sul-
fate tetrasaccharide: DS from porcine intestinal mucosa was pur-
chased from Celsus Laboratories (Cincinnati, OH). Chondrointin
lyase ABC, 50 munits (Seikagaku Co., Tokyo, Japan) was used to
digest DS (30 mg/1 mL) in sodium phosphate buffer (pH 7.0,
150 mm) at 37° for 10 h. The reaction mixtures were heated in a
boiling water bath for 10 min to inactivate the enzyme thermally,
halting the reaction. The denatured protein was removed by cen-
trifugation at 12000 g for 10 min. The resulting oligosaccharide
mixture was concentrated by rotary evaporation and fractionated
by low-pressure GPC on a Bio-Gel P10 (fine) column (4.8 150 cm)
with NaCl (0.2N) mobile phase at a flow rate of 0.5 mLmin~" and
detection at 232 nm. Each fraction was concentrated by freeze-
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drying, desalted by GPC on a Bio-Gel P2 column (4.8 x70 cm) with
water as the mobile phase and detection at 232 nm, and freeze-
dried. The resulting size-fractionated oligosaccharide mixtures were
characterized by ESI-MS (Agilent G2445D MSD trap, Agilent Tech-
nologies, Inc.). Further purification of DS oligosaccharides was ach-
ieved by strong anion-exchange high-pressure liquid chromatogra-
phy (SAX-HPLC) on a semipreparative SAX S5 Spherisorb column
(Waters) with a 0.1-2m NaCl (pH 3.5) linear gradient elution. The
purified fraction were collected, desalted by GPC, and freeze-dried.
Purity was determined by analytical SAX-HPLC. ESI-MS was also
applied to characterize the purified tetrasaccharide.

NMR spectroscopy: For structural assignments of OS, 1D and 2D
"HNMR spectra were recorded with a solution (2mg) in D,O
(0.5 mL), at 300 K and at pD 7, on a Bruker 600 DRX equipped with
a cryoprobe. Spectra were calibrated with internal acetone (0=
2.225, 8. =31.45).

T-ROESY experiments'®®) were recorded with data sets (t,xt,) of
4096 x256 points and with mixing times between 200 ms and
700 ms. Interproton distances were obtained by employing the iso-
lated spin pair approximation as described.?” As usual when T-
ROESY experiments are performed, cross-peak intensities were cor-
rected by their corresponding offset effects, according to the
actual effective field for each proton resonance in the spectrum.
The spin-lock field was attenuated four times (ca. 8000 Hz) with re-
spect to that employed for the hard pulses (ca. 33000 Hz). Thus,
basically only the NOEs involving the methyl groups were affected
by offset effects. No correction for Hartmann-Hahn effects was
applied, since T-ROESY effectively removes most of these effects.
Double quantum-filtered phase-sensitive COSY experiments were
performed by using spectral widths either of 3600 in both dimen-
sions or of 2000 Hz in F2 (for coupling measurements), with data
sets of 4096x256 points. TOCSY was performed with spin-lock
times from 20 to 100 ms, with data sets (t;xt,) of 4096x 256
points. In all homonuclear experiments the data matrix was zero-
filled in both dimensions to give a matrix of 8kx2k points and
was resolution enhanced in both dimensions by a cosine-bell func-
tion before Fourier transformation. Coupling constants were deter-
mined on a first-order basis from high-resolution 1D spectra or by
2D phase-sensitive DQF-COSY.”® HSQC and HMBC experiments
were measured in the 'H-detected mode by single-quantum coher-
ence with proton decoupling in the *C domain, with data sets of
2048 x 256 points. Experiments were carried out in the phase-sensi-
tive mode. A 60 ms delay was used for the evolution of long-range
connectivities in the HMBC experiment. In all heteronuclear experi-
ments the data matrix was extended to 2048 x 1024 points by for-
ward linear prediction extrapolation.

RDC measurements: The isotropic and the aligned solution were
prepared by dissolving tetrasaccharide (2 mg) in D,O or D,O resus-
pended in Pf1 phage as reported previously."® The Pf1 phage was
purchased from Asla Biotech. According to that company, the Pf1
phage strain LP11-92 is isolated from wild-type Pseudomonas aeru-
ginosa and propagated in the phage-free strain LA23-99. The
phage is purified on KBr gradient and purchased in a suspension
of K-phosphate buffer (pH 7.6, 10 mm), MgCl, (2 mm), and NaN,
(0.05%, buffer content may be adjusted as to customer needs). Ad-
ditional data are available.?® 1D 'H NMR and 2D-DQF COSY spectra
were recorded for the measurement of multiple-bond proton-
proton RDCs. 'H NMR spectra were recorded with 32k and 64k
data points; the H,O signal was saturated in the recovery period of
2 s. No window functions were used for the Fourier transformation.
2D-DQF COSY spectra were acquired with 4096x512 data points
in both F, and F, dimensions. Quadrature indirect dimensions were
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achieved through the States-TPPI method.”?” The relaxation delay
was 3 s. Spectra were processed by application of a cosine function
to both dimensions, and the data matrix was zero-filled by a factor
of 2 before Fourier transformation. 2D F,-coupled HSQC and F;-
coupled HSQC spectra were recorded for the measurement of C—H
RDCs. 2D F,-coupled HSQC spectra were measured with 32kx 128
data points, while the FIDs were apodized in both dimensions with
a 90° shifted cosine function and zero-filled to give, after Fourier
transformation, a 2D spectrum of 32x512. 2D HSQC F;-coupled
HSQC spectra were recorded with 2048kx 512 data points, while
the FIDs were apodized in both dimensions with a 90° shifted
cosine function and zero-filled to give after Fourier transformation
a 2D spectrum of 4096x2048. In both cases, the column corre-
sponding to each C—H signal was carefully phased and stored. The
sign and the magnitude of RDCs were determined from the differ-
ence between the coupling in the oriented and non-oriented
sample 14181 and references therein Tha astimated experimental error is
+0.05-0.1 Hz. The program TRAMITE was freely downloadable at
http://desoft03.usc.es/rmnweb/rmnexp_software.ntml#MD_TRAMITE.
For further information, see ref. [14].

Calculations: Molecular mechanics calculations were performed
with the AMBER* forcefield as included in MacroModel 8.0. A di-
electric constant of 80 was used. Extended nonbonded cut-off dis-
tances (a van der Waals cut-off of 8.0 A and an electrostatic cut-off
of 20.0 A) were used. For each disaccharide structure, both @ and
Y were varied incrementally with use of a grid step of 18° each
(D,%) point of the map being optimized with 2000 PR. conjugate
gradients. The Molecular Dynamics simulations were run with the
AMBER* forcefield; bulk water solvation was simulated by use of
the MacroModel generalized Born GB/SA continuum solvent
model. All simulations were performed at 300 K, structures were in-
itially subjected to an equilibration time of 300 ps, a 9000 ps mo-
lecular dynamic simulation was then performed with a dynamic
time-step of 1.5 fs and a bath constant t of 0.2 ps, and the SHAKE
protocol was applied to the hydrogen bonds. Sulfate parameters
were adapted as described."® Trajectory coordinates were sam-
pled every ps, and a total of 9000 structures were collected for
every simulation. 2

Ensemble average interproton distances were calculated with the
home-made NOEPROM program.®" Coordinate extractions were
performed with the program SuperMap, supplied with the NOE-
PROM package, and data were visualized with the ORIGIN program.
Solvent-accessible surfaces were calculated with the Surface utility
of Macromodel and with the Molecular Surface displays of the
Chem3D package.
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Exploring the Substrate Specificity of a Mycobacterial
Polyprenol Monophosphomannose-Dependent o-(1—6)-

Mannosyltransferase

Pui-Hang Tam,” Gurdyal S. Besra,” and Todd L. Lowary*®

A series of synthetic a-(1—6)-linked octyl mannopyranoside olig-
omers was evaluated as potential acceptors of a polyprenol
monophosphomannose-dependent a-(1—6)-mannosyltransferase
that is involved in the biosynthesis of the mannan core of myco-
bacterial lipoarabinomannan. Initial evaluation demonstrated
that the enzyme recognizes di-, tri- and tetramannosides (5, 6
and 7) as substrates with different activities. While the highest
mannosyltransferase activities were observed when the di- and
trisaccharide were used as substrates, diminished enzymatic ac-
tivity was seen with the tetramannoside. As octyl a-p-mannopyr-
anosyl-(1—6)-a-p-mannopyranoside (5) appears to be the mini-
mum structural element required for mannosyltransferase cataly-
sis, a panel of methoxy and deoxy disaccharide analogues (8-21)
were used to probe the substrate specificity of the enzyme fur-
ther. In terms of the steric requirements at the active site, the
enzyme does not recognize either C2'- and C2-methoxy ana-
logues as substrates, a result that suggests that the a-(1—2)-

Introduction

Tuberculosis (TB), which is caused by the bacterium Mycobacte-
rium tuberculosis, is a disease that kills nearly three million
people worldwide each year."™ TB has been the subject of in-
creasing recent concern due not only to difficulties in treating
the disease in individuals with compromised immune systems
(e.g., those with HIV/AIDS™) but also due to the emergence of
M. tuberculosis strains that are resistant to one or more of
front-line anti-TB drugs.” In particular, extremely-drug resistant
TB (XDR-TB) has been the subject of substantial recent media
coverage®® stemming in part from an incident®® in which an
individual, who was thought to be infected with an extreme
drug-resistant strain travelled between Europe and North
America, potentially infecting large numbers of people. While
it was subsequently shown that this individual did not have
XDR-TB, but the rather less serious multi-drug resistant TB,
this incident underscored the contagious nature of the disease
and the need for new anti-TB agents.

Successful treatment of TB and other mycobacterial diseases
requires a protracted drug regimen that involves multiple anti-
biotics.”” Such intensive treatments are made necessary by the
unusual structure of the mycobacterial cell wall, which both
protects the organism from the immune system of the host,
and also serves as a formidable barrier to the passage of thera-
peutic agents.”! The two major entities of the mycobacterial
cell wall are the mycolyl-arabinogalactan (mAG) complex and

ChemBioChem 2008, 9, 267 - 278

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

mannopyranosyl branches, which are present in the mannan
core of LAM must be added on a larger a-(1—6)-oligomannan
intermediate. In contrast, the presence of a methoxy functionality
at the C3', C3, C4 and C4 positions are somewhat tolerated by
the enzyme, although diminished enzyme activities were ob-
served with the C4'- and C4-methoxy analogues. Moreover, the
2'- and 4-hydroxyl groups appear not to be critical for substrate
binding at the active site, as both 2'- and 4-deoxy analogues are
substrates for the enzyme. In contrast, replacement of the hy-
droxyl groups at other positions essentially abolished enzymatic
activity. Further kinetic characterization of the enzyme by using
the effective acceptor substrates gave apparent K,, values rang-
ing from 111 to 437 um, which are within two-fold higher or
lower than that for the parent dimannoside (5). Although the Ky,
values indicate that the enzyme binds those acceptors with com-
parable affinities, the C4'-methoxy analogue (12) turns over more
slowly than the others, as indicated by the apparent V,,,, values.

lipoarabinomannan (LAM).®! The largest structural component
of the cell wall is the mAG, which serves as a permeability bar-
rier to the passage of antibiotics.® LAM is a major antigenic
component of the cell wall and a number of recent studies
have clearly shown that this glycoconjugate is an important
modulator of the immune response that arises from mycobac-
terial infections.”

LAM contains four major structural features (1, Scheme 1): a
phosphatidylinositol (Pl) anchor, a core mannan chain, an ara-
binan domain and terminal capping motifs, which are found at
the non-reducing end of the molecule. The polysaccharide, to-
gether with its truncated analogues, lipomannan (LM) and the
phosphatidyl-myo-inositol mannosides (PIMs), constitute the
major lipoglycans of the mycobacterial cell wall.®® In LAM, the
Pl anchor is non-covalently attached to the plasma membrane
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Scheme 1. Structure of LAM in which the mannan core is highlighted;
DAG =diacylglycerol.

and the attached polysaccharide extends to the exterior of the
cell wall complex. The mannan core is a polymer of ~20-25
mannopyranose residues that are linked a-(1—6), and this
linear structure is further elaborated by additional a-manno-
pyranose units on approximately half of these residues. In spe-
cies such as M. tuberculosis, M. leprae, M. kansasii and M. smeg-
matis® these side-chains are attached to O-2 of the a-(1—6)-
linked mannopyranose residues, while in M. chelonae they are
attached to O-3."% The arabinan domain of LAM is a highly
branched motif that is composed of a-(1—5)-, a-(1—3)-, and
B-(1—2)-linked arabinofuranose residues, the exact structure
and complexity of which depends on the identity of the myco-
bacterial species."""®! The nature of the LAM capping motifs
are also species-specific and these groups include short oligo-
mannopyranosides (M. tuberculosis, M. leprae, M. bovis and
M. avium),"™ inositol phosphate motifs (M. smegmatis)™ and 5-
thiomethyl-xylofuranose residues (M. tuberculosis).'®

A model for the biosynthesis of mycobacterial LAM was pro-
posed ten years ago by Brennan and co-workers (Scheme 2),"”
and since that time many of the steps in this process have
been supported by biochemical and genetic evidence.'®* Of
particular relevance to the work that is described here is that
the biosynthesis of the mannan core has received significant
scrutiny, and current evidence points to a process in which
a number of acyltransferases™ and mannosyltransferases
(ManT’s),2*%-26 and act in concert by adding single monosac-
charide residues and acyl groups to PI; this leads initially to
AcPIM2 and then to AcPIM4, which serves as a key branch
point between PIM and LM/LAM biosynthesis. From AcPIM4,
the o-(1—6)-linked backbone of the mannan core is assem-
bled, and the a-(1—2)-linked mannopyranosyl side-chains are
introduced.
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Whether the a-(1—2)-linked residues are introduced after, or
simultaneously with the formation of the a-(1—6)-linked back-
bone is unknown. However, in the initial model that was sug-
gested by Brennan and co-workers, the a-(1—2)-branching
was proposed to follow the complete synthesis of the a-(1—
6)-linked mannan.!'”

The donor substrates for these ManTs are either GDP-man-
nose (GDP-Man, 2) or polyprenolphosphomannose (PPM, 3),
which is synthesized from 2 by the enzyme polyprenol mono-
phosphomannose synthase.”” The ManTs that are involved in
the initial biosynthetic steps that lead to AcPIM2 and AcPIM4,
including PimA, PimB and PimC (only found in M. tuberculosis
CDC1551), which use GDP-Man as the donor species, have re-
ceived the most attention.”™” Among the achievements in this
area is the recent report of a crystal structure of PimA in com-
plex with GDP-Man.”” In contrast, the enzymes that use PPM
as the donor species have been less well studied, but three
PPM-dependent a-(1—2)-ManT’s, which are involved in LM/
LAM core branching,”¥ arabinan motif capping,””” and AcPIM6
biosynthesis® have been identified. To date, the PPM-depen-
dent a-(1—6)-ManT that is involved in LM/LAM assembly has
remained elusive, but a cell-free assay for its activity has been
developed and has been used to screen the potential sub-
strates and inhibitors of the enzyme.?>?34 |t is, at this point,
unclear whether a single ManT is responsible for the installa-
tion of all the o-(1—6)-linked residues of the core mannan.
Indeed, very recently, through genetic knockout and comple-
mentation studies, Brennan and coworkers have provided evi-
dence that suggests that more than one a-(1—6)-ManT might
be involved in the full-length LM/LAM biosynthesis.®®

Given the important roles of LM and LAM in the progression
of mycobacterial disease, a better understanding of their bio-
synthesis is of interest. Our efforts in this area have been fo-
cused on probing the substrate specificity of the PPM-depen-
dent ManT that are responsible for the synthesis of the a-(1—
6)-linked mannan core of LM and LAM.®**¥ The specificity of
this enzyme remains poorly understood, and knowledge of the
steric and hydrogen-bonding requirements in the active site of
the enzyme would facilitate the design of potent and specific
inhibitors. Herein, a panel of octyl mannopyranoside analogues
(Scheme 3) were screened against this PPM-dependent manno-
syltransferase. A homologous series of mono- through tetrasac-
charides (4-7) was synthesized and screened to probe the
effect of acceptor length on activity. In addition, a panel of me-
thoxy and deoxy analogues (8-21) of the known®" disacchar-
ide substrate a-p-Manp-(1—6)-a-b-Manp-O(CH,),CH; (5), were
evaluated to explore the acceptor specificity of the enzyme
further. Singly modified oligosaccharide analogues such as 8-
21 have been of great utility in probing carbohydrate-protein
interactions,®® and these studies have provided compounds
that are not only useful biochemical tools but have also led to
the identification of potent glycosyltransferase inhibitors. In
the present case, compounds with the latter activity are poten-
tial lead compounds for new classes of anti-mycobacterial
agents.
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Results and Discussion R
R2
The activity of a PPM-dependent a-(1—6)-mannosyl- &~ OH
transferase in a membrane preparation from M. smeg- HO -0,
. . HO
matis was first demonstrated by Yokoyama and
Ballou™ and a cell-free assay was later developed by O(CH,),CH,
Brown et al.’" Both studies showed that the ManT
utilizes f-p-mannopyranosyl phosphodecaprenol (3), HO OH
which is synthesized in situ from 2 and decaprenol HO -0
HO
phosphate, as the donor and catalyzes the a-(1—6) R
. . . o)
mannosylation of oligomannopyranoside acceptors. Re -0
In particular, the latter studies demonstrated that R?
octyl dimannopyranoside 5 (Scheme 3) is a good ac- O(CH,),CH,

ceptor for the enzyme.®" The hydrophobic nature of
the octyl agylcone allows convenient product isola-
tion and characterization after the assays,”® and a
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small panel of analogues of 5
was recently screened as poten-
tial substrates and inhibitors of
the enzyme.?>3¥ |n this paper, a
larger series of synthetic octyl
mannopyranoside acceptors was
tested as substrates for ManT
under the established assay con-
ditions to probe the specificity
of the enzyme further.?#34

Synthesis of octyl mannopyra-
nosides 5-7

Considering that AcPIM4, which
is the proposed initial substrate
for the PPM-dependent o-(1—
6)-ManT consists of a linear a-
(1—6)-trimannopyranoside, oli-
gomannosides that are longer
than two residues might be
better acceptors. Indeed, the
early studies of Yokoyama and
Ballou demonstrated that longer
methyl oligomannosides could
act as substrates for this a-(1—
6)-ManT with improved K,
values.” To determine the effect
of the acceptor length of the
octyl glycoside counterparts on
ManT catalysis, oligosaccharides
5-7 were synthesized from the

4 n=0
5 n=1
6, n=2
7.n=3

8,R'= OCH,, R* = OH, R®= OH, R*= OH
9,R'=H, R?= OH, R = OH, R* = OH
10, R" = OH, R? = OCH,, R® = OH, R* = OH
11,R'= OH, R = H, R® = OH, R* = OH
12, R" = OH, R*= OH, R* = OCH,, R* = OH
13, R'= OH, R?= OH, R® = H, R* = OH
14,R' = OH, R® = OH, R® = OH, R* = OCH,
15,R'= OH, R*= OH, R®= OH,R*=H

16, R'= OCH,, R?*= OH, R* = OH
17, R'=H, R*= OH, R*= OH
18, R' = OH, R?= OCH,, R*= OH
19, R'=OH, R?=H, R*= OH
20,R"'=OH, R?=0OH, R*= OCH,
21,R'=0OH,R?=0H, R*=H

Scheme 3. Synthetic acceptor analogues that were used as probes of the PPM-depen-
dent ManT that is involved in the synthesis of the a-(1—6)-linked mannan core of LM

and LAM.
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known thioglycosides 22 and 23 and acceptors 24 and
2553371 35 shown in Scheme 4 by using the overall general
strategy that was developed by Watt and Williams >

As illustrated in Scheme 5, the coupling of thioglycoside 22
with alcohol 24 by using N-iodosuccinimide-trimethylsilyl tri-

[37,39]

T. Lowary et al.

Under the same glycosylation conditions, the coupling of
donor 23 and acceptor 25 afforded trisaccharide 27 in excel-
lent yield (98%). To avoid possible acyl migration and deben-
zoylation that can occur by using tetra-n-butylammonium fluo-
ride, intermediate 27 was desilyated by using hydrogen fluo-
ride in pyridine to give 28 in
90% yield."" Subsequent remov-

RO\ OB

B20 o al of the benzoyl and benzyl
Bz-l-0 oR 22:R=Bz Bz0 protecting groups under stan-
Ro%:‘o 23:R=TBDPS STol dard conditions afforded the

RO J . . .
target trimannoside 6 in 95%

56and7 <—— N — . -
o} Ogn -l-o oBn overall yield.”® With alcohol 28
BRos . Bno%:»o in hand, coupling with thiogly-
BnO J .

O(CH,),CH, )\, coside 22 under NIS-TMSOTf
o Ogn activation provided the corre-
R =BzorBn 24:n=0 BROS sponding protected tetrasac-
n=12or3 25:n=1 O(CH,),CH, charide 29 in good yield (90%).

Scheme 4. Retrosynthetic analysis of 5, 6 and 7.

BzO OBz
BzO O
BzO

b
2424 _ 2 o 1\ on Do s
BnO -0,
BnO
26 O(CH,),CH,
RO™\ OBz
BzO -0
a) BzO b)
23+25 —» 0O OBn — » 6
BnO O
BnO
o) OBn
BnO -0
BnO
o[ 27,R=TBDPS O(CH,kCH,
28, R=H
BzO OBz
BzO -0
BzO
) 0\ OBz b)
a
22+28 — » BZBgO — 7
O\ OBn
BnO -Q,
BnO
o OBn
BnO -0,
BnO
29 O(CH,),CH,

Scheme 5. Reagents and conditions: a) NIS, TMSOTf, 4 A MS, CH,Cl,, 0°C,
96 % for 26, 98 % for 27, 90 % for 29; b) i. NaOCH,, MeOH or MeOH/CH.Cl,
(8:1); ii. Hy, 20% Pd(OH),, MeOH; over two steps: 87 % for 5, 95% for 6, 62 %
for 7; c) HF-pyridine/pyridine/THF (1:2:5), 90 %.

flate (NIS-TMSOTf) activation®” afforded the corresponding
disaccharide 26 in 96% yield. Subsequent debenzoylation of
26 by using sodium methoxide followed by hydrogenolysis
afforded the desired disaccharide 5 in 87% over two steps.
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Final deprotection furnished the

desired oligomannoside 7 in

62% vyield over two steps.®? In

the glycosylation reactions de-
scribed above, the a-stereochemistry of the glycosidic linkages
was confirmed by the one-bond 'J.,,; heteronuclear coupling
constants for the anomeric carbon atoms.*? For all products,
this value was between 167 and 174 Hz, which clearly indicates
the a-stereochemistry.

Optimal length of oligomannopyranosides for ManT
catalysis

To determine the optimal length of oligomannopyranosides for
ManT catalysis, oligosaccharides 4-7 were screened as poten-
tial substrates for the enzyme in a cell-free assay by using *H-
labeled GDP-mannose (2, Scheme 2), which is converted to
PPM (3, Scheme 2), by the membrane fraction.®"” The results
are summarized in Table 1. At 2 mm concentration, disacchar-
ide 5 and trisaccharide 6 were the best acceptor substrates for

Table 1. Comparison of the ManT activities by using potential acceptors
4-7.

Acceptor  Relative Mass of oligosaccharide Glycosidic
activity product® linkage formed by
[9%] calcd found enzymatic reaction'”
4 8+2 4775 4775 n.d.
5 100+2 639.3 639.5 a-(1—6)
6 108 +4 801.4 801.7 a-(1—6)
7 54410 963.9 963.9 n.d.

[a] Relative activities were measured at 2.0 mm acceptor concentration
with 0.2 uCi of [’H] GDP-Man and are expressed with respect to disac-
charide 5. 100% activity corresponds to 0.36 pmolmg™'min~". [b] The en-
zymatic products were isolated from large-scale incubations and their
masses were determined by MALDI mass spectrometry. The calculated
and found values correspond to the sodium adducts. [c] The structure of
the enzymatic products were elucidated by 'H NMR spectroscopy. The
chemical shifts of the anomeric protons were shown to be identical with
those of the authentic tri- and tetrasaccharides obtained by chemical syn-
thesis. [d] Not determined.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the enzyme, and showed roughly comparable activities. On
the other hand, monosaccharide 4 and tetrasaccharide 7 were
relatively poor substrates for the ManT; they possessed only 8
and 54% activity relative to 5, respectively. Our findings are
consistent with the previous report by Yokoyama and Ballou,”®
in which methyl a-b-mannopyranoside was shown to act as an
acceptor with much lower efficiency than larger oligomers.

The lower efficiency of tetramannoside 7 to act as an ac-
ceptor substrate may result from the presence of an endoge-
nous a-(1—6)-endo-mannosidase, which catalyzes the removal
of trisaccharide units from the nonreducing end of the penta-
saccharide product, as was previously observed.” The simulta-
neous synthesis and degradation of a pentasaccharide product
from 7, by ManT and mannosidase activities, respectively,
would be expected to lead to the lower apparent acceptor effi-
ciency of the tetrasaccharide. It is also possible that the tetra-
saccharide substrate is degraded by this a-(1—6)-endo-manno-
sidase to afford a trisaccharide that lacks an octyl group (and
which would therefore not be detected in the assay) and octyl
o-D-mannopyranoside, 4, which is a very poor substrate for
the ManT. In the mass spectrum of the product that was ob-
tained from the incubation mixtures with 7 (below), a peak
that corresponds to 4 was detected, which supports this hy-
pothesis. In addition, treatment of the tetrasaccharide under
the assay conditions, both with and without the donor sub-
strate, followed by TLC analysis revealed the formation of
mono-, di-, and trisaccharides (see Figure S1 in the Supporting
Information). To date, only limited information about the spe-
cificity this a-(1—6)-endo-mannosidase is available,”® and no
structural information on this protein, or to the best of our
knowledge any other endo-mannosidase has been reported.
This dearth of information makes it difficult to make a more
definitive statement about the interference of this glycosidase
with the assay. Nevertheless, based on these results, it is possi-
ble to conclude that the disaccharide unit appears to be the
minimal-length acceptor that is required for ManT catalysis,
and that significant increases in activity are not observed by
increasing the size of the acceptor to a trisaccharide.

Milligram-scale incubations and product characterizations

In addition to the PPM-dependent a-(1—6)-mannosyltransfer-
ase, the crude membrane extract of M. smegmatis that was
used in these assays also contained a-(1—2)-ManTs. For exam-
ple, recent studies have identified three PPM-dependent -
(1—2)-ManTs that are involved in LM branching, the capping
of the arabinan domain, and the biosynthesis of AcPim6.2*2®
In addition, the earlier study by Yokoyama and Ballou detected
trace amounts of products that arise from a-(1—2)-ManT activi-
ty”®® To confirm that the observed addition of radiolabeled
mannose to 4-7 arose from a-(1—6)-ManT activity, and not
from a-(1—2)-ManT activity, more detailed structural character-
ization of the products was required. Therefore, in addition to
the radiochemical assays described above, milligram-scale en-
zymatic incubations of 4-7 with unlabelled GDP-Man and the
membrane fraction were carried out. After the incubations, the
enzymatic products were purified by using a C;3 SepPak car-

ChemBioChem 2008, 9, 267 - 278
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tridge,®® and then were analyzed by MALDI mass spectrome-

try. As shown in Table 1, these analyses confirmed that a single
mannopyranose unit was transferred to each of the acceptor
substrates that were examined. In addition, TLC analysis (data
not shown) of the products clearly showed that the R; values
of the enzymatic products were identical to those of the
authentic samples that were obtained by chemical synthesis
(above). Finally, the enzymatic products from the incubations
of acceptors 5 and 6 were purified by preparative TLC and the
structures of the products were analyzed by 'H NMR spectros-
copy. Based on the mass spectrometry results, the product of
the reaction with disaccharide 5 would be 6, and trisaccharide
6 would yield tetrasaccharide 7. Comparison of the anomeric
region of the spectrum of the product that was obtained from
the incubation of 5 with the membrane preparation and GDP-
Man revealed excellent agreement with the spectrum of an au-
thentic synthetic 6. Similarly, the spectrum of the product that
was obtained for the reaction with 6 was a match with an au-
thentic sample of 7 (Supporting Information). As further sup-
port for structure, the product that resulted from tetrasacc-
cahride 7, a pentasaccharide, was treated with an a-(1—2)-spe-
cific mannosidase,”®*¥ and, as determined by TLC, no cleavage
of the polysaccharide was observed (see Figure S2 in the Sup-
porting Information).

Given the proposed processive nature of this ManT, it would
be expected that a homologous series of products would be
observed in these incubations. In an earlier study,*" by moni-
toring the transfer of "*C-labelled mannose to the acceptor, di-
saccharide 5 was shown to give predominantly trisaccharide 6
and trace amounts of tetrasaccharide 7. In our hands, the
larger oligomers were not observed from TLC analyses. This is
likely due to the poor sensitivity of this detection method
compared the radiochemical method that was used earlier,""
as well as the existence of an extremely small amount of the
longer oligosaccharides compared to the products that result
from the addition of a single mannose residue. Further compli-
cating the situation is the presence of the aforementioned
(1—6)-endo-mannosidase, which would preferentially degrade
the longer oligomers. In the MALDI-MS analyses, although
longer oligosaccharides were observed (e.g., disaccharide 5
going to trisaccharide 6 and tetrasaccharide 7 and similar ob-
servations when using 4 and 6 as the substrates), the peak in-
tensities were comparable to background noise. While the lack
of the longer oligomers could be the result of the cleavage of
the products by the endo-mannosidase, it could also be that
these oligosaccharides are generally poor substrates compared
to those that are present in the natural system, which would
include the AcPIM4 core (Scheme 2). The relative importance
of these issues is impossible to resolve in the absence of a
pure ManT that is free from any endo-mannosidase activity.

Kinetic characterization of 5-7

Acceptors 5, 6 and 7 were sufficiently active to allow further
kinetic characterization, and representative examples of the ki-
netic experiments are shown in Figure 1. First, to determine
the quantity of the membrane preparation that is needed for
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Figure 1. Representative graphs for ManT kinetics with acceptor 5. A) Incor-
poration of radiolabeled [*H]-mannose into product relative to protein
amount. The activity of the enzyme was determined by using different pro-
tein amounts. All other reaction conditions were identical to those described
in the cell-free assay as described in the experimental section. B) Incorpora-
tion of radiolabeled [*H]-mannose into 5 as a function of time. An acceptor
concentration of 4 mm was used and the assays were terminated at the indi-
cated time points. C) Incorporation of radiolabeled [*H]-mannose into 5 as a
function of acceptor concentration. Assays were performed at different sub-
strate concentrations (0.03, 0.06, 0.13, 0.25, 0.5, 1, 2, and 4 mwm). Control ex-
periments without the addition of acceptor were also performed in parallel.
The data obtained were subjected to nonlinear regression analysis by using
GraphPad Prism 4.0.

the assays, we studied product formation from 5 as a function
of the mass of the membrane fraction. As shown in Figure 1A,
product formation was proportional to the amount of cell
membrane preparation that was added to the assays up to
~100 ug, at which point, the product formation reached a pla-
teau. Also, with acceptor 5, the incorporation of the radiola-
beled mannose was linear with time up to 60 min (Figure 1B).
This linear correlation between the incorporation of radiola-
beled product and time was also observed in the subsequent
kinetic studies by using other acceptor substrates. Finally, the
reaction rate with 5 reached a plateau at acceptor concentra-
tions above 2 mm. The Michaelis—Menten plot for 5 is given in
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Figure 1C and those for 6 and 7 can be found in the Support-
ing Information. As shown in Table 2, the apparent K, values
for these compounds were in the range of 147 to 234 um. The

Table 2. Kinetic parameters for oligosaccharide substrates of ManT®
Analogue Ky [uM] Vpex [Pmolmg ™" min~"]
5 188+33 0.28+0.013
6 234450 0.25+0.015
7 147 £27 0.13+0.001
10 201+39 0.16+0.010
12 437 +£104 0.072+£0.010
18 216 £31 0.22+0.010
20 272+56 0.16+0.010
9 307+49 0.23+0.010
21 1M1 £25 0.23+£0.012
[a] Kinetic parameters were determined by using a range of acceptor con-
centrations (0.03 to 4.0 mm) by nonlinear regression analysis of the
Michaelis—-Menten equation with the GraphPad Prism 4.0 program.

Vox Vvalues for 5 and 6 were very similar, 0.28 and
0.25 pmolmg~"'min~', respectively. On the other hand, the V,,,,
value for tetrasaccharide 7 was reduced by 2.2-fold
(0.13 pmolmg~"'min~"), compared to that of disaccharide 5.
However, as discussed above, it is plausible that the apparent
slower turnover of acceptor 7 might be due to the simultane-
ous degradation of the radiolabeled product and the acceptor
substrate, which consequently affects the apparent kinetic pa-
rameters of 7.

Acceptor specificity of mannosyltransferase by using
analogues of disaccharide 5

Because the above-presented data demonstrated that the
octyl dimannoside 5 appeared to be the minimal acceptor re-
quired for ManT catalysis, and that the trisaccharide did not
lead to substantially better activity, a panel of disaccharide an-
alogues 8-21 were screened to explore the enzyme substrate
specificity further. In 8-21, one of the hydroxyl groups of the
parent disaccharide has either been replaced with a methoxy
group, or deoxygenated. The synthesis of this panel of disac-
charides has been described previously®” and with them in
hand, their ability to act as acceptor substrates for the ManT
were compared with the parent compound 5 (Figure 2).
Among the disaccharides synthesized, only 8 and 9, which are
the C-2"-methoxy and C-2’-deoxy analogues of 5, respectively,
had been tested against the ManT enzyme previously.®® Our
findings here are consistent with that previous report, which
showed that the C-2'-deoxy disaccharide 9 but not 8 served as
a substrate for the ManT. Interestingly, the 2-methoxy analogue
16 was also inactive, and the 2-deoxy analogue 17 was also a
poor substrate for ManT with a relative mannosylation rate of
11%. The results with the methoxy analogues 8 and 16 dem-
onstrate that the enzyme is not tolerant of bulky substituents
at the C-2" and C-2 positions. These results have implications
in the overall pathway for LAM biosynthesis because they sug-
gest that all (or at least more than two) of the a-(1—6)-linked
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Unfortunately, the small turnover that is observed
for these compounds precluded the isolation and
characterization of the products. However, to test if
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Figure 2. Acceptor specificity of the mycobacterial mannosyltransferase with disaccharide
5 and derivatives. Each acceptor was tested at 2 mm and was incubated with 0.05 pCi of
[*H] GDP-Man under the assay conditions as described in the experimental section. Rela-
tive activities for each acceptor are expressed as a percentage of the incorporation of

[*Hl-mannose into the parent compound 5. 100% activity corresponds to
2.67 pmolmg™'h™" a-(1—6)-ManT activity.

residues must be assembled before the a-(1—2)-mannopyra-
nosyl branch points are attached. If the relatively small methyl
group shuts down the a-(1—6)-ManT activity, a much larger
monosaccharide residue would be expected to do the same.
While this hypothesis should be studied with longer oligomers,
these results support the original model for the introduction of
these branching residues into the polymer.” In addition, the
data that were obtained with the deoxy analogues 9 and 17
show that while the C2' hydroxyl group does not appear to
form a critical hydrogen bond with the enzyme, the interaction
between the C-2 hydroxyl group and the protein appears to
be essential for activity.

Although both the methoxy analogues at C2" and C2 (8 and
16) are not substrates for the enzyme, methylation of 0-3'/0-3
and 0-4'/0-4 of disaccharide 5 resulted in compounds (10, 12,
18 and 20) that are accepted by the ManT, but a substantial
decrease in activity is observed for the 4-methoxy analogue,
12. In terms of the polar interactions with the enzyme, the
hydroxyl groups at C-3, C-4, C-2 and C-3 of 5 seem to be es-
sential for recognition because deoxygenation of any of them
produces compounds (11, 13, 17 and 19) that are essentially
inactive. Similar to the 2’-deoxy derivative 9, deoxygenation at
C-4, which leads to compound 21 does not influence recogni-
tion by the enzyme.

Finally, although lacking a reactive C-6" hydroxyl group,
small amounts of [*H] mannosylated products are detected
when the 6" methoxy and deoxy analogues, 14 and 15, respec-
tively, are screened as acceptor substrates. These unexpected
observations could be explained by the presence in the crude
cell membrane preparation of an a-(1—2)-ManT, as was previ-
ously noted by Yokoyama and Ballou.”® While the NMR spectra
of the products that were obtained from the incubations of 5
and 6 demonstrated the formation of a-(1—6)-linkages, it is
possible that some a-(1—2)-ManT activity is present in levels
that cannot be detected by a relatively insensitive technique
such as NMR spectroscopy. While it is expected that this mem-
brane fraction contains the ManT that is responsible for the ad-
dition of the a-(1—2)-linked branches in the core mannan, if
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the introduction of a-(1—2)-linked mannopyranose
residues into 14 and 15 was responsible for the ob-
served radioactivity transfer, the products of the reac-
tions were treated with an a-(1—2)-specific mannosi-
dase and then the amount of radioactivity quantitat-
ed again (see Table ST in the Supporting Informa-
tion). This treatment led, in the case of 14, to no ap-
preciable decrease in radioactivity and, in the case of
15, only a marginal reduction; this suggests that the
formation of (1—2)-linked mannopyranosyl linkages
was not leading, at least exclusively, to the apparent substrate
activity of these analogues. We remain unsure as to the origin
of radioactivity transferred to 14 and 15 but other possibilities
include the ability of these compounds to serve as substrates
for another mannosyltransferase in the membrane fraction
(e.g., the a-(1—4)-ManT that is involved in the biosynthesis of
3-O-methyl-mannose polysaccharides™), or the cleavage of
these substrates by an endogenous mannosidase to a mono-
saccharide that is then a substrate for the ManT. We note, how-
ever, that the latter possibility is problematic given the data
that is provided in Table 1 and earlier studies® that demon-
strate that monosaccharides are poor substrates for the
enzyme. The possibility that 14 and 15 were contaminated
with small amounts of the parent disaccharide, 5, was ruled
out by the MS and NMR spectroscopic data that was obtained
for these compounds.”

A graphical summary of the results of screening disacchar-
ides 8-21 against the enzyme is presented in Scheme 6.

Site of ManT Reaction
deoxy: not a substrate
methoxy: not a substrate
deoxy: not a substrate !
methoxy: poor substrate

,” .. deoxy: substrate
OH .- methoxy: nota
OH =7 substrate
0 -0
HO
deoxy: not a
substrate

O\ OH <«._..._____ deoxy: not
HaO -0 a substrate
i :
methoxy: substrate - A methoxy: not
- a substrate
deoxy: substrate «
methoxy: substrate deoxy: poor substrate

methoxy: substrate

Scheme 6. Summary of the substrate specificity of the ManT. “Not a sub-
strate” refers to a relative ManT activity < 12% of that for the natural sub-
strate 5; “poor substrate” refers to a relative ManT activity <33 % of that for
the natural substrate 5.
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Kinetic parameters of selected disaccharide analogues

Among the disaccharide analogues that were screened, com-
pounds 9, 10, 12, 18, 20, and 21 were the most efficient ac-
ceptor substrates for the ManT, with relative activities >20%
of that for the natural substrates 5. Full kinetic characterization
of these six compounds was carried out, and their kinetic con-
stants are listed in Table 2; the Michaelis-Menten plots for
these disaccharide analogues can be found in the Supporting
Information. The kinetic constants for these analogues were
generally similar to those that were observed with the parent
compound 5. For example, compounds 9, 10, 18, 20, and 21
had Ky, values that ranged from 111-307 um and V,,,, values of
0.16-0.23 pmolmg™'min~', which are comparable to the
values that were obtained for 5 (Ky,=188um and V.=
0.28 pmolmg~"'min~". The only exception was the 4-methoxy
analogue 12, which has a Ky, (437 um) that is ~2.3-fold higher
than that of 5, and is also significantly larger than the other
disaccharide analogues that were evaluated (Table 2). In addi-
tion, 12 has a much smaller V,, (0.072 pmolmg™"'min™"),
which indicates that this acceptor turns over significantly more
slowly than the other derivatives. It is possible that the steric
bulk of the methyl group hinders mannosylation of the 6-OH
group by the enzyme, as has been observed previously in a
substrate for N-acetylglucosaminyltransferase-V (GICNACT-V).*
In this earlier example, the glycosylation of a mannose 6-OH
group in a trisaccharide substrate for GICNACT-V, was inhibited
by methylation at O-4 of the mannose residue undergoing gly-
cosylation. Apparently, the C-4’ hydroxyl group of the diman-
noside acceptor not only plays an important role in enzyme
catalysis, but also in substrate recognition because deoxygena-
tion at this position resulted in no enzymatic activity.

Conclusions

In this paper, we report studies on the substrate specificity of a
PPM-dependent a-(1—6)-mannosyltransferase that is involved
in the mycobacterial LAM biosynthesis. Screening of a homolo-
gous series of octyl glycoside oligomers that range in size from
monosacccharides to tetrasaccharides, revealed that, in agree-
ment with earlier studies,”®*" a disaccharide motif is the mini-
mum epitope that is recognized by the enzyme and that sig-
nificant increases in activity were not gained by moving to
larger substrates. Through the subsequent analysis of a panel
of monomethoxy and monodeoxy analogues of disaccharide
substrate 5, key interactions with the protein were identified
(Figure 2 and Scheme 6). Among the most important findings
is that methylation of the hydroxyl groups at C-2 of either
mannopyranose residue in 5 leads to complete loss of activity.
These results suggest that the attachment of the a-(1—2)-
mannopyranosyl branches in the mannan core of LM/LAM
must occur after a larger a-(1—6)-linked mannan is assembled.
Further support for this hypothesis came from an experiment
in which treatment of the pentasaccharide that resulted from
tetrasaccharide 7 with an a-(1—2) specific mannosidase did
not leave to cleavage of the product as detected by TLC.
Another important conclusion is that the enzyme appears to
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form critical hydrogen-bonding interactions with a number of
the hydroxyl groups on the substrate as deoxygenation leads,
in all but two cases (C-2" and C-4), to essential total loss of ac-
tivity. We are currently using the results of this study to design
and synthesize additional compounds that are anticipated to
act as more potent inhibitors of this ManT.

Experimental Section

General methods for chemical synthesis: All reagents used were
purchased from commercial sources and were used without further
purification unless noted. The solvents that were used in reactions
were purified by successive passage through columns of alumina
and copper under nitrogen. Unless indicated otherwise, all reac-
tions were performed at room temperature and under a positive
pressure of argon. The reactions were monitored by analytical TLC
on silica gel 60-F,s, (0.25 mm, Silicycle, Quebec City, Canada) and
spots were detected under UV light or by charring with acidified
anisaldehyde solution in ethanol. Organic solvents were evaporat-
ed under reduced pressure at <40°C. Products were purified by
column chromatography by using silica gel (40-60 um) or Sep-
Pak C,; reversed-phase cartridges (Waters, Milford, MA, USA).
Before use, the cartridges were prewashed with MeOH (10 mL) fol-
lowed by H,O (10 mL). Optical rotations were measured at 22+
2°C and are in units of degrees-mL/(g-dm). '"H NMR spectra were
recorded at 500 or 600 MHz, and chemical shifts are referenced to
either TMS (0 =0.0 ppm, CDCl;), or HOD (6 =4.78 ppm, D,0 and
CD,0D). C NMR spectra were recorded at 100 or 125 MHz and
chemical shifts are referenced to internal CDCl; (0=77.23 ppm,
CDCly), or CD;OD (0=48.9 ppm, CD;0D). Assignments of NMR
spectra were made based on two-dimensional ("H-'H COSY and
HMQC) experiments. All 'H and *C NMR spectra of synthesized
compounds can be found in the Supporting Information. The ste-
reochemistry at the anomeric centers of the pyranose rings were
proven by measuring the 'J.,,,.*? Electrospray mass spectra were
recorded on samples that were suspended in mixtures of THF with
MeOH and added NacCl.

Synthesis of acceptors substrates: The deoxy and methoxy ana-
logues 8-21 were synthesized as described elsewhere.®” The syn-
thesis of octyl mannosides 5-7 were synthesized as described
below from the known thioglycosides 22 and 23,5”3% and octyl
glycosides 24 and 25537

Octyl a-p-mannopyranosyl-(1—6)-a-b-mannopyranoside (5): Di-
saccharide 26 (359 mg, 0.31 mmol) was dissolved in MeOH (25 mL)
and NaOCH; (135 mg) was added. After 2 h, the solution was neu-
tralized with acetic acid and the debenzoylated intermediate was
purified by chromatography (CH,Cl,/MeOH, 10:1, R;=0.32). The re-
sulting colorless oil (200 mg, 0.28 mmol) was subsequently dis-
solved in MeOH (15 mL) and 20% Pd(OH), (50 mg) was added. The
mixture was stirred overnight under a H, atmosphere, and the cat-
alyst was separated by filtration through a short pad of Celite. The
filtrate was concentrated to give 5 (124 mg, 87 % over two steps)
as a foam. R;=0.15 (CH,Cl,/MeOH, 4:1); 'H NMR (600 MHz, CD,0D):
0=4.81 (d, J=1.8Hz, 1H; H-1), 470 (d, J=1.8 Hz, TH; H-1), 3.89
(ddd, J=10.8, 3.3, 2.0 Hz, 1H; H-6a), 3.84 (dd, J/=3.6, 1.8 Hz, 1H; H-
2'), 3.82 (dd, J=11.4, 1.8 Hz, 1H; H-6a"), 3.78 (dd, J=3.0, 1.8 Hz,
1H; H-2), 3.60-3.74 (m, 9H; H-3, H-4, H-5, H-6b, H-3’, H-4, H-5', H-
6b’, octyl OCH,), 3.40 (dt, J=9.0, 6.6 Hz, octyl OCH,), 1.52-1.64 (m,
2H; octyl OCH,CH,), 1.24-1.44 (m, 10H; octyl CH,), 0.89 ppm (t, J=
6.9 Hz, 3H; octyl CH,); *C NMR (125 MHz, CD,0D) . 101.6 (C-1/C-
1), 101.5 (C-1/C-1"), 743, 73.1, 72.9, 72.7 (4C, C-3, C-3/, C-5, C-5)),
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72.2 (C-2/C-2'), 72.1 (C-2/C-2'), 68.7 (C-4), 68.6 (octyl OCH,), 68.6 (C-
4'), 67.4 (C-6), 62.9 (C-6'), 33.0 (octyl CH,), 30.7 (octyl CH,), 30.5
(octyl CH,), 304 (octyl CH,), 27.4 (octyl CH,), 23.7 (octyl CH,),
14.4 ppm (octyl CH;); HRMS (ESI) calcd for CyHs50,: 477.2306
[M+Na]; found: 477.2306.

Octyl «a-p-mannopyranosyl-(1—6)-a-p-mannopyranosyl-(1—6)-
a-D-mannopyranoside (6): Trisaccharide 26 (73 mg, 0.050 mmol)
was dissolved in MeOH/CH,Cl, (8:1; 6 mL) and NaOCH; (32 mg)
was added. After stirring overnight, the solution was neutralized
with AcOH and the crude product was purified by chromatography
(CH,Cl,/MeOH, 15:1) to give the partially deprotected trisaccharide
as a colorless oil (CH,Cl,/MeOH, 15:1, R;=0.36). The partially depro-
tected compound was then dissolved in MeOH (4 mL) and 20%
Pd(OH), (23 mg) was added. The mixture was stirred overnight
under a H, atmosphere and the catalyst was separated by filtration
through a short pad of Celite. The filtrate was concentrated and
the residue was dissolved in H,O (1 mL) and loaded onto a pre-
washed Sep-pak C,; reversed-phase cartridge. The column was
washed with H,O (10 mL) and the desired product was eluted with
MeOH (8 mL), concentrated, and lyophilized to give 6 (23 mg,
95%) as a foam. R;=0.43 (ethyl acetate/MeOH/H,0, 7:2:1); 'H NMR
(500 MHz, CD;0D): 6=4.85 (d, J=1.5Hz, 1H; H-1)), 477 (d, J=
2.0Hz, 1H; H-1"), 472 (d, J=2.0 Hz, 1H; H-1), 3.56-3.88 (m, 19H;
H-2, H-3, H-4, H-5, H-6a, H-6b, H-2', H-3', H-4, H-5, H-6a’, H-6b’, H-
2", H-3", H-4", H-5", H-6a", H-6b", octyl OCH,), 3.40 (dt, J=10.0,
6.3 Hz, 1H; octyl OCH,), 1.53-1.62 (m, 2H; octyl OCH,CH,), 1.25-
1.42 (m, 10H; octyl CH,), 0.90 ppm (t, J=7.0 Hz, 3H; octyl CH;);
3CNMR (125 MHz, CD,0D): 6=101.5 (C-1), 101.1 (C-1"), 100.9 (C-
1), 74.5, 73.1, 72,9, 72.9, 72.5, 72.3, 72.3, 72.1, 72.0, 68.7, 68.7, 68.7
(12 C, C-2, C-3, C-4, C-5, C-2, C-3/, C-4, C-5, C-27, C-3", C4", C-5"),
68.6 (octyl OCH,), 67.4 (C-6/C-6'), 67.2 (C-6/C-6'), 63.0 (C-6"), 33.0
(octyl CH,), 30.6 (octyl CH,), 30.5 (octyl CH,), 30.4 (octyl CH,), 27.5
(octyl CH,), 23.7 (octyl CH,), 14.4 (octyl CH,); HRMS (ESI) calcd for
C6Has016: 639.2835 [M-+Nal; found: 639.2835.

Octyl «@-p-mannopyranosyl-(1—6)-a-pD-mannopyranosyl-(1—6)-
o-D-mannopyranosyl-(1—6)-a-p-mannopyranoside (7): Tetrasac-
charide 27 (78 mg, 0.038 mmol) was dissolved in MeOH/CH,CI,
(8:1; 9 mL) and NaOCH; (43 mg) was added. After overnight stir-
ring, the solution was neutralized with AcOH and the crude prod-
uct was purified by chromatography to give the partially depro-
tected tetrasaccharide as pale-yellow oil (CH,Cl,/MeOH, R;=0.30).
The partially deprotected compound was dissolved in MeOH
(6 mL) and 20% Pd(OH), (25 mg) was added. The mixture was
stirred overnight under a H, atmosphere and the catalyst was sep-
arated by filtration through a short pad of Celite. The filtrate was
concentrated and the residue was dissolved in H,O (1 mL) and
loaded on a prewashed Sep-pak C,g reversed-phase cartridge. The
column was washed with H,0 (10 mL) and the desired product
was eluted with MeOH (8 mL), concentrated, and lyophilized to
give 7 (18 mg, 62%) as a foam. R;=0.27 (ethyl acetate/MeOH/H,0,
7:2:1); 'THNMR (600 MHz, D,0): 6=4.91 (d, J=1.8Hz, 1H; H-1),
4.90 (brs, 1H; H-1"), 4.88 (brs, 1H; H-1""), 4.84 (brs, 1H; H-1), 3.64-
3.99 (m, 25H; H-2, H-3, H-4, H-5, H-6a, H-6b, H-2, H-3', H-4', H-5/,
H-6a’, H-6b’, H-2", H-3", H-4", H-5", H-6a", H-6b", H-2", H-3"", H-4"",
H-5"", H-6a"", H-6b"", octyl OCH,), 3.52 (dt, J=9.6, 6.0 Hz, 1H; octyl
OCH,), 1.54-1.66 (m, 2H; octyl OCH,CH,), 1.23-1.42 (m, 10H; octyl
CH,), 0.88 ppm (t, J=6.9 Hz, 3H; octyl CH;); *CNMR (125 MHz,
D,0): 6=100.8, 100.5, 100.2, 100.2 (4 C, C-1, C-1', C-1", C-1""), 73.6,
719, 71.8, 718, 71.7, 71.7, 71.6, 71.5, 71.5, 71.1, 70.9, 70.9, 70.8,
67.6, 67.5, 67.5 (16 C, C-2, C-3, C-4, C-5, C-2/, C-3, C-4/, C-5, C-2", C-
37, C-4", C-5", C-2", C-3", C-4", C-5"), 68.8 (octyl OCH,), 66.5, 66.5,
66.4 (3 C, C-6, C-6/, C-6"), 61.8 (C-6""), 32.2 (octyl CH,), 29.6 (octyl
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CH,), 29.6 (octyl CH,), 29.5 (octyl CH,), 26.5 (octyl CH,), 23.1 (octyl
CH,), 14.5 ppm (octyl CH,); HRMS (ESI) calcd for C;,Hs50,,: 801.3363
[M+Na]; found: 801.3363.

Octyl 2,3,4,6-tetra-O-benzoyl-a-p-mannopyranosyl-(1—6)-2,3,4-
tri-O-benzyl-a-p-mannopyranoside  (26): Thioglycoside 2257
(620 mg, 0.89 mmol), alcohol 24%* (369 mg, 0.66 mmol), and pow-
dered 4 A molecular sieves (625 mg) were dried overnight under
vacuum with P,0,. Dry CH,Cl, (25 mL) was added and the mixture
was cooled to 0°C before the addition of N-iodosuccinimide
(230 mg, 0.99 mmol) and TMSOTf (44 mg, 0.20 mmol). The mixture
was stirred for 1 h at 0°C then neutralized with triethylamine, and
filtered through Celite and concentrated. The crude residue was
purified by chromatography (hexane/ethyl acetate, 4:1) to give 26
(724 mg, 96%) as a yellow oil. R;=0.34 (hexane/ethyl acetate, 4:1);
[alob=45.7 (c 3.0, CHCLy); '"H NMR (500 MHz, CDCl,): 6 =8.11-8.15
(m, 2H; Ar), 8.05-8.09 (m, 2H; Ar), 7.91-7.94 (m, 2H; Ar), 7.81-7.85
(m, 2H; Ar), 7.49-7.62 (m, 3H; Ar), 7.20-7.45 (m, 24H; Ar), 6.12 (dd,
J=10.0, 10.0 Hz, 1H; H-4), 5.95 (dd, /=10.0, 3.0 Hz, TH; H-3'), 5.77
(dd, J=3.0, 1.8 Hz, 1H; H-2), 5.22 (d, J=1.8 Hz, 1H; H-1'), 5.04 (d,
J=115Hz, 1H; PhCH,), 484 (d, J=1.0Hz, 1H; H-1), 478 (d, J=
12,5 Hz, 1H; PhCH,), 4.73 (d, J=11.5Hz, 1H; PhCH,), 469 (d, J=
11.0 Hz, TH; PhCH,), 4.62-4.69 (m, PhCH,, 3H; H-6a’), 4.53 (ddd, J=
10.0, 3.5, 3.5Hz, 1H; H-5), 445 (dd, /=125, 3.5Hz, 1H; H-6b"),
4.00 (dd, J=12.0, 6.0 Hz, 1H; H-6a), 3.94-3.99 (m, 4H; H-3, H-4, H-
5, H-6b), 3.82 (brs, TH; H-2), 3.77 (dt, J=9.5, 6.5 Hz, 1H; octyl
OCH,), 3.42 (dt, J=9.5, 6.5 Hz, 1H; octyl OCH,), 1.55-1.65 (m, 2H;
octyl OCH,CH,), 1.20-1.42 (m, 10H; octyl CH,), 0.85 ppm (t, J=
7.0 Hz, 3H; octyl CH,); ®C NMR (125 MHz, CDCl,): 6 =166.2 (C=0),
165.4 (C=0), 165.2 (C=0), 165.2 (C=0), 138.5 (Ar), 138.5 (Ar), 133.3
(Ar), 133.0 (Ar), 132.9 (Ar), 130.0 (Ar), 129.9 (Ar), 129.8 (Ar), 129.8
(Ar), 129.7 (Ar), 129.5 (Ar), 129.3 (Ar), 129.2 (Ar), 1285 (Ar), 1284
(Ar), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar), 127.9 (Ar), 127.9
(Ar), 127.7 (Ar), 127.7 (Ar), 127.5 (Ar), 97.8 (C-1/, 1JC,H:172'9 Hz),
97.6 (C-1, 'Joy=167.0 Hz), 80.5 (C-3), 75.1 (PhCH,), 74.9 (C-2/H-4),
749 (C-2/H-4), 72.7 (PhCH,), 72.1 (PhCH,), 71.4 (C-5), 70.5 (C-2'),
70.0 (C-3'), 68.7 (C-5'), 67.8 (octyl OCH,), 67.1 (C-6), 67.1 (C-4), 62.8
(C-6"), 31.8 (octyl CH,), 29.5 (octyl CH,), 29.5 (octyl CH,), 29.3 (octyl
CH,), 26.2 (octyl CH,), 22.7 (octyl CH,), 14.1 ppm (octyl CH;); HRMS
(ESI) calcd for CgoH5,045: 1163.4763 [M+Na]; found: 1163.4763.

=

r
r

— o~~~

Octyl 2,3,4-tri-O-benzoyl-6-O-(tert-butyldiphenylsilyl)-a-p-man-
nopyranosyl-(1—6)- 2,3,4-tri-O-benzyl-a-p-mannopyranosyl-(1—
6)-2,3,4-tri-O-benzyl-a-p-mannopyranoside (27): Thioglycoside
2359 (125 mg, 0.15 mmol), alcohol 2537 (121 mg, 0.12 mmol), and
powdered 4 A molecular sieves (100 mg) were dried overnight
under vacuum with P,Os. Dry CH,Cl, (4 mL) was added and the
mixture was cooled to 0°C before the addition of N-iodosuccini-
mide (43 mg, 0.18 mmol) and TMSOTf (7 pL, 0.036 mmol). The mix-
ture was stirred for 1 h at 0°C and neutralized with triethylamine,
filtered through a short pad of Celite, and concentrated. The crude
residue was purified by chromatography (hexane/ethyl acetate,
4:1) to give 27 (204 mg, 98%) as a pale-yellow oil. R;=0.36
(hexane/ethyl acetate, 4:1); [olp=—7.2 (c 0.8, CHCl); 'HNMR
(500 MHz, CDCl;): 6 =8.11-8.15 (m, 2H; Ar), 7.80-7.88 (m, 4H; Ar),
7.70-7.74 (m, 2H; Ar), 7.10-7.60 (m, 47H; Ar), 6.16 (dd, J=10.0,
10.0 Hz, 1H; H-4"), 5.87 (dd, J=10.0, 3.5 Hz, 1H; H-3"), 5.76 (dd,
J=3.5, 20Hz, 1H; H-2"), 5.17 (d, J/=2.0 Hz, 1H; H-1"), 5.14 (d, J=
1.5Hz, 1H; H-1), 5.04 (d, J=12.0Hz, 1H; PhCH,), 491 (d, J=
12.0 Hz, 1H; PhCH,), 4.80 (d, J=1.5Hz, 1H; H-1), 4.65-4.77 (m, 7H;
PhCH,), 457 (d, J=12.0Hz, 1H; PhCH,), 452 (d, J=11.5Hz, 1H;
PhCH,), 449 (d, J=12.0Hz, 1H; PhCH,), 411 (ddd, J=10.0, 2.5,
2.5 Hz, 1H; H-5"), 3.98-4.06 (m, 3H; H-4, H-4', H-6a’), 3.90-3.96 (m,
3H; H-3, H-2, H-3'), 3.87 (dd, J=11.3, 4.8 Hz, 1H; H-6a), 3.70-3.81
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BIO

(m, 7H; H-2, H-5, H-6b, H-5', H-6b’, H-6a", H-6b"), 3.59 (dt, J=9.5,
6.5 Hz, 1H; octyl OCH,), 3.29 (dt, J=9.5, 6.5 Hz, 1H; octyl OCH,),
1.41-1.49 (m, 2H; octyl OCH,CH,), 1.18-1.30 (m, 10H; octyl CH,),
1.05 (s, 9H; tert-butyl), 0.86 ppm (t, J=7.3Hz, 3H; octyl CH;);
3C NMR (100 MHz, CDCl,): 6=165.1 (C=0), 165.1 (C=0), 165.1 (C=
0), 138.7 (Ar), 138.6 (Ar), 138.5 (Ar), 138.3 (Ar), 138.2 (Ar), 135.7 (Ar),
135.7 (Ar), 135.4 (Ar), 133.1 (Ar), 133.0 (Ar), 132.9 (Ar), 132.8 (Ar),
132.7 (Ar), 130.0 (Ar), 129.9 (Ar), 129.7 (Ar), 129.6 (Ar), 129.6 (Ar),
129.4 (Ar), 129.4 (Ar), 129.3 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar),
128.2 (Ar), 128.2 (Ar), 128.2 (Ar), 128.1 (Ar), 128.1 (Ar), 127.8 (Ar),
127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 127.5 (Ar), 127.5 (Ar), 127.4 (Ar),
127.4 (Ar), 127.4 (Ar), 127.4 (Ar), 127.2 (Ar), 127.1 (Ar), 98.0 (C-T1/,

> >

ST S
> >

Uew=1714Hz), 979 (C-1", Yey=1743Hz), 97.7 (C1, Yey=
167.0 Hz), 80.4 (C-3), 79.5 (C-3), 75.0 (C-2), 749 (PhCH,), 74.8
(PhCH,), 74.7 (C-2), 745 (C-4), 726 (PhCH,), 723

745 (C-4),

(PhCH,), 72.1 (PhCH,), 71.7 (C-5'), 71.3 (C-5), 71.2 (PhCH,), 71.1 (C-
5"), 70.6 (C-2"), 70.6 (C-3"), 67.5 (octyl OCH,), 66.6 (C-4"), 66.6 (C-6),
65.9 (C-6'), 62.3 (C-6"), 31.7 (octyl CH,), 29.3 (octyl CH,), 29.3 (octyl
CH,), 29.1 (octyl CH,), 26.6 (C(CH5)), 26.1 (octyl CH,), 22.5 (octyl
CH,), 19.1 (C(CH5)), 14.0 ppm (octyl CH;); HRMS (ESI) calcd for
CiosH1140165i: 1729.7616 [M+Nal; found: 1729.7620.

Octyl 2,3,4-tri-O-benzoyl-o-b-mannopyranosyl-(1—6)-2,3,4-tri-O-
benzyl-a-b-mannopyranosyl-(1—6)-2,3,4-tri-O-benzyl-a-b-man-
nopyranoside (28): Trisaccharide 27 (229 mg, 0.13 mmol) was
stirred in a solution of 70% HF-pyridine/pyridine/THF (3.2 mL, ratio
of 1:2:5). Upon completion, the mixture was diluted with ethyl ace-
tate, washed twice with 0.5m HCl, sat. ag. CuSO,, and dried
(MgSO,). The solvent was evaporated and the crude residue was
purified by chromatography (hexane/ethyl acetate, 3:1) to give 28
(178 mg, 90%) as a colorless oil. R;=0.18 (hexane/ethyl acetate,
3:1); [alp=—3.6 (c 2.8, CHCl;); '"H NMR (500 MHz, CDCl,): 6 =8.09-
8.13 (m, 2H; Ar), 7.93-7.98 (m, 2H; Ar), 7.78-7.82 (m, 2H; Ar), 7.59-
7.64 (m, 1H; Ar), 7.47-7.54 (m, 3H; Ar), 7.15-7.44 (m, 35H; Ar), 6.00
(dd, J=10.3, 3.5 Hz, 1H; H-3"), 5.77 (dd, J=10.3, 10.3 Hz, 1H; H-
4"),5.75 (dd, J=3.5, 1.5 Hz, 1H; H-2"), 5.18 (d, J=1.5 Hz, 1H; H-1"),
5.13 (d, J=1.0Hz, 1H; H-1"), 5.09 (d, J/=11.5Hz, 1H; PhCH,), 4.93
(d, J=11.5Hz, 1H; PhCH,), 4.82 (d, J=1.5Hz, 1H; H-1), 4.67-4.75
(m, 5H; PhCH,), 4.64 (s, 2H; PhCH,), 459 (d, J=12.0Hz, 1H;
PhCH,), 4.53 (d, J=11.5Hz, 1H; PhCH,), 4.50 (d, /=12.0Hz, 1H;
PhCH,), 4.05 (dd, J=9.5, 9.5 Hz, 1H; H-4), 3.95-4.04 (m, 5H; H-4,
H-6a/6a’, H-2', H-3', H-5"), 3.93 (dd, J=9.8, 3.3 Hz, 1H; H-3), 3.88
(dd, J=11.5, 5.0 Hz, 1H; H-6a/6a’), 3.79-3.84 (m, 2H; H-2, H-5'),
3.66-3.78 (m, 4H; H-5, H-6b, H-6b’, H-6a"), 3.55-3.64 (m, 2H; H-
6b”, octyl OCH,), 3.33 (dt, J=10.0, 6.8 Hz, 1H; octyl OCH,), 2.57
(dd, J=8.0, 6.0 Hz, 1H; OH), 1.45-1.54 (m, 2H; octyl OCH,CH,),
1.20-1.33 (m, 10H; octyl CH,), 0.88 ppm (t, J=7.0 Hz, 3H; octyl
CH;); *C NMR (125 MHz, CDCl,): § =166.5 (C=0), 165.2 (C=0), 165.2
(C=0), 138.8 (Ar), 138.7 (Ar), 138.6 (Ar), 138.6 (Ar), 138.4 (Ar), 138.3
(Ar), 133.5 (Ar), 133.3 (Ar), 133.0 (Ar), 130.0 (Ar), 129.9 (Ar), 129.7
(Ar), 129.6 (Ar), 129.4 (Ar), 128.9 (Ar), 128.6 (Ar), 128.5 (Ar), 128.4
(Ar), 128.3 (Ar), 128.3 (Ar), 128.3 (Ar), 128.3 (Ar), 128.2 (Ar), 128.2
(Ar), 127.9 (Ar), 127.8 (Ar), 127.7 (Ar), 127.7 (Ar), 127.6 (Ar), 127.5
(Ar), 127.5 (Ar), 127.5 (Ar), 127.4 (Ar), 127.3 (Ar), 98.2 (C-1'), 97.9 (C-
1), 97.8 (C-1), 80.5 (C-3'), 79.5 (C-3), 75.1 (C-2), 75.0 (PhCH,), 74.9
(PhCH,), 74.8 (C-2'), 74.6 (C-4/C-4'), 74.5 (C-4/C-4'), 72.8 (PhCH,),
72.5 (PhCH,), 72.2 (PhCH,), 71.7 (C-5), 71.3 (PhCH,), 71.2 (C-5), 70.8
(C-2"), 70.6 (C-5"), 69.6 (C-3"), 67.6 (octyl OCH,), 67.6 (C-4"), 67.0 (C-
6), 66.2 (C-6), 61.2 (C-6"), 31.8 (octyl CH,), 29.4 (octyl CH,), 29.4
(octyl CH,), 29.2 (octyl CH,), 26.2 (octyl CH,), 22.7 (octyl CH,),
14.1 ppm (octyl CH;); HRMS (ESI) calcd for CgoHosO1o: 1491.6438
[M+Na]; found: 1491.6437.
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Octyl 2,3,4,6-tetra-O-benzoyl-a-p-mannopyranosyl-(1—6)-2,3,4-
tri-O-benzoyl-o-p-mannopyranosyl-(1—6)-2,3,4-tri-O-benzyl-o.-p-
mannopyranosyl-(1—6)-2,3,4-tri-O-benzyl-a-p-mannopyranoside
(29): Thioglycoside 2257 (45 mg, 0.064 mmol), alcohol 28 (86 mg,
0.050 mmol), and powdered 4 A molecular sieves (50 mg) were
dried overnight under vacuum with P,0s. Dry CH,Cl, (2 mL) was
added and the mixture was cooled to 0°C before the addition
of N-iodosuccinimide (19 mg, 0.080 mmol) and TMSOTf (3 uL,
0.016 mmol). The mixture was stirred at 0°C for 30 min and neu-
tralized with triethylamine, before being filtered through a short of
Celite and concentrated. The crude residue was purified by chro-
matography (hexane/ethyl acetate, 3:1) to give 29 (93 mg, 90%) as
a colorless oil. R;=0.21 (hexane/ethyl acetate, 3:1); [al,=+12.5 (¢
1.2, CHCly); "TH NMR (600 MHz, CDCl;): 6=8.20-8.22 (m, 2H; Ar),
7.99-8.06 (m, 6H; Ar), 7.93-7.96 (m, 2H; Ar), 7.84-7.88 (m, 4H; Ar),
7.13-7.60 (m, 51H; Ar), 6.18 (dd, /=10.2, 10.2 Hz, 1H; H-4"), 6.11
(dd, J=10.2, 10.2 Hz, 1H; H-4"), 6.06 (dd, J=10.2, 3.3 Hz, 1H; H-
3"), 5.96 (dd, /=10.2, 3.0 Hz, 1H; H-3"), 5.88 (dd, J=3.3, 1.8 Hz,
1H; H-2"), 5.84 (dd, J=3.0, 1.8 Hz, TH; H-2""), 5.20 (d, J=1.8 Hz,
1H; H-1""), 5.17 (brs, 1H; H-1), 5.13 (d, J/=1.8 Hz, 1H; H-1"), 5.09
(d, J=11.4 Hz, 1H; PhCH,), 4.92 (d, J=11.4 Hz, 1H; PhCH,), 4.82 (d,
J=1.8Hz, 1H; H-1), 4.67-4.75 (m, 5H; PhCH,), 4.64 (s, 2H; PhCH,),
4,58 (d, J=12.0Hz, 1H; PhCH,), 454 (d, J=11.4Hz, 1H; PhCH,),
450 (d, J/=11.4Hz, 1H; PhCH,), 438 (dd, J=12.0, 24 Hz, 1H; H-
6a’"), 4.27-4.32 (m, 2H; H-5", H-5""), 4.20 (dd, /=12.0, 4.2 Hz, 1H;
H-6b"), 4.12 (dd, /=9.6, 9.6 Hz, 1H; H-4'), 4.00-4.05 (m, 2H; H-4,
H-6a’), 3.91-3.96 (m, 5H; H-3, H-6a, H-2', H-3’, H-6a"), 3.85 (ddd,
1H; J=9.6, 4.8, 1.5 Hz, H-5), 3.75-3.80 (m, 4H; H-2, H-5, H-6b, H-
6b’), 3.66 (dd, J=11.4, 2.1 Hz, 1H; H-6b"), 3.60 (dt, /=9.6, 6.6 Hz,
1H; octyl OCH,), 3.31 (dt, J=9.6, 6.6 Hz, 1H; octyl OCH,), 1.42-1.50
(m, 2H; octyl OCH,CH,), 1.18-1.30 (m, 10H; octyl CH,), 0.86 ppm (t,
3H; J=7.2 Hz, octyl CH,); *C NMR (125 MHz, CDCl,): 6 =166.0 (C=
0), 165.5 (C=0), 165.4 (C=0), 165.3 (C=0), 165.3 (C=0), 165.1 (C=
0), 165.1 (C=0), 138.9 (Ar), 138.7 (Ar), 138.6 (Ar), 138.4 (Ar), 138.3

), 133.2 (Ar), 132.9 (Ar), 132.9 (Ar), 132.8 (Ar), 130.1

), 129.9 (Ar), 129.7 (Ar), 129.7 (Ar), 129.6 (Ar), 129.5
Ar), 129.4 (Ar), 129.2 (Ar), 129.2 (Ar), 128.8 (Ar), 1285

), 128.4 (Ar), 128.4 (Ar), 128.3 (Ar), 128.3 (Ar), 128.3

), 128.2 (Ar), 127.9 (Ar), 127.9 (Ar), 127.8 (Ar), 127.7
Ar), 127.6 (Ar), 127.6 (Ar), 127.5 (Ar), 127.5 (Ar), 127.4
Ar), 1273 (Ar), 983 (C-1", "Jey=1740Hz), 98.2 (C-1, 'Jey=
169.5 Hz), 98.1 (C-1", Joy=172.3 Hz), 97.8 (C-1, 'Jo,;=167.0 H2),
80.5 (C-3), 79.6 (C-3'), 75.1 (C-2), 75.0 (PhCH,), 74.9 (PhCH,), 74.7 (C-
2), 745 (C-4), 745 (C-4'), 72.7 (PhCH,), 72.4 (PhCH,), 72.2 (PhCH,),
71.8 (C-5), 71.5 (C-5'), 71.3 (PhCH,), 70.4, 70.3, 70.3, 70.2 (4C, C-2",
C-3”, C-2", C-3"), 69.2 (C-5"), 68.8 (C-5"), 67.6 (octyl OCH,), 67.0
(C-6/C-6), 66.9 (C-4"/C-4"), 66.6 (C-4"/C-4"), 66.3 (C-6/C-6'), 66.1
(C-6"), 62.4 (C-6""), 31.8 (octyl CH,), 29.4 (octyl CH,), 29.4 (octyl
CH,), 29.2 (octyl CH,), 26.2 (octyl CH,), 22.6 (octyl CH,), 14.1 ppm
(octyl CH,); ESI calcd for C;,3H;,,0,4: 2071.3 [M+Na]; found 2070.8.

Bacterial strains and growth conditions: M. smegmatis mc*155
was a generous gift from Professor William R. Jacobs, Jr. at the
Albert Einstein College of Medicine. The bacteria were grown at
37°C in Luria Bertoni (LB) medium (100 mL) that contained 0.05%
Tween 80 to an Agynm Of <1.0 (~2days from a frozen bacterial
stock). The liquid cultures (50 mL) were then transferred to 2x1 L
of fresh media and cultured further for 24 h at 37°C. Cells were
harvested by centrifugation, washed with phosphate buffered
saline (PBS) and stored at —20°C until use.

Preparation of membrane fractions from M. smegmatis: The

M. smegmatis cell pellet (~10 g wet weight) was washed and resus-
pended in 50 mm 3-(N-morpholino)propanesulfonic acid (MOPS;
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100 mL) buffer (adjusted to pH 7.9 with KOH) that contained 5 mm
[-mercaptoethanol and 10 mm MgCl, and was supplemented with
Complete Protease Inhibitor Cocktail Tablets (Roche) at 4°C. The
cells were subjected to two passes through a French Press cell
(Thermo Spectronic) at 20000 psi. The cell lysate was centrifuged
at 600 g for 15 min and then at 27000 g for 20 min. The resulting
supernatant was centrifuged at 100000 g for 60 min. The superna-
tant was carefully removed and the membrane pellets were gently
resuspended in 50 mm MOPS buffer (1 mL), pH 7.9, that contained
5mm f-mercaptoethanol and 10 mm MgCl,. Protein concentra-
tions were determined by the BCA™ Protein Assay (Pierce) by
using bovine serum albumin as the standard.

Radiochemical activity assays: The ManT enzyme activity was de-
termined by using the previously established cell-free system.B"
Unless indicated otherwise, the synthetic acceptor analogues at a
concentration of 2.0 mm were incubated with 0.20 uCi of guano-
sine diphosphate mannose, [mannose-2-*H] (American Radiola-
beled Chemicals, Inc., 20 Cimmol™") in 50 mm MOPS buffer, pH 7.9,
containing 1 mm ATP, 10 mm MgCl,, 5 mm [-mercaptoethanol,
0.25 mm decaprenol phosphate (in 0.25% CHAPS) (Larodan Fine
Chemicals, Malmo, Sweden) and membrane fraction (92.5 pg of
protein) in a total volume of 80 uL. All assays were performed in
duplicate and control assays without acceptor were also performed
in parallel to correct for the presence of endogenous acceptor. The
enzymatic activities were determined by using SepPak radiochemi-
cal C,q assays.*® Briefly, after incubation at 37°C for 1 h, the reac-
tions were stopped by adding CHCl;/MeOH (120 plL, 2:1, v/v) and
the mixtures were centrifuged. The supernatants were recovered
and further diluted with H,O before loading onto SepPak C,q car-
tridges (Waters). The unreacted donor was removed by washing
the cartridges with H,O (50 mL) and the radiolabeled products
were eluted with MeOH (4.0 mL). The isolated products in the
eluants were quantified by liquid scintillation counting on a Beck-
man LS6500 Scintillation Counter by using Ecolite cocktail (10 mL).
For kinetic analysis, the ManT activities were determined by using
a range of acceptor concentrations (0.03 to 4.0 mm). All other re-
action conditions were identical to the cell-free assay described
above. Assays were performed under the conditions in which the
formations of radiolabeled products were linear for both time and
protein concentration. The kinetic parameters K, and V..., were ob-
tained by nonlinear regression analysis by using the Michaelis—
Menten equation with the GraphPad Prism 4.0 program (GraphPad
Software, San Diego, CA).

Product characterizations from milligram-scale incubations:
Large-scale ManT reactions were performed for the structural char-
acterization by using acceptor substrates 4-7. A typical reaction
that contained 50 mm MOPS buffer, pH 7.9, Tmm ATP, 10 mm
MgCl,, 5 mm B-mercaptoethanol, 2 mm acceptor, 2 mm GDP-man-
nose and the M. smegmatis membrane preparation was incubated
at 37 C with gentle rotation for 5 days. The reaction mixture was
loaded directly on the C,; reversed-phase cartridge and the un-
reacted donor was washed away with H,O (50 mL) and the product
was eluted subsequently with MeOH (4 mL). The solvent was
evaporated and the residue was redissolved in H,O (50 pL). The
conversion of the acceptor substrate to the enzymatic product
could be visualized by thin layer chromatography (TLC) on SIL G-25
silica gel plates (Macherey-Nagel) after developing with the follow-
ing solvent systems: A) ethyl acetate/MeOH/H,O (17:2:1) gave R¢
values of 0.5 and 0.23 for mono- and dimannoside, respectively;
B) ethyl acetate/MeOH/H,0 (17:2:1), developed three times to give
R¢ values of 0.38 and 0.13 for the di- and trimannosides, respective-
ly; ethyl acetate/MeOH/H,0O (7:21) and developed twice to give R;
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values of 0.35 and 0.22 for the tetra- and pentamannosides, re-
spectively. Visualization of compounds was achieved by heating
the TLC plates after dipping them in a solution of 3% anisaldehyde
in sulfuric acid. In addition, the mass of the product was character-
ized by MALDI mass spectrometry on a Voyager Elite time-of-flight
spectrometer on sample suspended in 2,5-dihydroxy benzoic acid,
by using the delayed-extraction mode and positive-ion detection.

For characterization of products by using 'H NMR spectroscopy,
the reaction products were purified by preparative TLC. The area
that corresponds to the product on the TLC plate was scraped and
dissolved in H,0. The resulting solution was stirred for 15 min and
centrifuged. The solution was filtered through a 0.2 pm nylon
membrane filter (Pall Life Sciences, Ann Arbour, Ml, USA) before
being applied to the SepPak C,; cartridge. After washing the
column with H,0O, the product was eluted with MeOH (4 mL). The
solvent was evaporated and the product was lyophilized overnight
and dissolved in D,0. One-dimensional 'H NMR spectra were re-
corded on a Varian i600 instrument.
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Zinc(ll) Coordination Complexes as Membrane-Active
Fluorescent Probes and Antibiotics
Kristy M. DiVittorio,” W. Matthew Leevy,®® Edward J. O'Neil,”’ James R. Johnson,”

Sergei Vakulenko,”” Joshua D. Morris,® Kristine D. Rosek,™ Nathan Serazin, Sarah Hilkert,"”
Scott Hurley,” Manuel Marquez,“® ¢ and Bradley D. Smith*®

Molecular probes with zinc(ll)-(2,2-dipicolylamine) coordination
complexes associate with oxyanions in aqueous solution and
target biomembranes that contain anionic phospholipids. This
study examines a new series of coordination complexes with 2,6-
bis(zinc(ll)-dipicolylamine)phenoxide as the molecular recognition
unit. Two lipophilic analogues are observed to patrtition into the
membranes of zwitterionic and anionic vesicles and induce the
transport of phospholipids and hydrophilic anions (carboxyfluo-
rescein). These lipophilic zinc complexes are moderately toxic to
mammalian cells. A more hydrophilic analogue does not exhibit

Introduction

Molecules with selective cell surface recognition properties are
used extensively in cell biology, biotechnology, and medicine.™
For example, high-molecular-weight antibodies are employed
as reagents for purification processes, sensing assays, and
imaging technologies.” They also have value as pharmaceuti-
cal agents.”) Various small biomolecules, especially peptides,
are known to exhibit selective cell-targeting properties.” In ad-
dition, small molecules that target and disrupt the membranes
of microorganisms are pursued as drug candidates for treating
various infectious diseases.” As part of a program to develop
molecular probes for the imaging of infectious disease, we are
investigating synthetic molecules that can differentiate be-
tween healthy mammalian cells and microorganisms.” The cell
plasma membrane is a complicated supramolecular assembly
of proteins and polar lipids, and there is a rich array of poten-
tial biomarkers for targeting. However, a notable difference be-
tween these two types of cells is the composition and charge
of the polar lipids that decorate the cell surface. The plasma
membrane outer leaflet of most mammalian cells is primarily
composed of zwitterionic phospholipids such as sphingomye-
lin and phosphatidylcholine.” In contrast, the exterior surface
of bacterial cells contains a high fraction of anionic phospholi-
pids and related anionic amphiphiles.® This difference in sur-
face charge helps explain why cationic compounds have an
inherent selectivity for bacterial cells over mammalian cells.
Indeed, most classes of antimicrobial peptides have a net posi-
tive charge.”

This study focuses on the cell recognition properties of syn-
thetic zinc coordination complexes.'” These compounds have
been examined extensively as simplified models for various
phosphate-binding processes, and also as functional molecules

FMWILEY
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mammalian cell toxicity (LDs, >50ugmL™"), but it is highly
active against the Gram-positive bacteria Staphylococcus aureus
(MIC of 1 ugmL™'). Furthermore, it is active against clinically im-
portant S. aureus strains that are resistant to various antibiotics,
including vancomycin and oxacillin. The antibiotic action is at-
tributed to its ability to depolarize the bacterial cell membrane.
The intense bacterial staining that was exhibited by a fluorescent
conjugate suggests that this family of zinc coordination com-
plexes can be used as molecular probes for the detection and
imaging of bacteria.

such as catalysts, sensors, and receptor antagonists.""’ Recently,
we discovered that fluorescent coordination complexes 1,
which has two zinc(ll) 2,2"-dipicolylamine units have a remark-
able ability to selectively stain bacterial cells in preference to
mammalian cells."? Furthermore, we have developed fluores-
cent near-infrared derivatives of 1 that can target and identify
bacterial infection in mice."¥ Here, we describe the cell recog-
nition properties of a second-generation design, 2, which is
based on 2,6-bis(zinc(ll)-dipicolylamine)phenoxide as a synthet-
ic anion-binding receptor. This dinuclear zinc coordination
complex associates strongly with phosphate derivatives in
aqueous solution and to a lesser extent with carboxylates
(Scheme 1).'"" We have previously reported the tyrosine deriva-
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Membrane-Active Zinc(ll) Coordination Complexes

S

Scheme 1. Association of zinc complex 2 with a phosphate anion.

tive 4, and have briefly described its vesicle-binding proper-
ties."” The ease of synthetic manipulation makes 4 a versatile
building block for conjugation." The fluorescent conjugate 7
has negligible affinity for vesicle membranes that are com-
posed only of zwitterionic phosphatidylcholine, but it associ-
ates strongly with vesicles that include anionic phospholipids
and even penetrates into the bilayer membrane. We now de-
scribe in detail the vesicle and cell membrane recognition
properties of this family of zinc coordination complexes. We
find that lipophilic analogues 5 and 6 are able to partition into
zwitterionic vesicles and promote the translocation of phos-
pholipids and hydrophilic anions across the vesicle membrane.

CA @
SV
4NO5 \Q/

3NO;
CH,
1 3
7 o 77 i
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NO,
(e} < 3NOy
BocNH R HN/\A/YN
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Furthermore, 5 and 6 are moderately toxic to mammalian cells.
The more hydrophilic version, 3 does not interact with mam-
malian cells but it exhibits potent and selective toxicity against
the pathogenic bacterium Staphylococcus aureus. Mechanistic
studies suggest that 3 depolarizes the bacterial membrane,
which explains why it is highly active against strains of
S. aureus that are resistant to the important clinical drugs van-
comycin and oxacillin.
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Results and Discussion

Vesicle Studies

Enhanced phospholipid flip-flop: The ability of zinc complexes
3-6 to associate with vesicle membranes and promote inward
phospholipid translocation (Scheme 2) was measured by using

exo

outer
monolayer
bil inward
rayer translocation
membrane or "flip"
inner
monolayer
endo

Scheme 2. Phospholipid translocation.

fluorescent 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-phospholi-
pids and an established NBD-dithionite quenching assay."” The
method is based on the ability of dithionite to chemically react
with the NBD-chromophore to give a non-fluorescent product.
Because the dithionite anion diffuses very slowly
through vesicle membranes, it will only react and
quench the fluorescence of an NBD-phospholipid in
the outer monolayer of the membrane. The back-
ground translocation experiment starts by adding a
small amount of NBD-phospholipid (0.5% of total
lipid) to a dispersion of vesicles. The NBD-phospho-
lipid incorporates into the outer monolayer to create
100% exo-labeled vesicles. Every 15 minutes, an ali-
quot of vesicles is removed and treated with dithion-
ite, which allows the percent of exo NBD-phospholip-
id to be determined. The experiment progresses to-
wards an equilibrated value of about 60% exo NBD-
phospholipid. The half-life is the time to reach 80%
exo NBD-phospholipid, and the unassisted back-
ground value is many hours.

The structures of the probes and phospholipids
are provided in Scheme 3 and the translocation half-
lives that are induced by the presence of compounds
3-6 are given in Table 1. These experiments use two
NBD-phospholipid probes (zwitterionic NBD-PC and
anionic NBD-PG) with two types of vesicle systems

o o X NBD-PC (X', Y2, Z"y POPC (X', Y' Z"
<IN

O//P\o NBD-PG (X?, Y%, Z"y POPG (X2 Y' ZY
,>—\ = CH,N'(CHa), = CH(OH)CH,OH
(o] O 1_ 2 _ (o]

Y'=CoC;H Y2 = AN

| ! 177133
v s N N

\ o/
Z' = COCysHs,
COCsH,oNH NO,

Scheme 3. Probes and phospholipids.
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Table 1. Effect of zinc complexes on membrane translocation half-lives.

Probe translocation half-life [min]®
Vesicles: 100% POPC Vesicles: POPG/POPC(1:9)

Complex (1 um) NBD-PG NBD-PC NBD-PG
3 >60 >60 30
4 >60 >60 20
5 12 >60 20
6 20 >60 >60

[a] Time to reach 80% exo NBD-phospholipid, average half-life error
+33%.

(zwitterionic vesicles composed of 100 mol% POPC, and anion-
ic vesicles composed of POPG/POPC, 1:9). To induce transloca-
tion of an NBD-phospholipid probe, the zinc complex must
penetrate the vesicle membrane and also associate with the
probe to make a charge-neutral aggregate that can diffuse
across the membrane. Because all of the zinc complexes are
cationic, it is not surprising that they do not promote the
translocation of zwitterionic probe, NBD-PC (translocation half-
life >60 min) in any vesicle system. The relatively hydrophilic
complexes 3 and 4 do not accelerate flip-flop of the anionic
NBD-PG probe in POPC vesicles, presumably because these hy-
drophilic zinc complexes do not associate with the nearly neu-
tral vesicles (the anionic probe is only present at 0.5% of total
lipid). However, 3 and 4 do associate with anionic POPG/POPC
(1:9) vesicles and shorten the translocation half-life of NBD-PG
probe to 30 and 20 min, respectively. In contrast to this vesicle
selectivity, the more lipophilic zinc complexes 5 and 6 partition
into both the uncharged and anionic vesicle systems and
strongly promote NBD-PG flip-flop. Literature evidence sug-
gests that the anionic phosphate diester head group of the PG
probe is chelated to both zinc cations (Scheme 1), and the
aggregate diffuses across the bilayer membrane. Because each
of these zinc complexes has a net +3 charge, the requirement
for charge balance requires the simultaneous transport of sev-
eral anions across the membrane."®
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Enhanced carboxyfluorescein transport: The carboxyfluores-
cein (CF) leakage assay was employed to determine if the zinc
complexes could transport hydrophilic anions across vesicle
membranes."” CF was encapsulated inside vesicles under high,
self-quenching concentrations. Transport out of the vesicles
leads to dilution of the dye and a large increase in fluores-
cence intensity. In agreement with the phospholipid transloca-
tion data, the hydrophilic zinc complexes 3 and 4 did not
induce CF leakage from zwitterionic POPC vesicles and pro-
duced only slight leakage from anionic POPG/POPC, 1:9 vesi-
cles (data not shown). The more lipophilic zinc complexes 5
and 6 were much more effective at promoting CF leakage.
Shown in Figure 1 is the leakage that is induced upon addition
of complex 6. The data highlight two trends, 1) almost twice
as much leakage occurs from zwitterionic, POPC vesicles than
from anionic POPG/POPC, 1:9 vesicles, and 2) CF leakage is
completely inhibited when the external vesicle solution is
changed from 5mm TES in 100 mm NaCl, to 5mm TES in
75 mM Na,SO,. These two results are consistent with a mem-
brane transport process that involves direct coordination of
the CF to the zinc complex. Thus, CF leakage from the anionic,
POPG/POPC vesicles is inhibited because the anionic POPG
head group competes for the zinc coordination sites
(Scheme 1). Similarly, CF release from the vesicles can only
occur if there is concomitant entry of a counter anion, which is
kinetically feasible when the external solution contains the rel-
atively lipophilic chloride, but it becomes very unfavorable
when the external solution only contains sulfate dianion. The
sulfate dianion is extremely hydrophilic, and its transport into
a membrane involves a major dehydration penalty. Sulfate-
inhibited transport is a signature of anion counter-transport
processes that involve intimate association between the anion
and the transporter.””

Proof that the zinc cations are critical for membrane trans-
port was obtained by measuring CF transport activity in the
presence and absence of zinc cations. As shown in Figure 2,
addition of 1 um of apo-6 (i.e., the uncharged phenol version
of 6 without the two zinc cations) at 50 s to vesicles that con-
tain CF does not produce CF leakage. However, if two molar
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Figure 1. CF transport from vesicles that was induced by the addition of zinc complex 6 (1 um) at 50 s to vesicles in 5 mm TES (pH 7.4) buffer with either
100 mm NaCl (&) or 75 mm Na,SO, (m), followed by vesicle lysis with Triton X-100 at 300 s. Left: zwitterionic vesicles composed of POPC; right: anionic vesicles
composed of POPG/POPC (1:9). In the y-axis, ACF is the amount of CF that was released from the vesicles.
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Figure 2. Dependence of CF release on zinc complexation to form transport
active 6. Apo-6 (1 um) was added at 50 s to POPC vesicles (25 um). Inside
the vesicles is 5 mm TES, 50 mm CF, 100 mm NaCl (pH 7.4) buffer; outside
the vesicles is 5 mm TES, 100 mm NaCl (pH 7.4) buffer. Zn(NOs), (0 um (m),
0.25 uMm (X), 0.5 um (@), T um () and 2 um (o)) was added at 100 s and the
vesicles were lysed with Triton X-100 at 750 s. In the y-axis, ACF is the
amount of CF that was released from the vesicles.

equivalents of Zn(NO,), are subsequently added to the vesicle
dispersion at 100 s, extensive CF leakage begins to occur after
a 150 s induction period, which is presumably the time period
that is required to form the dinuclear zinc complex 6. The final
amount of CF leakage is essentially the same as that observed
when the same concentration of preformed zinc complex 6
(1 um) is added to the vesicles (compare Figure2 with
Figure 1). The other leakage curves in Figure 2 show that the
amount of transport is decreased and the induction time is
increased with sub-stoichiometric amounts of added Zn(NO,),.
These features are additional evidence that a multicomponent
association process is required to produce 6 as the kinetically
active CF transporter. Finally, the dependence of CF transport
was measured at different concentrations of preformed 6. As
shown in Figure 3, the initial flux is directly proportional to the
concentration of 6, which suggests that CF transport is pro-
duced by a stoichiometric recognition process and is not
simply due to nonspecific membrane disruption. Taken togeth-
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er, the CF leakage data present a compelling kinetic case that
a liphophilic dinuclear zinc complex is required for CF trans-
port across uncharged POPC vesicles, and that transport likely
involves direct coordination of the oxyanion to the two zinc
cations.

The vesicles studies raise the following hypothesis. Lipophilic
zinc complexes 5 and 6 can partition into mammalian and bac-
terial cell membranes and exhibit general cell toxicity by pro-
moting anion transport and phospholipid flip-flop. In contrast,
hydrophilic analogues 3 and 4 do not associate with the zwit-
terionic surfaces of mammalian cells, but they can partition
into the anionic membranes of bacterial cells, and thus exhibit
selective cell toxicity. The following cell toxicity studies were
conducted to confirm this hypothesis.

Mammalian cell toxicity

Compounds 3-6 were evaluated for toxicity against three
human cancer cell lines; Jurkat (T-cell leukemia), PC3 (andro-
gen-independent prostatic) and LNCaP (androgen-dependent
prostatic) cells. The colorimetric MTT assay was used to deter-
mine cellular viability. Briefly, the cells were dispersed in 96-
well plates and incubated at 37°C for 24 h. The growth media
was exchanged with fresh media and then treated with MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide].
In healthy cells, with active mitochondrial systems, the MTT s
reduced to formazan, a purple compound. The amount of for-
mazan absorption is related to the number of viable cells. The
toxicity of the zinc complexes was observed to be dose depen-
dent, and the LDs, values are listed Table 2. The hydrophilic
zinc complexes 3 and 4 did not cause significant cell death at
concentrations up to 50 um. However, there was moderate tox-
icity with the more lipophilic complexes, 5 and 6 (LD, values
between 2 and 30 pm), a trend that correlates with membrane
transport activity. Thus, it appears that mammalian cell toxicity
increases with cell permeability of the zinc complex. While the
precise cell death mechanism is not clear at present, it is rele-
vant to note that a structurally related series of cell permeable
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Figure 3. Initial CF flux (F) at different concentrations of 6. Vesicles [25 um lipid, POPC/cholesterol (7:3), encapsulating 5 mm TES, 100 mm NaCl, 50 mm CF
(pH 7.4) buffer] were dispersed in 5 mm TES, 100 mm NaCl (pH 7.4) buffer and treated with varying concentrations of 6. The initial flux is the % CF transport at
20 s after addition of 6. The error bars reflect the averages of three independent experiments. In the y-axis, F is the amount of CF released from the vesicles.
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Table 2. Mammalian cell toxicity.

Zinc LDs, [um]®

Complex Jurkat cells PC3 cells LNCaP cells
3 >50 >50 >50

4 >50 >50 >50

5 30 5 20

6 5 2 5

[a] Concentration of zinc complex required to decrease cell viability to
50%.

zinc complexes was very recently shown to induce apoptosis
by repression of bcl-2 expression.?"

Bacteria cell imaging and toxicity

The ready availability of NBD-conjugate 7 allowed us to con-
duct bacterial cell imaging by using fluorescence microscopy.
Figure 4 shows fluorescence images of Escherichia coli and

S. aureus

S

Figure 4. Fluorescence micrographs of E. coli (top) and S. aureus (bottom)
cells, after treatment with zinc complex 7. The right panels are magnified to
show single cells undergoing binary fission. Scale bar in each image repre-
sents 2 um.

S. aureus that have been treated with 10 um of 7, and subse-
quently washed twice with buffer. In both cases, the staining is
localized to the cell walls, in agreement with previous imaging
results that were obtained with fluorescent probes that were
based on structure 1.'% Also shown in Figure 4 are magnified
examples of staining patterns that are consistent with cells
that are undergoing the process of binary fission. Gram-posi-
tive bacteria like S. aureus are known to form an equatorial
membrane that divides the cell into hemispheres before repli-
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cation.”” Meanwhile, Gram-negative bacteria like E. coli repli-
cate by a symmetric invagination at the equator, which “pinch-
es” the cell in half.”® The NBD fluorophore is susceptible to
photobleaching, which limits its utility in fluorescence micro-
scopy. However, the intense staining that was exhibited by 7 is
proof of concept that fluorescent conjugates of this family of
zinc complexes should be useful additions to the small group
of synthetic fluorescent probes that can target bacteria.””
Because the hydrophilic zinc complex 3 was not toxic to
mammalian cells, we evaluated its antibacterial activity against
S. aureus and E. coli by using the minimum inhibitory concen-
tration (MIC) method.” The growth of E. coli was not prevent-
ed by the presence of 3 at the highest tested concentration of
100 ugmL~". However, S. aureus (ATCC 29213) cells were re-
markably susceptible, and exhibited a MIC value of 1 ugmL™',
which corresponds to a therapeutic index that is > 50-fold se-
lective for S. aureus over mammalian cells. This potent antibiot-
ic activity contrasts with the low toxicity that is exhibited by
4-cresol (>100 pgmL™" to inhibit S. aureus growth),”® and the
first-generation zinc complexes that were based on 1 (weakly
toxic against E. coli or S. aureus). Bacterial growth inhibition
assays were also conducted against two drug-resistant strains
of S.aureus. As listed in Table 3, the same MIC of 1 pgmL™'

Table 3. Minimum inhibitory concentration (MIC).

Antibiotic MIC [ugmL™"]®

0.1 pgmL™"3 +
Microorganism 3 Van®  Oxa¥  Van Oxa
S. aureus 29213 1 1 03 1 0.1
S. aureus (NRS 100) 1 2 256 2 256
S. aureus VRS1 (NARSA) 1 1000 256 1000 256

[a] Minimum inhibitory concentration. [b] Vancomycin. [c] Oxacillin.

was obtained against: 1) S. aureus (NRS100), a strain that is re-
sistant to fP-lactam antibiotics, including the drug oxacillin, and
2) S. aureus (VRS1), which has resistance to both vancomycin
and oxacillin. Additional experiments were performed to deter-
mine if zinc complex 3 can act in synergy with known antibiot-
ics; however, sub-lethal concentrations of 3 did not significant-
ly affect the activity of vancomycin or oxacillin.

Evidence that metal coordination is necessary for antibiotic
activity is found in the large difference in MIC values for the
uncomplexed apo-3 and it isomer apo-8. Against S. aureus, the
MIC values were 1 pgmL™" for apo-3 and >40 ugmL™' for
apo-8. Because apo-8 has two 3,3’-picolylamine units, it cannot
form stable metal-coordination complexes, and it exhibits a
high MIC value, which is typical for a simple phenol.*® In con-
trast, there is little doubt that apo-3 is rapidly converted into a
metal complex as seen in the vesicle studies (Figure 2). Be-
cause the concentration of zinc(ll) in the testing media was
around 15 um,*” the formation of zinc complex 3 is highly fa-
vored, however, we cannot rule out the possibility that other
metal complexes might also be formed, especially copper(ll)
complexes. Even if these other metal complexes are formed,

ChemBioChem 2008, 9, 286 — 293



www.chembiochem.org



Membrane-Active Zinc(ll) Coordination Complexes

they are likely to have similar oxyanion recognition proper-
ties.?®

= N i A Z N N
N N~ NN ! Lz
SN NG R _N
OH N N on N
CH3z CH3

apo-3 apo-8

The vesicle studies and the bacteria imaging suggest that
the antibiotic activity of 3 is due to its ability to selectively as-
sociate with the surface of the Gram-positive bacteria and pos-
sibly disrupt membrane function. Therefore, 3 was tested for
its ability to depolarize the S. aureus membrane. An established
assay was employed by using DiSC,(5), a fluorescent dye that
is sensitive to membrane potential.”” Healthy bacterial cells
have an inside negative membrane potential due to potassium
efflux through leakage channels, as well as active proton
efflux. The cationic dye DiSC4(5) inserts into the membranes of
these healthy cells, where it is concentrated and becomes self-
quenched. Upon membrane depolarization, the dye is released
into the extracellular solution and exhibits a marked increase
in fluorescence intensity. The experimental data are provided
in Figure 5. S. aureus cells (OD is 0.05) were suspended in a
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Figure 5. Membrane depolarization of S. aureus cells that was induced by 3
at 10 ugmL™" (m), 1 ugmL™" (a), and buffer control (e).

salt-free buffer with DiSC;(5). Sodium chloride (60 mm final)
was added to the extracellular solution, followed by 3 (10 or
1 pgmL™"). Sodium chloride itself does not affect the cells
because it has essentially no permeability at the resting state
of healthy bacteria. However, the addition of 3 (10 uygmL™)
caused a rapid increase in fluorescence intensity of the dye. At
a MIC concentration of 1 ugmL™", the DiSC;(5) fluorescence in-
crease is smaller, but is still above background. Because zinc
complex 3 is only weakly amphiphilic, it is remarkable that it
can depolarize bacterial membranes at such a low concentra-
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tion. It is presently not clear how the membrane disruption
occurs at the molecular level. However, we note that 3 is a
densely charged, cationic molecule that targets the anionic
phospholipid head groups in the bacterial membrane, a pro-
cess that produces large fluctuations in local charge. Recently,
high-level molecular dynamics simulations of bilayer mem-
branes have led to the proposal of a field-induced pore
model.*% The simulations suggest that a localized charge im-
balance, which would occur when several copies of 3 associate
to a patch of bacterial membrane, can create a transmembrane
electric field, which induces a transient water pore, and as a
consequence ion transport and membrane depolarization.

Although 3 is inactive against E. coli, it is still a promising an-
tibiotic lead because it is easy to produce and highly active
against S. aureus, a significant human pathogen that is respon-
sible for many common nosocomial infections. Indeed, 3
might be a cheap alternative to vancomycin for treating clini-
cal oxacillin/methicillin-resistant S. aureus (MRSA) infections.®"
Furthermore, it is very hard for bacteria to become highly
resistant against membrane-active antibiotics. For example,
S. aureus resistance to the membrane active biocide, Triclosan,
which is employed extensively in many consumer products,
only increases MICs to the range of 2-4 ugmL™".%4

Conclusions

As shown in Scheme 1, the dinuclear zinc complex 2 is a syn-
thetic anion receptor that associates strongly with phosphate
and to a lesser extent to carboxylate anions in aqueous solu-
tion. The lipophilic analogues 5 and 6 are able to partition into
the membranes of zwitterionic and anionic vesicles and induce
the transport of phospholipids and hydrophilic anions (carbox-
yfluorescein). These lipophilic zinc complexes are moderately
toxic to mammalian cells, and thus they are unlikely to be
useful as cell-selective antibiotic drugs. However, the more hy-
drophilic zinc complex 3 selectively associates with anionic
membranes. As a result, it does not exhibit mammalian cell
toxicity, but it is highly active against the Gram-positive bacte-
rium S. aureus, including clinically important strains that are re-
sistant to the antibiotics vancomycin and oxacillin. The antibi-
otic action of 3 appears to be due to its ability to depolarize
the bacterial cell membrane. The impressive bacterial staining
ability of fluorescent conjugate 7 suggests that this family of
zinc coordination complexes might be very useful as cell-tar-
geting probes for the detection and imaging of bacteria.

Experimental Section

Synthesis: The preparation of zinc complexes 3, 4, and 7 has been
described previously."'**¥ Zinc complexes 5 and 6 were pre-
pared from the carboxylic acid form of the tyrosine derivative apo-
4-CO,H by using the following procedures.

Apo-4-CO,H. A solution of 4 (1.0 g, 1.4 mmol), methanol (25 mL),
and an equal volume of aqueous 1M NaOH solution was stirred for
2 h at room temperature, neutralized with 2m HCl, and extracted
into chloroform. The chloroform extracts were washed three times
with an equal volume of water and brine. The combined organic
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layer was dried with Na,SO, and evaporated to leave apo-4-CO,H
(0.83 g, 85% yield) which was used without further purification.

Zinc complex 5. A solution of apo-4-COOH (500 mg, 0.71 mmol) in
anhydrous DMF (25 mL) was treated with N,N'-dihexylamine
(158 mg, 0.85 mmol), 1-ethyl-3-(3,3-dimethylaminopropyl) carbodi-
imide (136 mg, 0.88 mmol), N-hydroxybenzotriazole (115 mg,
0.85 mmol), and triethylamine (0.20 mL). The reaction was stirred
for 24 h at room temperature, then evaporated to yield a brown
semi-solid, which was resuspended in chloroform and washed
three times with water followed by brine. The organic layer was
then evaporated and purified on a silica gel column by using 2%
methanol in chloroform to give apo-5 (5459, 88%) as a pale-
yellow semi-solid, which was a single peak in HPLC-MS (reversed-
phase column; mobile phase gradient of 5% to 80% acetonitrile in
10 mm ammonium acetate over 10 min at 0.7 mLmin~'). '"H NMR
(300 MHz, CDCly): 6=10.95 (brs, 1H), 8.48 (d, J=5.1 Hz, 4H), 7.56
(td, J=7.8, 1.6 Hz, 4H), 7.45 (d, J/=7.8 Hz, 4H), 7.08 (m, 4H), 7.03 (s,
2H), 5.35 (d, J=9.0 Hz, TH), 4.63 (m, 1H), 3.80 (s, 8H), 3.72 (s, 4H),
3.15 (m, 1H), 2.95 (m, TH), 2.84 (m, 4H), 1.86 (m, 4H), 1.33 (s, 9H),
0.95-1.30 (brs, 12H), 0.69-0.88 (m, 6H); *C NMR (75 MHz, CDCl,):
0=1715, 166.9, 159.2, 154.9, 148.8, 136.5, 130.4, 126.4, 124.0,
123.0, 121.9, 59.6, 54.7, 51.6, 47.8, 47.6, 46.2, 38.7, 31.5, 314, 31.2,
28.9, 28.3, 27.5, 26.6, 26.5, 26.3, 25.8, 22.5, 22.4, 14.0, 13.9; ES-MS:
m/z: 872 [M+H]". Subsequent treatment with two molar equiva-
lents of Zn(NOs), in aqueous methanol, followed by evaporation
gave the zinc complex 5 in quantitative yield, which was used
without further purification.

Zinc complex 6. The above-described procedure was used to
make apo-6 in 88% yield. "H NMR (300 MHz, CDCl;): 6 =10.95 (brs,
1H), 838 (d, J=5.1 Hz, 4H), 7.49 (td, J=8.0, 1.5 Hz, 4H), 7.36 (d,
J=7.8Hz, 4H), 7.00 (m, 4H), 6.93 (s, 2H), 531 (d, J/=9.2 Hz, 1H),
4.58 (m, 1H), 3.72 (s, 8H), 3.64 (s, 4H), 3.07 (m, 1H), 2.88 (m, 1H),
2.75 (m, 4H), 1.69 (m, 4H), 1.27 (s, 9H), 0.95-1.26 (brs, 28H), 0.74
(t, J=7.2 Hz, 6H); *C NMR (75 MHz, CDCl;): §=171.4, 166.9, 159.0,
154.8, 148.7, 136.5, 130.3, 126.2, 123.9, 122.9, 121.9, 59.5, 54.7, 47.9,
40.8, 31.7, 29.5, 29.4, 29.1, 29.0, 28.2, 27.5, 26.8, 26.5, 26.3, 22.5,
14.0; ES-MS: m/z: 984 [M+H]". Subsequent treatment with two
molar equivalents of Zn(NO;), in aqueous methanol, followed by
evaporation gave the zinc complex 6 which was used without fur-
ther purification.

Vesicle preparation: All phospholipids were purchased from
Avanti Polar Lipids (Alabaster, USA). An appropriate mixture of
phospholipid was dried as a film in vacuo for 1 h. A stock solution
of vesicles (10 mm phospholipid) was made by rehydration at
room temperature with the appropriate buffer. Multilamellar vesi-
cles were extruded to form unilamellar vesicles with a Basic Liposo-
Fast device purchased from Avestin, Inc. (Ottawa, Canada). The
vesicles were extruded 29 times through a 19 mm polycarbonate
Nucleopore filter with 100 nm diameter pores.

Phospholipid translocation assay: The 7-nitrobenz-2-oxa-1,3-
diazol-4-yl (NBD)-dithionite assay has been described previously."”
Briefly, exo-labeled vesicles were prepared by slowly injecting a
concentrated ethanolic solution of NBD-phospholipid into a stirred
solution (35 mL) of vesicles (25 um). An appropriate aliquot of the
zinc complex in DMSO was added at 50 s, and translocation rates
were determined from the subsequent change in % exo NBD-phos-
pholipid over time. Every 15 min, a sample (3 mL) was removed
and treated with 60 mm sodium dithionite solution and then Tri-
ton X-100 (final concentration of 0.5%). The %exo probe = (F,—F)/
F. where F, and F; are the NBD-phospholipid fluorescence intensi-
ties just prior to the addition of dithionite and Triton X-100, respec-
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tively. Excitation was set at 470 nm, and fluorescence emission was
measured at 530 nm by using a 515 nm filter. The half-lives are the
time periods to reach 80% exo probe and the values listed in
Table 1 are the averages of three independent experiments.

Carboxyfluorescein leakage assay: Vesicles were prepared in the
presence of rehydration buffer that contained 5 mm TES, 100 mm
NaCl, 50 mm carboxyfluorescein (CF) buffer (pH 7.4). Unencapsulat-
ed CF was separated from the vesicles by filtration through a
Sephadex-G50 column in TES buffer, or by overnight dialysis (12-
14000 MWCO tubing from Sigma-Aldrich) and a buffer that con-
tained 5 mm TES and 100 mm NaCl (pH 7.4). From this stock solu-
tion of vesicles, samples (3 mL) were assayed for leakage (ex:
495 nm, em: 520 nm) upon the addition of an aliquot of zinc com-
plex in DMSO at 50 s and 20% (v/v) Triton X-100 (20 pL) at 750s.
The %CF release was calculated from Equation (1):

F—F
%100 (1)

% CF release = FF

Where F, F, and F; are the fluorescence intensities just prior to the
additions of zinc complex and Triton X-100, and at the end of the
experiment, respectively. All leakage experiments were reproduced
at least three times.

Mammalian cell toxicity-MTT assay: Jurkat and LNCaP cells were
cultured in 75 mL tissue culture flasks by using RPMI media with
10% fetal bovine serum (FBS). PC3 cells were cultured in 75 mL
tissue culture flasks by using Ham's media with 10% FBS. All cells
were grown at 37 °C, 5% CO, according to ATCC protocols.

MTT assays were run by using the Vybrant MTT Cell Proliferation
Assay Kit (Invitrogen, V-13154). A mixture of cells (200 uL, approxi-
mately 5x10* cells per mL) in growth media were dispensed into
each well of a 96-well plate and were allowed to grow for 48 h. An
aliquot of zinc complex in DMSO was administered to each well
with serial two-fold dilution. The wells were allowed to incubate
for 24 h at 37°C, then the growth medium was changed and a
solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; 10 uL of a 12 mm) in sterile PBS was added to each
well. The cells were incubated at 37°C for 4 h, then treated with
an SDS-HCI solution (100 pL) to kill the cells and dissolve the for-
mazan product. The SDS-HCI solution was prepared by adding
0.01™m HCI (10 mL) to SDS (1 g). The SDS-HCI per cell solution was
then incubated for 24 h at 37 °C, after which the absorbance of the
cells was read at 570 nm. Equation (2) was used to determine the
percentage of living cells in each sample:

Abs—Absy,

0; i —
% living cells = Ao —AbSyey

x 100 )

Where Abs is the absorbance of the test well, Absy,, is the absorb-
ance of the negative control (no cells added) and Absc,, is the ab-
sorbance of the positive control (10 pL vehicle added to live cells).
The listed LDs, values are the average of three independent experi-
ments.

Minimum inhibitory concentration: The minimum inhibitory con-
centration (MIC) for 1 is reported as the lowest serial two-fold dilu-
tion that prevented bacterial growth as outlined by the National
Committee for Clinical Laboratory Standards (NCCLS). E. coli K12
cells were tested by using a bacterial load of 5x10° CFUmL . Cells
were grown at 37°C in Luria Bertani (LB) Miller media (2 mL;
10 gL " peptone, 5 gL~ yeast extract, and 10 gL' NaCl) that were
twofold serially diluted with zinc complex 3. S. aureus cells (listed
in Table 1) were tested in similar fashion by using regular Mueller
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Hinton Il broth (300 gL™" infusion from beef, 17.5gL™" casamino
acids, 1.5 gL' bacto soluble starch) with the same microbial load.
For S. aureus, the cells were grown in 96-well format by using total
media (100 pL) in each well. For both organisms, the MIC was
taken as the lowest concentration that inhibited growth after 24 h,
as judged by visual turbidity. Each measurement of MIC was per-
formed in triplicate.

Membrane depolarization studies: S. aureus cells were grown at
37°C in Luria Bertani (LB) Miller media to mid-log phase, centri-
fuged, and the pellet washed once in 200 mm dextrose, 10 mm
HEPES (pH 7.5) buffer. The resulting suspension was centrifuged
again and resuspended to an ODgy, of 0.6 in the same buffer. A
stock solution of dye was made by dissolving 3,3-dipropylthiadicar-
bocyanine iodide (DiSC5(5); 1 mg) in DMSO (50 mL) in a foil-pro-
tected falcon tube. Fluorescence emission from DiSC,(5) was de-
tected at 670 nm by using an excitation wavelength of 640 nm. A
typical experiment began by adding dye solution (50 pL) to buffer
(3 mL) in a disposable cuvette with continuous stirring throughout
the experiment. Addition of the dye produced a sharp increase in
fluorescence intensity, which quickly leveled off. This baseline was
taken as the initial fluorescence value, I, for the data presented in
Figure 5. Next, the S. aureus stock solution (300 uL) was added to
give a final ODgg, of 0.05. The fluorescence rapidly decreased and
was allowed to stabilize and reach a new baseline with an //I,
value of ~0.1. An aliquot of stock NaCl solution was added to give
a 30 mm final concentration, followed by zinc complex 3 which
produced a time-dependent increase in fluorescence intensity. The
data (n=3) were analyzed in Microsoft Excel 2003, and the average
plus standard error of the mean (SEM) was plotted by using the
GraphPad Prism V4.0.
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Processing of N-Terminal Unnatural Amino Acids in
Recombinant Human Interferon-f} in Escherichia coli

Aijun Wang,*™ Natalie Winblade Nairn,” Richard S. Johnson,”® David A. Tirrell," and

Kenneth Grabstein®®

Incorporation of unnatural amino acids into recombinant pro-
teins represents a powerful tool for protein engineering and pro-
tein therapeutic development. While the processing of the N-ter-
minal methionine (Met) residues in proteins is well studied, the
processing of unnatural amino acids used for replacing the N-ter-
minal Met remains largely unknown. Here we report the effects
of the penultimate residue (the residue after the initiator Met) on
the processing of two unnatural amino acids, L-azidohomoala-
nine (AHA) and L-homopropargylglycine (HPG), at the N terminus

Introduction

With the rare exceptions of selenocysteine™? and pyrroly-
sine,®* proteins from all known organisms are made from 20
amino acid building blocks. The limited number of proteino-
genic amino acids stands in contrast to the much larger reper-
toire of unnatural amino acids (UAAs) that have been shown
to exhibit translational activity.” Introduction of UAAs into pro-
teins creates new opportunities for protein structural and func-
tional studies, for protein engineering, and for protein thera-
peutic development. With the unique properties of UAAs, pro-
teins can be designed with increased thermal stability,*® de-
sired biophysical properties, and novel functions.” In addi-
tion, proteins can be modified site-specifically at the unique
functional groups on UAAs to generate protein conjugates
with enhanced therapeutic efficacies or improved pharmacoki-
netic profiles.'*™

Several different strategies have been developed to intro-
duce UAAs into recombinant proteins in both prokaryotic and
eukaryotic expression systems.'®) UAAs can be incorporated
either “residue-specifically”, by replacing all copies of a particu-
lar amino acid in the protein sequence, or “site-specifically” at
programmed position(s). The site-specific method requires in-
troduction into the expression host of a modified aminoacyl-
tRNA synthetase and cognate tRNA. In contrast, the residue-
specific method exploits the promiscuity of the aminoacyl-
tRNA synthetases (wild type or mutant) toward certain UAAs
that are structurally similar to the natural amino acids. The resi-
due-specific method has been used to incorporate several Met
analogues, including r-azidohomoalanine (AHA) and L-homo-
propargylglycine (HPG; Scheme 1), into recombinant proteins,
replacing Met at both N-terminal and internal sites.**?” The
reactive side chains of AHA or HPG enable specific chemical
modification of recombinant proteins without interference
from reactions with any of the natural amino acids.”>?*=% The
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of recombinant human interferon-f3 in E. coli. We have identified
specific amino acids at the penultimate position that can be
used to efficiently retain or remove N-terminal AHA or HPG. Re-
tention of N-terminal AHA or HPG can be achieved by choosing
amino acids with large side chains (such as GIn, Glu, and His) at
the penultimate position, while Ala can be selected for the re-
moval of N-terminal AHA or HPG. Incomplete processing of N-ter-
minal AHA and HPG (in terms of both deformylation and cleav-
age) was observed with Gly or Ser at the penultimate position.

simplicity of the residue-specific method and its high protein
yield, make it an attractive approach for many protein engi-
neering needs.

Whenever the Met-substitution method is used, the N-termi-
nal Met will be replaced with the analogue. This may or may
not be desired depending on the protein and the preferred
site(s) of modification. Therefore, it is important to define
whether the rules for N-terminal methionine excision apply to
UAAs. It is known that in prokaryotes, protein translation gen-
erally initiates with N-formylmethionine (f-Met). The f-Met on
the nascent polypeptide is post-translationally deformylated by
peptide deformylase.®"*? Furthermore, in more than half of
the E. coli proteins, the N-terminal Met is subsequently re-
moved by methionine aminopeptidase (MetAP).®*3¥ It is well
established that the specificity of MetAP depends primarily on
the identity of the second or penultimate residue of the pro-
tein in E. coli®*3" While the presence of UAAs at the N termi-
nus of recombinant proteins has been observed,”*¥ 3 system-
atic study on the processing of UAAs at the N terminus has
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Scheme 1. Chemical structures of Met (1), HPG (2), AHA (3), and DAB (4).

not been reported. Using a modified human interferon-§3
(IFNB) protein, we have identified specific amino acids that,
when present at the penultimate site, enable controlled reten-
tion or removal of N-terminal AHA or HPG.

Results and Discussion

Gene construction and recombinant protein expression with
AHA or HPG

A synthetic gene with optimal E. coli codon usage was synthe-
sized by using PCR with overlapping oligonucleotides. The syn-
thetic gene encodes a modified human IFNf (~20 kDa) with
only one Met codon, which is located at the N terminus. Differ-
ent penultimate residues were introduced to the protein by
site-directed mutagenesis (Table 1). This system provided a
tool to study the effect of the penultimate residue on the
processing of the Met surrogate, AHA or HPG, at the N termi-
nus. The synthetic gene was cloned into the pQE30 expression

FULL PAPERS

vector under control of the inducible promoter T5-lac-lac.
Upon addition of IPTG in AHA- or HPG-supplemented media in
a Met auxotrophic E. coli strain, abundant IFNf3 was induced.
Figure 1 shows a typical expression profile of IFNS-2E with
AHA or HPG, along with control samples expressed in media

+ AHA
+ HPG
+ Met
None

(¢ €11}
RHETER

Figure 1. SDS-PAGE (4-20 %) of recombinant IFN(3-2E expression profile.

E. coli cell lysates prior to induction (t,), and 2 h post-IPTG induction in Met-
free medium supplemented with AHA, HPG, Met or no Met or analogue,
were analyzed and protein bands were visualized by Coomassie blue stain-
ing. The protein markers in lanes 1 and 7 are 250, 150, 100, 75, 50, 37, 25,
20, 15, and 10 kDa. The induced IFNf protein band is indicated by the
arrow.

with and without Met. Recombinant protein was expressed to
the same level with AHA or HPG as with Met; background
expression (in the absence of Met) was very low, and basal
expression (prior to induction) was absent. Similar expression
profiles were observed for all IFNf variants listed in Table 1,
whether they were expressed with AHA or with HPG. Our re-
sults agree well with previous observations that AHA and HPG
support high protein expression yields and can be incorporat-
ed efficiently into recombinant proteins 34

MALDI-MS analysis for penultimate residues that favor
retention of N-terminal AHA or HPG

MetAP catalyzes the removal of N-terminal Met from cellular
proteins. However, not all proteins are susceptible to this

Table 1. N-terminal oligonucleotide and peptide sequences, and calculated M,, for the N-terminal peptides. The penultimate amino acids and correspond-
ing codons are highlighted.
Name N-terminal oligonucleotide peptide calculated peptide M, [Da]

sequence sequence X=Met X=AHA X=HPG X cleaved
IFNB-2A atggcgtataatctgttaggctttctgcaacgt XAYNLLGFLQR 1324.70 1319.62 1302.63 1193.66
IFNB-2S atgagctataatctgttaggctttctgcaacgt XSYNLLGFLQR 1340.69 1335.61 1318.62 1209.65
IFNB-2G atgggctataatctgttaggctttctgcaacgt XGYNLLGFLQR 1310.68 1305.60 1288.61 1179.64
IFNB-2H atgcactataatctgttaggctttctgcaacgt XHYNLLGFLQR 1390.72 1385.64 1368.65 1259.68
IFNB-2Q atgcagtataatctgttaggctttctgcaacgt XQYNLLGFLQR 1381.72 1376.64 1359.65 1250.68
IFNB-2E atggagtataatctgttaggctttctgcaacgt XEYNLLGFLQR 1382.70 1377.62 1360.63 1251.66

ChemBioChem 2008, 9, 324 - 330 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 325
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might also influence N-terminal residue excision, the u S q w2
substrate specificity of MetAP is primarily determined . 8 | 8 8 3
by the side-chain length of the penultimate residue o = 3 3T 33
. . . [34-37] . . . [q] k= £ £ c
in a given protein. Proteins with small penulti- 50 z I s =S
; © o 2 ©
mate residues are preferred substrates for MetAP. The @ 1239.553 © o 5 0 =
. ® O]
extent of cleavage by MetAP decreases as the size of E ig < T =\ %. f
the penultimate residue increases. Nine amino acids c ’ / “ }/ v °
with large side chains (namely GIn, His, Glu, Phe, Lys, § i : ]“’1250 S 1303 et 0 . L‘h'%lhou“ s 1450
Tyr, Trp, Arg, and Met) have been reported to render ® -
()] —~ o
proteins completely resistant to processing by £ 1w 3 3 S g
MetAP.5>3% When these residues occupy the penulti- 2 W AHA o SN § § 3
mate position, the N-terminal Met remains on the & 2 128
protein. The observed substrate specificity of MetAP " 3 = 3 8 <
. - 0 ° s\ £ £ £ 31
led to the hypothesis that the substrate-binding 50 e % o g 3 2
© = - e
pocket in MetAP has two sites: one site specific for 40 1239.553 g Q § /5 © %
N-terminal Met, and another site with limited space kS | 1 o = E <
(o]
to accommodate the penultimate residue.*® This jg /I A
substrate binding model is supported by crystallo- 0 ! . ol Ix b
graphic structure studies of E. coli MetAP and its sub- 200 1280 500 /2 10 b 1480

strate-like inhibitor complex,”*"*? and by mutagenesis
studies in which engineered MetAP enzymes with en-
larged substrate binding pockets were able to
remove N-terminal Met from proteins with bulky
penultimate residues.®

Based on these studies, we speculated that the
nine large amino acids would also protect N-terminal UAAs
from cleavage by MetAP. To test our hypothesis, we generated
three proteins (IFNB-2Q, IFNB-2E, and IFNB-2H) with GIn, Glu,
and His as the penultimate residues, respectively. The antepe-
nultimate residue Tyr in IFNf} was kept the same and the ef-
fects of the antepenultimate residue were not investigated in
the current study. Each protein was expressed with AHA or
HPG, separated by SDS-PAGE, digested by trypsin, and ana-
lyzed by MALDI-MS. MALDI-MS analysis was used to verify the
integrity of these two UAAs in the recombinant proteins, and
to examine the potential processing of these two UAAs as the
N-terminal residue in E. coli, including deformylation by pep-
tide deformylase and cleavage by MetAP. As controls, each
protein was also expressed with Met and analyzed by MALDI-
MS, and the results demonstrated complete retention of N-ter-
minal Met, as expected (data not shown).

MALDI-MS analysis of all three proteins expressed with AHA
or HPG showed that N-terminal AHA and HPG are effectively
retained. Figure 2 shows MALDI-MS spectra of IFN-2Q as an
example. It should be mentioned that of all the tryptic pep-
tides, the N-terminal peptide was the most efficiently ionized;
furthermore, the identities of the major peaks were confirmed
by MS/MS analysis. When IFN(-2Q was expressed with HPG,
the most abundant ion (IM+H]" m/z 1360.7) was identified as
the intact HPG-containing peptide (Table 1). This result indi-
cates that HPG was incorporated efficiently into the recombi-
nant protein, and remained stable in vivo. Virtually no cleaved
peptide was detected at the expected [M+H]" m/z of 1251.7.

Low abundance ions from Met-containing peptides (Met
and oxidized-Met) were also detected by MALDI-MS, and
agreed well with the low background expression observed in
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Figure 2. MALDI mass spectra of the tryptic peptides for IFNf3-2Q expressed with HPG
and AHA (Table 1). The N-terminal peptide variants are labeled, and the m/z values of
the protonated molecules are in parentheses. The signal at 1239.5 is assigned to an inter-
nal IFNf peptide.

Met-free medium (Figure 1). The small amounts of Met-con-
taining species might result from incomplete depletion of Met
from the induction media, from the intracellular pool of amino
acids, and/or from turnover of endogenous E. coli proteins
during induction. Retention of Met in these low-abundance
peptides is fully expected, as the penultimate GIn residue in-
hibits cleavage by MetAP.

A small amount of the N-terminal formylated HPG (f-HPG)
peptide was detected at [M+H]" m/z 1388.7, as compared to
the large peak of deformylated HPG peptide at 1360.7. Appa-
rently, deformylation of N-terminal f-HPG by E. coli peptide de-
formylase is efficient, yet incomplete. The incomplete deformy-
lation observed here might not be unique to HPG or other
UAAs, as it has also been observed for recombinant proteins
expressed at high levels in the absence of UAAs.***! Increas-
ing peptide deformylase activity in the expression host has
been shown to yield completely deformylated recombinant
proteins.”**! This strategy could also find application for engi-
neered proteins with UAAs if complete deformylation is re-
quired.

Similar results were obtained for IFNB-2Q expressed with
AHA (Figure 2). The only difference (as compared to HPG) was
the appearance of a new peak at [M+H]* m/z 1351.7, which
was identified as the peptide that bore N-terminal 2,4-diamino-
butyric acid (DAB, Scheme 1). The occurrence of DAB signals in
MALDI-MS analysis of AHA-containing peptides had been ob-
served previously.”” Since azides are known to be photosensi-
tive,1***? we believe that the observed DAB signal is the reduc-
tion product of AHA due to laser irradiation of the MALDI-MS
analysis. This interpretation is supported by the lack of a DAB
peak in N-terminal sequence (NTS) analysis of AHA-peptide,*
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Processing of N-Terminal Unnatural Amino Acids

and by our own NTS analysis discussed later. The re-
tention of AHA and HPG at the N terminus of IFNJ
also correlated well with previous observations in
which other UAAs were found to replace Met at the
N terminus of proteins.?”*®

The presence of HPG and AHA at the N terminus
of IFNB implies that not only can these UAAs be
charged to the initiator tRNA™¢t by the catalytic pro-
miscuity of the methionyl-tRNA synthetase, but also
the charged UAA-tRNA™ molecules can be further
formylated by the methionyl-tRNA™ formyltransfer-
ase (MTF) and recognized by the initiation factor to
start translation in E. coli. The formylation of UAA-
tRNA™et by MTF is not surprising since the substrate
specificity of MTF is primarily determined by a set of
nucleotides in the tRNA™* molecule.*”~** Post-trans-
lationally, the formylated UAA at the N terminus of
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Figure 3. MALDI mass spectra of the tryptic peptides for IFNB-2G expressed with Met
(Table 1). The N-terminal peptide variants are labeled, and the m/z values of the proton-
ated molecules are in parentheses. The signal at 1239.6 is assigned to an internal IFNf
peptide.
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For IFNB-2A, the most abundant ion (IM+H]* m/z 1194.7)
was identified by MS/MS as the cleaved peptide. In compari-
son, much weaker signals were observed for the unprocessed
N-terminal peptides that contained either HPG ([M+H]™ m/z
1303.6) or N-formylated HPG ([M+H]*™ m/z 1331.6). Penulti-
mate Ala enabled the almost complete removal of N-terminal
HPG.

For IFNB-2S, the cleaved N-terminal peptide produced the
most abundant ion ([M+H]* m/z 1210.6). However, larger
amounts of partially processed or unprocessed N-terminal pep-
tides containing HPG (IM+H]" m/z 1319.6) or N-formylated
HPG (IM+H]" m/z 1347.6) were detected for IFN(3-2S as com-
pared to IFNB-2A. Ser was less permissive than Ala with re-
spect to processing of the N-terminal HPG.

The most surprising result was observed for IFNB-2G. With
Gly in the penultimate position, the signal intensities of the N-
terminal peptides declined in the order: N-formylated HPG
peptide >HPG peptide > cleaved peptide. IFNB-2G expressed
with HPG was very inefficiently processed in E. coli; this left a
major portion of the protein in formylated and uncleaved
forms. In comparison, analysis of IFNf-2G expressed with Met
showed that N-terminal Met was efficiently deformylated and
cleaved as expected (Figure 3). Gly, being the smallest amino
acid, supposedly fits into the MetAP substrate-binding pocket.
With Gly at the penultimate position, complete cleavage of the
N-terminal Met has been observed.?**? However, Gly does not
always act as a good penultimate residue for MetAP cleav-
age.®**J For example, Met-Gly-Met was reported to be cleaved
nearly four-times less efficiently by MetAP as compared to
Met-Ala-Met.*¥ The activity of MetAP, therefore, might be af-
fected by other factors in addition to the side-chain length of
the penultimate residue.®**' Our results show that Gly in the
second position in IFNJ does not provide a good substrate for
processing N-terminal HPG by either peptide deformylase or
MetAP.

Based on our results with amino acids that favor retention
of N-terminal AHA or HPG (Figure 2), we believe that small
amounts of Met-containing species were produced during ex-
pression of IFN[-2G, -2S, and -2A with HPG (or AHA). However,
because N-terminal Met was cleaved efficiently by MetAP in
these proteins, Met-containing species were not detected by
MALDI-MS (Figure 4). Since the cleaved N-terminal peptide
mass is the same for Met-peptide and UAA-peptide (Table 1),
the cleaved peptide signal was composed of both sources.
Thus, the percentage of cleavage of the N-terminal UAA might
be over estimated by the small amount of Met incorporated
into IFNP.

Similar results were obtained for these three proteins ex-
pressed with AHA. That is, Ala was the most favorable penulti-
mate residue with respect to promotion of deformylation and
removal of N-terminal AHA (approaching 100 % cleavage). With
Ser or Gly at the penultimate position, incomplete processing
was observed (Figure S1 in the Supporting Information). It ap-
pears that replacing Met with AHA or HPG at the N terminus
decreases the activity of both the deformylase and MetAP to
some extent, and the rules for processing N-terminal AHA or
HPG deviate from what have been observed for the N-terminal
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Met. Specifically, whereas Ala is still a good substrate for defor-
mylation and removal of N-terminal AHA or HPG in IFNp, Gly is
not. With Ser at the penultimate position, inefficient deformyla-
tion for fAHA-IFNf and incomplete cleavage of N-terminal AHA
and HPG were also observed.

N-terminal sequence (NTS) analysis

In addition to MALDI-MS, all recombinant proteins expressed
with AHA or HPG were also analyzed by NTS. NTS analysis
avoids the potential problems associated with variable ioniza-
tion efficiencies of peptides in MALDI-MS experiments, and
provides quantitative results on cleavage. However, NTS by
Edman degradation alone is not sufficient to study the post-
translational processing of proteins since it cannot detect pro-
teins with N-terminal modifications, such as N-formylation or
N-acetylation. Therefore, both analytical methods were used in
the present studies.

Free AHA, DAB, and HPG were subjected to NTS analysis to
establish their respective elution times in HPLC, and to exam-
ine their stability under NTS conditions. Under the experimen-
tal conditions used here, all three compounds separated well
from other natural amino acids and from each other. The N-ter-
minal protein sequences derived from NTS analysis correlated
well with MALDI-MS data for all protein variants. The percent-
age of cleaved peptide was calculated based on the quantita-
tion of cleaved peptide and the corresponding unprocessed
peptide, and the results are summarized in Table 2.

Table 2. Percentage of N-terminal processed proteins based on NTS anal-
ysis. Based on repeated analysis for a few selected IFNJ, the standard
deviation is approximately 5% for the assay.
Name % cleaved product

with AHA with HPG
IFNB-2A % 91
IFNB-2S 80 80
IFNB-2G 52 33
IFNB-2H 8 0
IFNB-2Q 0 0
IFNp-2E 0 0

As shown in Table 2, N-terminal HPG and AHA are efficiently
retained when Glu, GIn, and His occupy the penultimate posi-
tion, although a small amount (~8%) of cleaved peptide was
detected for IFNB-2H with AHA. When the penultimate residue
was Gly, 30-50% of cleaved peptides were observed. The
actual percentage of cleavage was lower since the abundant f-
HPG peptide detected by MS (Figure 4) was not detected in
the NTS and thus not accounted for. When the penultimate
residue was Ser, 80% of cleaved peptide was observed. When
Ala resided at the penultimate position, the cleavage efficiency
reached 90-100%. These results correlated extremely well with
the MALDI-MS profiles. In fact, there are no significant differen-
ces between the percentages of cleavage based on MALDI-MS
peak areas and those calculated from NTS.
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For NTS analysis of proteins expressed with AHA, the first se-
quencing cycle was further characterized by converting the
AHA peak area to its molar amount. This was achieved by ana-
lyzing a control synthetic AHA-containing peptide (X-SYNLLG,
X=AHA) under the same conditions used for NTS analysis of
test proteins. A correlation factor (ratio of AHA pmol to its
peak area) was generated based on the synthetic peptide, and
was used to calculate pmol of AHA detected in the test pro-
teins (IFNB-2E or IFNB-2Q expressed with AHA). Such analysis
showed that AHA occupies 85-100% of the first residue in
these two proteins. The combined amounts of AHA and Met at
the first cycle fully accounted for the total protein detected in
subsequent cycles. Therefore, the DAB signal observed in the
MALDI-MS is likely an artifact due to decomposition of AHA by
laser irradiation.

Conclusions

Our results show that the processing of N-terminal AHA or
HPG can be controlled by choosing an appropriate penulti-
mate residue. We confirm previous observations that both
AHA and HPG can be efficiently incorporated into recombinant
proteins. These compounds act as efficient substrates for me-
thionyl-tRNA synthetase, and yield expression levels equivalent
to those obtained with Met. Of the three amino acids (Ala, Gly,
and Ser) that favor removal of N-terminal Met, Ala is most effi-
cient (90-100%) for promoting the removal of N-terminal AHA
or HPG. Gly is not a good choice to remove N-terminal UAAs.
On the other hand, it is likely that all penultimate residues that
confer resistance to MetAP cleavage of N-terminal Met will also
enable retention of N-terminal AHA or HPG, as demonstrated
in this study for His, GIn, and Glu. Manipulating the expression
level or substrate binding site of MetAP could provide other
strategies for controlled processing of N-terminal UAAs. Based
on this study, we were able to generate a modified human
IFNp that retains N-terminal AHA or HPG for further manipula-
tion.

Experimental Section

Plasmid construction: An E. coli codon-optimized synthetic gene
encoding a 20 kDa modified human IFNf with only one Met codon
(at the N terminus) was amplified by PCR by using overlapping oli-
gonucleotides (Operon). The synthetic gene was cloned into the
PQE30 expression vector (Qiagen) under control of a T5-lac-lac pro-
moter/regulator by using standard methods. Different penultimate
residues were introduced into IFNJ by site-directed mutagenesis.
The oligonucleotide sequences encoding the corresponding N-ter-
minal tryptic peptides are listed in Table 1. The sequences of all
cloned genes were confirmed by DNA sequencing.

Incorporation of AHA or HPG into recombinant protein: The
PQE30 expression vector containing the synthetic IFNf3 gene was
transformed into Met auxotrophic E. coli strain M15MABY with
helper plasmid pREP4 (Qiagen). Dual antibiotics (100 mgL™' carbe-
nicillin and 50 mgL™"' kanamycin) were used in all culture media
for selection of both pQE30 and pREP4 plasmids. A single colony
was used to inoculate Luria-Bertani (LB) broth for overnight
growth at 37 °C. The overnight culture was diluted 50-fold the next
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morning into fresh LB media, and cells were allowed to grow at
37°C until the ODgy, reached approximately 1. The culture was
centrifuged to remove LB media. Cells were resuspended in M9
minimal media and grown at 37°C for 30 min. Cells were centri-
fuged again, and then resuspended in M9 minimal media supple-
mented with all 19 amino acids except Met (Arg, His, and Trp:
15mgL™"; lle, Lys, and Tyr: 23mglL™'; Phe: 38mgL™"; Leu:
75mgL™"; Thr: 150 mgL™"; Val: 113 mgL™"; all others: 19 mgL™").
The cell culture was further supplemented with AHA or HPG
(50 mgL~'; Medchem, WA, USA). Parallel cultures with and without
Met (25 mgL™") were included as controls. A final concentration of
1 mm IPTG was added to induce recombinant protein expression,
and cells were harvested 2 h postinduction.

Analysis of recombinant proteins by matrix assisted laser de-
sorption/ionization mass spectrometry (MALDI-MS): Recombi-
nant IFNP was separated from most of the endogenous E. coli pro-
teins by SDS-PAGE (4-20%) under reducing conditions. The IFNfJ
band visualized by Coomassie blue stain or SureBlue Safestain (In-
vitrogen) was cut out from the gel and subjected to overnight
trypsin digestion at 37 °C after destaining and modification with io-
doacetamide. The sample was completely dried, and redissolved in
trifluoroacetic acid (TFA; 0.1%) containing acetonitrile (2%). The
sample was desalted by using wall-coated C18 micropipette tips
(New Objective, Woburn, MA, USA), and eluted with acetonitrile
(60%) with 0.1% TFA (10-20 pL). The eluted sample was mixed
with an equal volume of a-cyano-4-hydroxycinnamic acid
(10 mgmL™) in acetonitrile (70%) containing TFA (0.1%) and am-
monium dihydrogen phosphate (5 mm; Aldrich). An aliquot (1 pL)
was then spotted on an Opti-TOF 96-well insert (Applied Biosys-
tems, Framingham, MA, USA) and analyzed by using a 4800 MALDI
TOF/TOF analyzer (Applied Biosystems) that was calibrated for a
mass range of 900 to 4000 Da with “4700 calibration mix” (Applied
Biosystems). For MS data acquisition, 100 laser shots were fired at
each of 20 different random locations on the sample spot (total of
2000 laser shots per sample). For tandem mass spectrometry (MS/
MS) data acquisition, up to 3000 laser shots were accumulated per
precursor ion. The N-terminal peptide assignments were confirmed
by the presence of anticipated fragment ions in their respective
tandem mass spectra.

Analysis of recombinant proteins by N-terminal sequencing
(NTS): Recombinant IFN was expressed as inclusion bodies in
E. coli and purified by detergent washes of cell pellets or by organ-
ic extraction and acid precipitation.®™ The IFNP protein was further
separated from contaminating E. coli proteins with SDS-PAGE (4-
20%). After being transferred to a PVDF membrane, the IFNf} band
was cut out and analyzed with five cycles of Edman degradation
on an Applied Biosystems protein sequencer equipped with an on-
line HPLC system (Keck Laboratory, Yale University). Routinely, phe-
nylthiohydantoin (PTH) standards (1.0 pmol) were used for calibra-
tion. In addition, the S4 solvent that transfers the PTH derivatives
to HPLC contained PTH-norvaline, which acts as an internal cali-
brant to independently monitor transfer to the HPLC. Free amino
acid analogues (HPG, AHA, and diaminobutyric acid (DAB)) were
subjected to NTS analysis to establish their elution times and sta-
bility under sequencing conditions. A synthetic peptide containing
AHA at the N terminus (X-SYNLLG, where X is AHA, designated
AHA-SYNLLG, custom synthesized by Medchem, Federal Way, WA,
USA) was used as a standard to convert the AHA peak area to its
molar amount. The percentage of cleaved product was calculated
by dividing the amount of protein initiated at the second position
by the sum of the amounts of protein initiated at both the first
and second positions, as described by Liao et al.*

329

www.chembiochem.org



www.chembiochem.org



BIO

Acknowledgements

We would like to thank Inchan Kwon, Tom Graddis, Kurt Shane-
beck, Scott Bloom, and J. Myron Crawford for their advice and
assistance. Research on UAAs at Caltech is supported by NIH
Grant GM62523.

Keywords: methionine aminopeptidase . N-terminal
processing - protein engineering - protein modifications -
unnatural amino acids

[1] K. Forchhammer, W. Leinfelder, A. Bock, Nature 1989, 342, 453-456.
2] F. Zinoni, A. Birkmann, W. Leinfelder, A. Bock, Proc. Natl. Acad. Sci. USA
1987, 84, 3156-3160.
[3] G. Srinivasan, C. M. James, J. A. Krzycki, Science 2002, 296, 1459-1462.
[4] C. Polycarpo, A. Ambrogelly, A. Berube, S. M. Winbush, J. A. McCloskey,
P.F. Crain, J.L. Wood, D. Soll, Proc. Natl. Acad. Sci. USA 2004, 101,
12450-12454.
[5] N. Budisa, Engineering the Genetic Code, Wiley-VCH, Weinheim, 2006.
[6] N.C. Yoder, K. Kumar, Chem. Soc. Rev. 2002, 31, 335-341.
[7] Y. Tang, G. Ghirlanda, W. A. Petka, T. Nakajima, W. F. DeGrado, D. A. Tir-
rell, Angew. Chem. 2001, 113, 1542-1544; Angew. Chem. Int. Ed. 2001,
40, 1494-1496.
[8] S. Son, I. C. Tanrikulu, D. A. Tirrell, ChemBioChem 2006, 7, 1251-1257.
[9] S.K. Wright, M. M. Kish, R.E. Viola, J. Biol. Chem. 2000, 275, 31689-
31694.
[10] J. E. Oh, K. H. Lee, Bioorg. Med. Chem. 1999, 7, 2985-2990.
[11] S. H. W. Beiboer, B. van den Berg, N. Dekker, R. C. Cox, H. M. Verheij, Pro-
tein Eng. 1996, 9, 345-352.
N. Muranaka, T. Hohsaka, M. Sisido, FEBS Lett. 2002, 510, 10-12.
M. Taki, T. Hohsaka, H. Murakami, K. Taira, M. Sisido, FEBS Lett. 2001,
507, 35-38.
M. Grace, S. Youngster, G. Gitlin, W. Sydor, L. Xie, L. Westreich, S. Jacobs,
D. Brassard, J. Bausch, R. Bordens, J. Interferon Cytokine Res. 2001, 21,
1103-1115.
[15] A. Deiters, T. A. Cropp, D. Summerer, M. Mukherji, P. G. Schultz, Bioorg.
Med. Chem. Lett. 2004, 14, 5743-5745.
[16] T. Hohsaka, M. Sisido, Curr. Opin. Chem. Biol. 2002, 6, 809-815.
[17] J. M. Bacher, A. D. Ellington, Methods Mol. Biol. 2007, 352, 23-34.
[18] E.A. Rodriguez, H. A. Lester, D. A. Dougherty, Proc. Natl. Acad. Sci. USA
2006, 103, 8650-8655.
[19] D.R. Liu, T.J. Magliery, M. Pastrnak, P. G. Schultz, Proc. Natl. Acad. Sci.
USA 1997, 94, 10092-10097.
[20] A.J. Link, D. A. Tirrell, Methods 2005, 36, 291-298.
[21] R. Furter, Protein Sci. 1998, 7, 419-426.
[22] L. Wang, A. Brock, B. Herberich, P. G. Schultz, Science 2001, 292, 498-
500.
[23] J. Xie, P. G. Schultz, Methods 2005, 36, 227-238.
[24] K. L. Kiick, R. Weberskirch, D. A. Tirrell, FEBS Lett. 2001, 502, 25-30.

[12]
[13]

[14]

[25]

[26]
[27]

[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]

[37]
[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

A. Wang et al.

K. L. Kiick, E. Saxon, D. A. Tirrell, C. R. Bertozzi, Proc. Natl. Acad. Sci. USA
2002, 99, 19-24.

J. C. van Hest, D. A. Tirrell, FEBS Lett. 1998, 428, 68-70.

K. L. Kiick, J. C. M. van Hest, D. A. Tirrell, Angew. Chem. 2000, 112, 2232—
2236; Angew. Chem. Int. Ed. 2000, 39, 2148-2152.

C. W. Tornge, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67, 3057-
3064.

V. V. Rostovtsey, L. G. Green, V.V. Fokin, K. B. Sharpless, Angew. Chem.
2002, 174, 2708-2711; Angew. Chem. Int. Ed. 2002, 41, 2596-2599.

S. . van Kasteren, H.B. Kramer, H. H. Jensen, S.J. Campbell, J. Kirkpat-
rick, N. J. Oldham, D. C. Anthony, B. G. Davis, Nature 2007, 446, 1105-
1109.

P.T. Rajagopalan, A. Datta, D. Pei, Biochemistry 1997, 36, 13910-13918.
T. Meinnel, S. Blanquet, J. Bacteriol. 1995, 177, 1883-1887.

A. J. Link, K. Robison, G. M. Church, Electrophoresis 1997, 18, 1259-1313.
A. Ben-Bassat, K. Bauer, S.Y. Chang, K. Myambo, A. Boosman, S. Chang,
J. Bacteriol. 1987, 169, 751-757.

Y.D. Liao, J.C. Jeng, C.F. Wang, S.C. Wang, S.T. Chang, Protein Sci.
2004, 13, 1802-1810.

P. H. Hirel, M. J. Schmitter, P. Dessen, G. Fayat, S. Blanquet, Proc. Natl.
Acad. Sci. USA 1989, 86, 8247-8251.

F. Sherman, J. W. Stewart, S. Tsunasawa, Bioessays 1985, 3, 27-31.

N. Budisa, O. Pipitone, I. Siwanowicz, M. Rubini, P.P. Pal, T. A. Holak,
M. L. Gelmi, Chem. Biodiversity 2004, 1, 1465-1475.

A. J. Link, D. A. Tirrell, J. Am. Chem. Soc. 2003, 125, 11164-11165.

J. C. M. van Hest, K. L. Kiick, D. A. Tirrell, J. Am. Chem. Soc. 2000, 122,
1282-1288.

W. T. Lowther, A. M. Orville, D. T. Madden, S. Lim, D. H. Rich, B. W. Mat-
thews, Biochemistry 1999, 38, 7678-7688.

W. T. Lowther, B. W. Matthews, Biochim. Biophys. Acta Protein Struct. Mol.
Enzymol. 2000, 1477, 157-167.

J. Tang, G. Hernandez, D. M. LeMaster, Protein Expression Purif. 2004, 36,
100-105.

W. C. Warren, K. A. Bentle, M. R. Schlittler, A. C. Schwane, J. P. O'Neil, G.
Bogosian, Gene 1996, 174, 235-238.

F. A. Carey, R. J. Sundberg, Advanced Organic Chemistry Part B: Reactions
and Synthesis Springer, New York, 2001, pp. 642-644.

K. Kirshenbaum, 1. S. Carrico, D. A. Tirrell, ChemBioChem 2002, 3, 235-
237.

J.M. Guillon, T. Meinnel, Y. Mechulam, C. Lazennec, S. Blanquet, G.
Fayat, J. Mol. Biol. 1992, 224, 359-367.

C.P. Lee, B. L. Seong, U. L. RajBhandary, J. Biol. Chem. 1991, 266, 18012-
18017.

E. Schmitt, M. Panvert, S. Blanquet, Y. Mechulam, EMBO J. 1998, 17,
6819-6826.

L. S. Lin, R. Yamamoto, R.J. Drummond, Methods Enzymol. 1986, 119,
183-192.

Received: July 10, 2007
Published online on December 20, 2007

330

www.chembiochem.org

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

ChemBioChem 2008, 9, 324 - 330



http://dx.doi.org/10.1038/342453a0

http://dx.doi.org/10.1073/pnas.84.10.3156

http://dx.doi.org/10.1073/pnas.84.10.3156

http://dx.doi.org/10.1126/science.1069588

http://dx.doi.org/10.1073/pnas.0405362101

http://dx.doi.org/10.1073/pnas.0405362101

http://dx.doi.org/10.1039/b201097f

http://dx.doi.org/10.1002/1521-3757(20010417)113:8%3C1542::AID-ANGE1542%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1494::AID-ANIE1494%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1494::AID-ANIE1494%3E3.0.CO;2-X

http://dx.doi.org/10.1002/cbic.200500420

http://dx.doi.org/10.1074/jbc.M003652200

http://dx.doi.org/10.1074/jbc.M003652200

http://dx.doi.org/10.1016/S0968-0896(99)00247-3

http://dx.doi.org/10.1016/S0014-5793(01)03211-2

http://dx.doi.org/10.1016/S0014-5793(01)02935-0

http://dx.doi.org/10.1016/S0014-5793(01)02935-0

http://dx.doi.org/10.1089/107999001317205240

http://dx.doi.org/10.1089/107999001317205240

http://dx.doi.org/10.1016/j.bmcl.2004.09.059

http://dx.doi.org/10.1016/j.bmcl.2004.09.059

http://dx.doi.org/10.1016/S1367-5931(02)00376-9

http://dx.doi.org/10.1073/pnas.0510817103

http://dx.doi.org/10.1073/pnas.0510817103

http://dx.doi.org/10.1073/pnas.94.19.10092

http://dx.doi.org/10.1073/pnas.94.19.10092

http://dx.doi.org/10.1016/j.ymeth.2005.04.005

http://dx.doi.org/10.1126/science.1060077

http://dx.doi.org/10.1126/science.1060077

http://dx.doi.org/10.1016/j.ymeth.2005.04.010

http://dx.doi.org/10.1016/S0014-5793(01)02657-6

http://dx.doi.org/10.1073/pnas.012583299

http://dx.doi.org/10.1073/pnas.012583299

http://dx.doi.org/10.1016/S0014-5793(98)00489-X

http://dx.doi.org/10.1002/1521-3757(20000616)112:12%3C2232::AID-ANGE2232%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20000616)112:12%3C2232::AID-ANGE2232%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3773(20000616)39:12%3C2148::AID-ANIE2148%3E3.0.CO;2-7

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/10.1038/nature05757

http://dx.doi.org/10.1038/nature05757

http://dx.doi.org/10.1021/bi971155v

http://dx.doi.org/10.1002/elps.1150180807

http://dx.doi.org/10.1110/ps.04679104

http://dx.doi.org/10.1110/ps.04679104

http://dx.doi.org/10.1073/pnas.86.21.8247

http://dx.doi.org/10.1073/pnas.86.21.8247

http://dx.doi.org/10.1002/bies.950030108

http://dx.doi.org/10.1002/cbdv.200490107

http://dx.doi.org/10.1021/ja036765z

http://dx.doi.org/10.1021/bi990684r

http://dx.doi.org/10.1016/j.pep.2004.03.007

http://dx.doi.org/10.1016/j.pep.2004.03.007

http://dx.doi.org/10.1016/0378-1119(96)00086-8

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C235::AID-CBIC235%3E3.0.CO;2-7

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C235::AID-CBIC235%3E3.0.CO;2-7

http://dx.doi.org/10.1016/0022-2836(92)91000-F

http://dx.doi.org/10.1093/emboj/17.23.6819

http://dx.doi.org/10.1093/emboj/17.23.6819

www.chembiochem.org



