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Immobilizing peptides or proteins on bioinert surfaces
enables the elucidation of ligand—receptor interaction in
complex biological systems. Here, we report a highly
chemoselective surface reaction that immobilizes peptides
exclusively via N-terminus cysteine residue in a peptide. At
pH 5.5, only N-terminus cysteines of peptides couple
covalently with phenoxy amino squarate moieties presented
on self-assembled monolayers (SAMs) of alkanethiols on
gold films. The selectivity of this surface reaction can
tolerate the presence of internal cysteines in close proximity
to basic residues such as histidines. We demonstrated this
selective surface reaction by mammalian cell adhesion and
by SAMDI mass spectroscopy of the SAMs.

Immobilization of peptides or proteins on surfaces is
broadly useful for deciphering complex biological problems
such as identifying new ligand—receptor binding' > and for
studying adhesion biology.®™® The ideal immobilization
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reaction should be chemoselective toward the designed
functional group in a peptide to control the orientation of
the immobilized ligands for optimal binding between the
ligands and the targeted receptors.>’”'* Many aqueous-
compatible chemoselective reactions are potentially suitable
for immobilization, including native chemical ligation,"
aldehyde-based coupling,'® Staudinger ligation,!” Diels—
Alder reaction,'® “Click” chemistry,19’20 maleimide—thiol
coupling,”’ and multicomponent reactions.”*** Among
these reactions, maleimide chemistry is commonly used for
peptide immobilization.”* Because maleimide—thiol cou-
pling does not distinguish the subtle difference in reactivity
between cysteines at different positions in a peptide, this
method is limited to immobilizing peptides not containing
internal cysteines, and requires adding a terminus cysteine
into the peptide for immobilization purposes. In a recent
study, we discovered a class of chemoselective reactions
between cysteine and amino squarate derivatives that is
driven optimally by the hydrogen bonds from the sol-
vent—water.>> Structural study suggests that this reaction
may also be facilitated by the more nucleophilic cysteine
residues at neutral pH.25 Here, we describe the use of this
reaction to facilitate the immobilization of unprotected
peptides exclusively via N-terminus cysteines while tolerat-
ing the presence of cysteines at other positions (Figure 1).
We used self-assembled monolayers (SAMs) of alka-
nethiols on gold films to elucidate this immobilization chem-
istry. This class of monolayers allows the control of both
surface chemistry and the polycrystalline structure of the
supporting gold films.>® The monolayer consists of mixed
alkanethiols, one terminated with an amino phenoxy squarate
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FIGURE 1. Selective immobilization of peptide containing N-
terminus cysteine on phenoxy-squarate terminated SAMs.
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group, 6, the other with a tri(ethylene glycol) group, 7.%* The
tri(ethylene glycol)-terminated monolayer provides a bioinert
surface that resists nonspecific protein adsorption and cell
adhesion,?® which is used in this work to assess the chemo-
selectivity of the surface reaction.

Alkanethiol, 6, was synthesized in four steps in good yields
from literature reported disulfide 1 (Scheme 1).*” Briefly,
tosylation of the hydroxyl group of 1 followed by nucleophilic
substitution with potassium phthalimide afforded a diphtha-
limide derivative 3. Reduction of the phthalimide with hydra-
zine by the Ing—Manske method?®** afforded an amine 4.
Substitution of phenoxy or ethoxy squarate with the amine 4
gave the desired amino ethoxy or phenoxy squarate-termi-
nated disulfides, 5 or 6, respectively. It is important to note
that, unlike other reagents for thiol coupling, the amino
phenoxy squarate moiety is stable in the presence of alkane-
thiols in organic solvents or at neutral conditions in aqueous
solutions. Such unique reactivity is advantageous for making
SAMs with good control of the surface density of alkanethiols.

To evaluate the chemoselectivity of this reaction, we
employed a mammalian cell adhesion assay that depended
on the successful coupling between the surface-bound squa-
rate groups and the peptides in the solution. Mammalian
cells adhere to a surface via specific ligand—receptor recog-
nition. One of the well-known adhesion bindings is the
recognition between membrane protein integrin and a tri-
peptide Arg-Gly-Asp (RGD) ligand on the proteins in the
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extracellular matrix.** % In this work, we used peptides
containing a RGD tripeptide and a cysteine residue at
different positions in the peptide sequence to examine the
chemoselectivity between the cysteines for immobilization.
As the tri(ethylene glycol) background resists nonspecific cell
adhesion and the pH-dependent chemoselective reaction
governs the surface conjugation, any observed cell adhesion
suggests successful immobilization of the RGD peptides on
the surfaces.

Three peptides with cysteine residues located at the N-
terminus (N-CAGRGDS-C), at the C-terminus (N'-AGRG-
DSC-C), and at the internal position (N'-AGCSAGRGDS-C')
were used. Two N-acetylated peptides having N-terminus and
internal cysteine residues (Ac-N-CPHAAAARGDS-C' and
Ac-N'-GGCPHAAAARGDS-C') were also included. Whereas
the first three peptides are designed to test the reactivity of
cysteine at N-, C-terminus and internal positions, acetylation of
N-terminus nitrogen evaluates the effect of removing a basic
moiety on the reactivity of cysteines. The sequence of the
acetylated peptides was chosen such that the thiol group in
the cysteine residue may exhibit a low pK,.**** The presence of a
histidine residue in close vicinity of cysteine was also reported to
potentially lower the pK, of the thiol group.®®

Mixed SAMs presenting low surface density of amino
phenoxy squarate were prepared by soaking gold films in
DMSO solution consisting of mixed molecules 6 and 7 (mole
ratio 3/97). The surface reactions were conducted by soaking
the SAMs in phosphate buffered saline (PBS) containing 2
mM of each of the five peptides at pH 7.52, 6.56, and 5.54 for
4 h at ambient temperature. The SAMs were then rinsed with
distilled water and dried under a stream of nitrogen, and used
for cell culture without delay. For cell culture, we incubated
all of the SAMs in the same culture flask containing ~50 000
Swiss 3T3 albino fibroblasts and assessed the cell adhesion
by optical micrographs of the SAMs. Direct examination of
cell adhesion after 96 h of cell culture showed that cells
adhered and proliferated on all of the SAMs treated with
peptide at pH 7.52, with more cells on surfaces treated with
N- and C-terminus cysteines than on those treated with
internal cysteines (Figure 2). For surface reaction conducted
at pH 6.56 and 5.54, the cell adhesion and proliferation were
only observed on SAMs treated with peptide containing N-
terminus cysteines. These results suggest that amino phenoxy
squarate on SAMs selectively reacts with N-terminus cy-
steine in a peptide at slightly acidic conditions, optimized
around pH 5.5. At higher pH, all cysteines exhibited reactiv-
ities while the cysteine residues at termini are more reactive
than the internal ones.

To support the chemoselectivity of the surface reactions
inferred from the cell adhesion experiments, we used matrix-
assisted laser desorption/ionization and time-of-flight mass
spectrometry on self-assembled monolayers (SAMDI-MS)?**’
to directly characterize the mass of the molecules on SAMs.
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Immobilization pH
Peptide pH 5.54 pH 6.56 pH 7.52

C-terminus
N’-AGRGDSC-C’

Internal
N’-AGCSAGRGDS-C*
-

N-terminus
N’-CAGRGDS-C’

Ac-Internal

AcN’-GGCPH(A),RGDS-C’ -

Ac-N-terminus
AcN’-CPH(A),RGDS-C’

FIGURE 2. Optical micrographs of Swiss 3T3 albino fibroblasts
(96 h in culture) on mixed SAMs of 6 and 7, treated with different
peptides at pH 5.54, 6.56, and 7.52 for 4 h at ambient temperature.
The pH of the immobilization reaction is listed above the micrograph
and the peptide sequence is shown to the left. Scale bar =38 um.

The substrate was prepared via identical procedures as for the
cell adhesion experiments except that the surface density of
squarate-terminated alkanethiols was higher (prepared from
50/50 of 6 and 7 in DMSO) to facilitate mass ionization. After
rinsing and drying subsequent to the surface reaction at different
pH values, SAMs were treated with matrix 2,4,6-trihydroxyace-
tophenone (THAP, ~10 mg/mL in acetonitrile) and analyzed by
SAMDI, using a reflectron mode and positive polarity to obtain
a mass spectrum for each SAM.

Figure 3 shows selected SAMDI mass spectra of the
products from the peptide immobilization on the mixed
SAMs prepared from alkanethiols 6 and 7 (50/50) in DMSO.
For reactions with peptide having N-terminus cysteine at
both pH 5.54 and 7.52, we observed the sodium adduct (m/z
1145.40) and the hydrogen adduct (m/z 1456.44) correspond-
ing to the peptide—alkanethiols conjugate on a mixed disul-
fide of 6 and 7. For reaction with peptide having C-terminus
cysteine at pH 5.54, we only observed the disulfide of
unreacted 6 and 7 (M +H]" m/z 908.41 and [M+Na]* m/z
930.37). For reaction conducted at pH 7.52, the masses for
both the peptide—alkanethiol conjugate and the correspond-
ing mixed disulfide were observed: [M + H]" m/z 1122.17,
[M + Na]" m/z 1144.12 (conjugated alkanethiol); [M+H]"
m/z 1456.33, [M+Na] ' 1478.27 (mixed disulfide). We note
that SAMs presenting amino ethoxy squarate groups, 5, do
not afford any detectable conjugation with any peptides
based on both cell adhesion assays and SAMDI experiments.

These masses suggest a pH-dependent chemoselectivity for
the immobilization reactions that is consistent with cell adhe-
sion experiments. We attribute this chemoselectivity of the
water-driven reaction on surfaces to the high acidity (low pK,),
and thus high nucleophilicity, of the thiol groups of N’-
terminus cysteine because the thiol group, in close proximity
to the basic amino group, likely forms a zwitterion complex.
Both the internal cysteine and acetylated N'-terminus cysteine
are not reactive at these slightly acidic conditions. Another
important observation is that the presence of basic amino acid
residues (histidine) in the peptide does not readily activate the
reactivity of internal cysteines, suggesting that sterics may also
contribute to the inactivity for internal cysteines.

This reaction appears to be unique because while the thiolate is
a better leaving group than the phenoxy group, the thiol addition
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FIGURE 3. SAMDI-MS of monolayers presenting a phenoxy-
squarate group treated with (A) peptides with N’-terminus cysteine
at pH 5.5 and 7.5, (B) peptides with C’'-terminus cysteine at pH 5.5,
and (C) peptides with C'-terminus cysteine at pH 7.5.

and phenoxy elimination still proceeds in water. We believe that
phenoxylate anions are readily protonated in water at neutral
conditions to generate poor nucleophiles, phenols, making the
elimination irreversible. A possible mechanism that avoids dis-
placing the phenoxy group by the thiolates violates the Baldwin
rule (see the Supporting Information).*® Because the selectivity
of the surface reaction is optimized at pH 5.5, we believe that
tri(ethylene glycol)-terminated SAMs may provide an interfa-
cial environment that lowers the pK, of thiol groups of pep-
tides. We note that free phenoxy squarate molecules in solution
also coupled with peptides containing N'-terminus cysteines
faster than C’-terminus cysteines (see the Supporting In-
formation).

Many proteins contain functionally important internal
cysteines such as proteases,’® phosphatases,*” cysteine-rich

(38) Baldwin, J. E.; Thomas, R. C.; Kruse, L. I.; Silberman, L. J. Org.
Chem. 1977, 42, 3846-3852.

(39) Ganesan, R.; Mittla, P. R. E.; Jelakovica, S.; Griitter, M. G. J. Mol.
Biol. 2006, 1378-1388.

(40) Zhang, Z.-Y. Prog. Nucleic Acid Res. Mol. Biol. 2003, 73, 171-220.

J. Org. Chem. Vol. 74, No. 17, 2009 6845



Downloaded by Jonathan Berry on September 11, 2009 | http://pubs.acs.org

Publication Date (Web): July 28, 2009 | doi: 10.1021/j0901085u

]OCNote

secretory proteins (Crisp),*'** G-protein coupled receptors,
and potentially many others yet to be discovered.*’ For
example, protein tyrosine phosphatases are inhibited by
covalent modification of a cysteine at the active site.** The
thiol activities can also be masked by the existence of
disulfide forms in the protein. For instance, the activity of
some disulfide-containing proteases is observed only when
reducing agent is added.***® Thus, this squarate moiety also
provides a class of candidates for developing specific cova-
lent cysteine inhibitors.**

To conclude, we demonstrated a highly selective surface
reaction that utilizes the unique reactivity of the cysteine
residue at the N’-terminus of a peptide. By adjusting the pH
of the buffer, the reactivity of the internal cysteines is turned
off, leaving only the N’-terminus cysteine reactive for con-
jugation. This control of selectivity allows the immobiliza-
tion of peptides or proteins without tampering with existing
internal cysteines for biological studies. Different interfaces,
such as monolayers presenting nonpolar or aprotic polar
groups, may also have an impact on this class of reactions in
aqueous solution due to, for example, the difference in
acidity of the thiol groups at the interface. As such, this
immobilization method is useful for studying interfacial
reaction mechanisms.*’
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Experimental Section

Disulfide of 11-Mercaptoundecyltri(ethylene glycol)ethylami-
no-4-phenoxycyclobut-3-ene-1,2-dione (6). To a solution of crude
amine 4 (120 mg, 0.15 mmol) in anhydrous tetrahydrofuran
(5mL) at —78 °C was added 4 equiv of 1,2-diphenoxycyclobu-
tene-3.4-dione (160 mg, 0.60 mmol). The reaction mixture was
then allowed to stir for 1 hat —78 °C and slowly warmed to room
temperature. The reaction mixture was stirred for an additional
hour at room temperature. The solvent was removed under
reduced pressure to obtain a colorless residue. Purification by
column chromatography (silica gel), using a gradient solvent
system (50% EtOAc in hexane — 100% EtOAc — 10% MeOH
in CH,Cl,), afforded compound 6 in 90% yield. "H NMR
(CDCl;, 300 MHz) 6 7.39—7.14 (m, 5 H), 4.02—4.01 (br s, 1
H), 3.86—3.59 (m, 16 H), 3.54—3.47 (m, 2 H), 2.86—2.79 (t, 2 H,
J = 8.6 Hz), 1.83—1.68 (m, 4 H), 1.52—1.3 (m, 16 H); *C NMR
(CDCls, 300 MHz) 6 129.7, 129.6, 125.4, 118.0, 71.5, 70.4, 69.8,
69.6, 44.3, 39.1, 29.5, 29.4, 29.4, 29.1, 28.4, 26.0; HRMS m/z
caled for CsgHgsN-O14S, [M 4+ 23]7 1123.5569, found
1123.5558.
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