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Scheme 5. A new approach to the synthesis of Milnacipran (11).

ethyl formate to give 13 (73 % yield of isolated product), a
known Milnacipran precursor.['”

Aromatic and benzyl CH groups are more acidic than those
of cyclopropanes and cubanes, so it is not surprising that
BuMgDA stoichiometrically metalates an amide-activated
CH group appropriately positioned thereupon. What if the
CH group is less acidic? Cyclobutane CH is kinetically 2500
times more weakly acidic than cyclopropane CH.['¥l Under
conditions as harsh as most base/solvent combinations can
withstand (e.g. LITMP/THF or LiITMP + Hg(TMP),/THF at
0° C (TMP =2,2,6,6-tetramethylpiperidine) or LDA/THF at
reflux), there is no observed metalation of 14. However, under
the conditions of our preliminary trials, reaction of 14 with
excess BuMgDA in THF at reflux for 5h gave about 20 %
conversion!'"¥ to the cis-f-metalated compound 15, identified
by formation of ester 161! (17% yield of isolated product,
Scheme 6). Although still to be optimized, this  deprotona-
tion/metalation of a cyclobutane amide is extraordinary and
unprecedented.

Cizg BuMgDA CHj
PPN, iPrQN’<O_.-'Mg_
14 s

1.C0,
2. CHaN,
CHg
iPer/ZO cj OOCH;
16

Scheme 6. Deprotonation/magnesiation of an amide-activated cyclo-
butane using BuMgDA.
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a) As far as we can determine, amido-Grignards have not been
examined elsewhere for their deprotonation/metalation abilities.
b) We ignore, for the present, consideration of Schlenk equilibria
and/or aggregation of magnesiated species.
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New Methods for Proteomic Research:
Preparation of Proteins with N-Terminal
Cysteines for Labeling and Conjugation**

Thomas J. Tolbert and Chi-Huey Wong*

In memory of Sun Fong

Proteins with N-terminal cysteines are useful in a wide
range of biotechnological applications ranging from protein
semi-synthesis to site-specific N-terminal labeling. Peptides
and proteins with N-terminal cysteines undergo native
chemical ligation and expressed protein ligation reactions
with thioesters to form native peptide bonds.'? These
reactions have been used to extend the size of proteins that
can be synthesized chemically and to incorporate synthetic
peptides with modifications and labels into expressed pro-
teins.’-% In addition, proteins with N-terminal cysteines also
react chemoselectively with aldehydes to form thiazolidines,
and this reaction has been utilized to label and immobilize
peptides and proteins.’"'2 Here we present a novel method
(Figure 1) to produce proteins with N-terminal cysteines by
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Figure 1. Generation of proteins with N-terminal cysteines using TEV protease and some examples of uses for proteins with N-terminal cysteines:
a) expressed protein ligation reactions with intein generated thioesters; b) native/expressed protein ligation reactions with synthetic peptides and labels;

c) chemoselective ligation with aldehydes to form thiazolidines.

using the highly selective tobacco etch virus Nla protease
(TEV protease). We also demonstrate the subsequent label-
ing of proteins with N-terminal cysteines produced in this way
using thioesters of two common protein labeling reagents. We
believe that the use of TEV protease to generate N-terminal
cysteines overcomes some of the limitations of existing
methods, and this should make it generally useful for chemo-
selective ligation, proteomic labeling, and other biotechno-
logical applications.

Current methods for producing proteins with N-terminal
cysteines from affinity-tagged fusion proteins include using
protein expression systems that utilize the self-cleaving
activity of inteins!™®! and selective proteolysis.*?! Intein
expression systems utilize the protein-splicing activity of
inteins to catalyze the intramolecular cleavage of the intein
from its fusion partner.l' The difficulty in using the intein
cleavage reaction to produce proteins from affinity-tagged
intein fusion proteins is that it may cause in vivo cleavage
during expression and complicate the preparation process.
Many factors can affect in vivo and in vitro cleavage such as
the expression conditions, structure of the desired protein,
and identity of the N-terminal amino acids at the cleavage
junction.['¥ To obtain a construct that expresses well, screen-
ing of several expression conditions and multiple expression
constructs with different amino acids at the cleavage junction
is frequently required. Selective proteolysis of affinity-
tagged fusion proteins to produce N-terminal cysteines
generally does not suffer from expression problems since
the affinity tags do not cleave themselves in vivo and can
be chosen to optimize expression yield and protein
folding. Unfortunately, the most common protease to be
used to generate N-terminal cysteines, factor Xa,* is
not completely sequence-specific, sometimes cleaving
peptide bonds after positively charged residues in the
absence of its primary recognition sequence.l'> 161 This
often requires careful monitoring of factor Xa cleavage
reactions to prevent internal cleavage of the desired
protein. For many protein applications a more selective
protease than factor Xa with a lower probability of
cleaving internally during affinity tag removal would be
advantageous.

a)

c)
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We decided to investigate the use of TEV protease to
generate N-terminal cysteines from affinity-tagged fusion
proteins because it has several advantages for labeling
applications. It is a highly selective cysteine protease with a
seven amino acid recognition site, recognizing six amino acids
N-terminal to the scissile bond between the P1 glutamine and
the P1’ serine or glycine (Figure 2a).l"> 181 Another advantage
of TEV protease is that it can be expressed in active form in E.
coli and yeast without affecting cell viability,'”) making
production of TEV protease for large-scale applications
inexpensive.?’) Additionally, TEV protease has already pro-
ven useful in proteomic applications, as demonstrated by a
recent yeast proteomic study in which cleavage of a natural
TEV recognition site, resulting in an N-terminal glycine, was
used for purification of over 580 protein assemblies.!! Finally,
cleavage of the natural TEV protease recognition site can
produce proteins with N-terminal serines that can be utilized
in labeling through selective oxidation of the N-terminal
serine to an aldehyde.*

Previous studies of TEV protease specificity indicated that
it might be possible to use TEV protease to produce
N-terminal cysteines. Genetic and biochemical analysis has
shown that the P6, P3, and P1 amino acid residues are
conserved in all known natural TEV cleavage sites and are
major determinants of protease specificity.l'> >8] The remain-
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Figure 2. a) TEV protease cleavage site. b) Diagram of the histidine (His)-tagged
GPRT fusion protein with mutated TEV cleavage site. ¢) Time course of cleavage
of GPRT fusion protein (5 mg) with TEV protease (100 units; 1 unit of TEV
protease will cleave 3 pg of a control substrate per hour).
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ing residues can be mutated individually with some substitu-
tions. Mutation of the P1’ residue to cysteine has been
reported to reduce the TEV cleavage rate to 20% and only
allow about 50 % processing when tested in proteins produced
by in vitro translation in rabbit reticulocyte lysate.l'” 181 We
hypothesized that the incomplete processing and reduced
cleavage rates previously observed for a P1’ cysteine mutation
may be due to disulfide bond formation in the proteins
produced in rabbit reticulocyte lysate. To test if mutation of
the TEV site P1’ residue to cysteine would be efficiently
processed, we expressed an affinity-tagged test protein, E. coli
xanthine — guanine phosphoribosyltransferase (GPRT), with a
mutated TEV cleavage site containing a cysteine replacement
at P1’ (Figure 2b). A time course of the cleavage of 5 mg of
the test protein with 100 units of TEV protease under
reducing conditions revealed that the mutated TEV site was
cleaved at approximately 70 % the rate of the natural cleavage
site (Figure 2¢). In addition, the mutated cleavage site was
processed to 95% completion in 24 h, indicating that TEV
protease is synthetically useful in generating proteins with
N-terminal cysteines. This procedure has also been applied to
human interleukin-2 and E. coli sialic acid aldolase, and both
proteins were cleaved to 90-95% completion at the correct
sites to yield the desired N-terminal cysteines.

Next we set out to explore protein N-terminal labeling
using TEV protease to generate N-terminal cysteines for
chemoselective ligation. Two water-soluble thioester labeling
reagents were synthesized for this purpose. Biotin and
S-carboxyfluorescein are labeling reagents commonly used
to randomly label protein amines that are soluble at pH 7 and
above, but will precipitate at more acidic pH because of

protonation of their carboxylic acids. Reaction of biotin and
5-carboxyfluorescein with uncharged thiols produced water-
insoluble thioesters that are not able to react with proteins in
solution. By using tert-butyl mercaptoacetate to form the
thioesters of biotin and 5-carboxyfluorescein, thioester label-
ing reagents 1 and 2 (Figure 3) were synthesized that were
water soluble and able to react with proteins in aqueous
solution in the absence of denaturants and organic cosolvents.

Initially simultaneous protease cleavage and thioester
labeling of the affinity-tagged fusion proteins was attempted.
Unfortunately the thioester labels are inhibitors of the TEV
protease, possibly because the TEV protease is a cysteine
protease with an active site cysteine that can be acylated by
the thioesters. A two-step cleavage/labeling reaction was
developed to overcome the inhibition, that is removing the
affinity tag first, and then adding the thioester labels after the
TEV protease cleavage was complete (Figure 3). Using this
procedure it was found that 4 mm of the thioester labeling
reagents were able to label 95-100% of the test protein in
12 h (Figure 4).

In summary, we have demonstrated the use of TEV
protease to remove N-terminal affinity tags from fusion
proteins to produce proteins with N-terminal cysteines and
the subsequent use of those N-terminal cysteines for labeling.
Advantages of using TEV protease to generate N-terminal
cysteines include the high selectivity of the protease which
makes it generally applicable to the cleavage of a wide range
of fusion proteins and the ability to overexpress TEV protease
for economical large scale applications. Cloning and expres-
sion of affinity-tagged fusion proteins with mutated TEV
cleavage sites is straightforward and it should be simple to
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Figure 3. Two-step cleavage/labeling of GPRT using TEV protease and thioester labeling reagents 1 and 2.
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Figure 4. MALDI-TOF spectra of cleaved and labeled GPRT: a) GPRT:
expected 17074, observed 17069; b) biotin-labeled GPRT: expected 17300,
observed 17300; c) fluorescein-labeled GPRT: expected 17432, observed
17427.

apply to a large number of proteins. Synthesis of water-soluble
thioester labels can be accomplished using tert-butyl mercap-
toacetate, and proteins can be cleaved and labeled with these
reagents in a two-step cleavage/labeling reaction under non-
denaturing conditions. The affinity-tagged fusion proteins
described herein are not significantly different from affinity-
tagged fusion proteins produced in expression systems that
have already been used to express and purify nearly all of the
proteins of yeast for construction of functional protein arrays
and microarrays.?*»! The combination of those types of
expression strategies with removal of the affinity-tag and
subsequent labeling with synthetic molecules should prove
useful for many in vitro biochemical and proteomic applica-
tions. We hope that TEV protease generation of proteins with
N-terminal cysteines will be of use in future protein labeling
and semi-synthesis applications, and are currently investigat-
ing its application to a broader variety of proteins and
glycoproteins, including their micro- and nano-fabrication to
produce arrays with uniform orientation.
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Icosahedral WAu,,: A Predicted Closed-Shell
Species, Stabilized by Aurophilic Attraction
and Relativity and in Accord with the
18-Electron Rule**

Pekka Pyykko* and Nino Runeberg

Stable metal clusters are interesting for their own sake and
as potential building blocks for nanostructures. This is
especially true for gold due to the recently discovered
catalytical properties of small or electronically tuned gold
clusters.':2l We here predict the existence of a series of
isoelectronic clusters that may be particularly stable for three
complementary reasons: 1) particularly efficient radial bond-
ing, 2) the aurophilic attraction in the periphery, and 3) rel-
ativistic effects:

1) Consider an Au,, icosahedron. Its twelve 6s orbitals will
span the irreducible representations of point group /, a, +
tiy+ hy + b, The first three are spanned by the 6s, 6p, and
5d atomic orbitals of an atom at the center of the
icosahedron, respectively. These three levels can hold 18
electrons. This is the number of valence electrons in WAu,,
or in the isoelectronic ions [TaAu,;,]~ and [ReAu,]|".

2) As pointed out in ref. [3], covalent bonding and the
van der Waals (vdW) bonding behind the metallophilic
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