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ABSTRACT: Bottom-up proteomic experiments often require selective conjugation or labeling of the N- and/or C-termini of
peptides resulting from proteolytic digestion. For example, techniques based on surface fluorescence imaging are emerging as a
promising route to high-throughput protein sequencing but require the generation of peptide surface arrays immobilized through
single C-terminal point attachment while leaving the N-terminus free. While several robust approaches are available for selective N-
terminal conjugation, it has proven to be much more challenging to implement methods for selective labeling or conjugation of the
C-termini that can discriminate between the C-terminal carboxyl group and other carboxyl groups on aspartate and glutamate
residues. Further, many approaches based on conjugation through amide bond formation require protection of the N-terminus to
avoid unwanted cross-linking reactions. To overcome these challenges, herein, we describe a new strategy for single-point selective
immobilization of peptides generated by protease digestion via the C-terminus. The method involves immobilization of peptides via
lysine amino acids which are found naturally at the C-terminal end of cleaved peptides from digestions of certain serine
endoproteinases, like LysC. This lysine and the N-terminus, the sole two primary amines in the peptide fragments, are chemically
reacted with a custom phenyl isothiocyanate (EPITC) that contains an alkyne handle. Subsequent exposure of the double-modified
peptides to acid selectively cleaves the N-terminal amino acid, while the modified C-terminus lysine remains unchanged. The alkyne-
modified peptides with free N-termini can then be immobilized on an azide surface through standard click chemistry. Using this
general approach, surface functionalization is demonstrated using a combination of X-ray photoelectron spectroscopy (XPS),
ellipsometry, and atomic force microscopy (AFM).

1. INTRODUCTION interpretation and have been broadly applied in genomic

. . . . 6—8 . .
The controlled immobilization of biomolecules such as research and diagnostic applications.” ™ Peptide microarrays

proteins and oligonucleotides on material surfaces is critical have also been studied extensively and have found applications

in biological research, as it underpins the advancement of in diagnostics, ligand binding, cell adhesion, and biosensing.”"’
various biotechnologies such as microarrays"” biosensing,’ Recently, a growing effort has been put into developing
drug delivery,”* and tissue engineering.’ Microarrays are massively parallel protein sequencing platforms that are akin to
particularly useful in bioanalytical research since they allow

highly parallel, multiplex analysis of biomolecules in a rapid Received: February 11, 2022 LANGMUIR
and miniaturized manner. For example, DNA microarrays were Revised:  April 29, 2022

developed three decades ago based on the hybridization Published: July 20, 2022
between complementary DNA strands from the surface-
immobilized features and the fluorophore-labeled sample.
These arrays have become a standard tool for genome
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what has been developed for next-generation DNA sequenc-
ing."" A peptide microarray-based protein sequencing platform
would allow direct, parallel measurement of the amino acid
(AA) sequences from surface-immobilized peptides with
higher throughput, sensitivity, and dynamic range.'”"> When
developing peptide microarrays for peptide sequencing
applications, some methods require the use of Edman
degradation on the N-termini of immobilized peptides to
repetitively remove the terminal AA, and thus expose the next
AA in sequence to allow for sequential AA identification.
Therefore, having active N-termini on the immobilized
peptides is crucial for these applications. Peptide surface arrays
immobilized with functional N-termini can also be beneficial
for peptide functionalization research involving N-terminal
acetylation, acylation, and transamination reactions."*
Currently, numerous strategies are available to tether
proteins to surfaces. One of the most common approaches
involves covalent bonding through conjugation of the natural
functionality of specific amino acid residues with a function-
alized surface. Examples include the reaction between lysine
and an n-hydroxysuccinimide (NHS)-ester'> or aldehyde
surface’®"” or a thiol—ene click reaction between cysteine
and a maleimide surface.'®'” Although these methods are
highly successful at immobilizing proteins and peptides, they
can create several points of attachment in the process due to
the multiple copies of each reactive residue in the protein. A
number of approaches are also described for point selective
conjugation and labeling through the N-terminal amine.”
Another common immobilization strategy is to use the natural
binding affinity or recognition of biomolecules. Antibodies are
often used in immunoaffinity chromatography, where the
immobilized antibodies bind their corresponding epitope
target to selectively remove it from a mixture.”’ One of the
most well-known selective capture methods is avidin—biotin
binding and has been exploited for a wide variety of
biotechnologies.22’23 However, this process requires the biotin
to be attached to the protein of interest, thus requiring site-
specific chemical reactivity. This method also suffers from
multipoint modification since the target contains several copies
of the same residue. Furthermore, the binding of these
molecules is noncovalent and reversible under certain
conditions. Specifically, the chemical and structural integrity
of streptavidin would be susceptible to certain surface
chemistries. Finally, these methods require that samples be
engineered to contain the proper binding moieties, making
them unamendable to most naturally occurring samples.
Aside from building specific reactive moieties into a peptide
sequence through chemical synthesis, other strategies have
been reported to create single-point modification and
immobilization through the C-terminus. One approach
employs the use of photoredox catalysis and exploits the
difference in oxidation potentials between internal and C-
terminal carboxylates to obtain selective C-terminal function-
alization.”* Enzyme-catalyzed protein labeling involving the use
a natural enzyme, often involved in post-translational
modification, has also been put forth as an approach for
tagging proteins of interest with a ligand or affinity reagent,
such as biotin*® or azides.’® Azides are of particular interest
because they can undergo a variety of efficient immobilization
reactions such as the Staudinger ligation””*® or copper-
catalyzed alkyne-azide cycloaddition (CuAAC).”* Although
enzyme-catalyzed protein labeling can be an effective tool for
selective modification, it requires that the proteins of interest
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contain specific residues or sequences to be recognized by the
tagging enzyme. Herein, we detail a new general strategy for
well-controlled peptide immobilization that is suitable for
selective C-terminal conjugation of peptides that are generated
by protease cleavage of a polypeptide immediately following a
lysine residue in the amino acid sequence, thereby generating
peptides that contain a single lysine residue located at the C-
terminus. In this study, we used a synthesized peptide
sequence with a lysine at its C-terminus to simulate such
digested peptide fragments. A custom phenyl isothiocyanate
containing an alkyne handle selectively reacts with the lysine
and N-terminus primary amines and does not react with other
amino groups, like the guanidinium group on arginine. Due to
the nature of the protease digestion, the only primary amines
on each fragment should be the C-terminal lysine and the N-
terminus. As a result, each fragment should contain two
alkynes after the reaction is complete. Exposing the double-
modified fragments to acid causes selective cleavage of the N-
terminus due to the formation of an energetically favorable
five-membered ring, while the modified C-terminus lysine
remains unchanged. The modified peptides were then
immobilized on silane-functionalized silicon wafers through
CuAAC reaction with the surface-bound azide groups. We
further demonstrate that our strategy of building controlled,
peptide interfaces through sequential self-assembled monolayer
formation preserves the accessibility of the N-terminus of the
surface-bound peptides for further chemical reactions by
attaching a fluorine-containing molecule, which was detectable
on the surface by X-ray photoelectron spectroscopy (XPS)
analysis.

2. MATERIALS AND EXPERIMENTAL PROCEDURES’

2.1. Chemicals and Instrumentation. Tetrahydrofuran (THF),
4-ethynylaniline, diethyl ether (Et,0), tert-butanol (‘BuOH), 4-
toluenesulfonyl chloride (TsCl), pyridine, triethylamine (TEA),
CuBr, N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA),
3,5-bis(trifluoromethyl)phenyl isothiocyanate (F,PITC), and tri-
fluoroacetic acid (TFA) were ordered from Sigma-Aldrich and used
as received. Ethyl acetate, hexanes, and carbon disulfide were ordered
from VWR. Sodium azide (NaN;) was ordered from J.T. Baker
Chemical Co. 11-Bromoundecyltrichlorosilane was ordered from
Gelest, Inc. Reactions were carried out under an inert atmosphere of
argon or nitrogen with dry solvents, using anhydrous conditions
unless otherwise stated. Toluene was dried over molecular sieves (4
A) for at least 24 h prior to use. Reagents were purchased at the
highest commercial quality and used without further purification
unless otherwise stated. Yields refer to chromatographically and
spectroscopically ("H NMR) homogeneous material unless otherwise
stated.

Flash column chromatography was performed using Silicycle Silica
Gel 60 A (40—53) um. Analytical thin-layer chromatography (TLC)
was performed using Merck Silica Gel 60 A F-254 precoated plates
(0.25 mm thickness). Preparatory HPLC (P-HPLC) was performed
with a single-wavelength detector using an Xselect CSH OBD
preparatory column (S ym beads, 10 mm diameter X 250 mm length,
130 A pore size). Variable-angle spectroscopic ellipsometry (VASE)
data were obtained with an M-2000D series spectroscopic
ellipsometer (J. A. Woollam, Inc., Lincoln, NE) with multiple angles
of incidence (45°, 60° and 75°) and fit to a Cauchy model to
determine the thickness of the layers. Atomic force microscopy
(AFM) images were collected using a Bruker Dimension Icon
operating in ScanAsyst mode using a ScanAsyst-Air probe with a
nominal tip radius of 2 nm and a cantilever spring constant of 0.4 N
m™". Root-mean-square (RMS) roughness was determined using the
roughness function within the NanoScope analysis software after

applying a third-order flattening function. All film thicknesses and
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RMS roughness measurements (VASE and AFM) are reported as an
average of at least three measurements with error as one standard
deviation of the mean.'H 1D, total correlation spectroscopy
(TOCSY), 'H,°C heteronuclear single quantum coherence
(HSQC), and 'H,N heteronuclear multiple quantum coherence
(HMQC) nuclear magnetic resonance (NMR) spectra were collected
on a Bruker 600 MHz AVANCE I NMR spectrometer with a room-
temperature, triple-resonance TXI probe. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrom-
etry was performed on a Bruker Daltonics Microflex apparatus in
positive-ion mode using a-cyano-4-hydroxycinnamic acid (CHCA)
matrix. Ultraviolet-ozone (UVO) treatment of the samples was
conducted using a UVO-Cleaner (Model 342, Jelight Company, Inc.).
XPS measurements were performed using a Kratos Axis Ultra DLD
spectrometer with a monochromated Al Ka source. X-ray photo-
electron spectroscopy (XPS) was performed on a Kratos AXIS Ultra
DLD X-ray photoelectron spectrometer with a monochromated Al Kar
source operating at 1486.6 eV and 140 W. The base pressure of the
sample analysis chamber was ~ 3.0 X 107° Pa, and spectra were
collected from a nominal spot size of 300 pgm X 700 ym. Atomic
composition was determined from survey scans over a binding energy
range of (0—1200) eV, pass energy of 160 eV, step size of 0.5 eV,
dwell time of 0.1 s, and with charge neutralizer off. Peak fitting was
performed on high-resolution scans of the C 1s and N 1s regions
collected using a pass energy of 40 eV, step size of 0.1 eV, and sweep
time of 0.3 s. All XPS data analysis was performed using the CasaXPS
software package.

2.2. Peptide Synthesis (Synthesis of 1). Short peptide strands
were synthesized by solid-phase peptide synthesis by conventional
methods. In short, the peptides used in this study were synthesized on
a Gyros Protein Technologies Tribute Peptide Synthesizer. Gyros
Protein Technologies and Novabiochem amino acids were used for
the GFGVRTK peptide sequence. HCTU (O-(1H-6-Chlorobenzo-
triazole-1-y1)-1,1,3,3- tetramethyluronium hexafluorophosphate) was
used as the coupling reagent and added to each amino acid. A 0.31-
substituted Fmoc-Lys(Boc)-Wang Resin was placed into a reaction
vessel. The peptide was synthesized on a 10 gmol scale starting with
the N-terminus and was first linked to the lysine resin. After the
synthesis was complete, the peptide was cleaved from the lysine resin
for 3 h using 3 mL of TFA/phenol/water/triisopropylsilane (88/5/5/
2 by volume fraction). Ice-cold diethyl ether was added to the peptide
solution and placed in dry ice for 10 min. The peptide solution was
centrifuged and decanted. This was repeated three times with the
addition of ice-cold diethyl ether before each centrifuge round. After
three centrifuge rounds, the peptide was dried under nitrogen
overnight. A Waters HPLC fitted with an Xselect CSH OBD
preparatory column was used to purify the peptide. Separation was
performed with a linear solvent gradient from 5% to 100% B over a 90
min period at a flow rate of 2.5 mL/min. Solvent A was 0.1%
trifluoroacetic acid (TFA) in water (by volume fraction), and solvent
B was 0.1% TFA in acetonitrile (by volume fraction). The purified
peptide was identified by MALDI-TOF and lyophilized. m/z calcd for
[M + H]*, C34Hs;N ;0o 764.44 Da, found m/z 764.69 Da (Figure
Sla).'H NMR (600 MHz, dimethyl sulfoxide (DMSO)-dg with 0.05%
TMS (by volume fraction), 25 °C) is shown in Figure S2a with
labeled protons as follows: 6 0.84 (6H, dd, ] = 16.2, 6.5 Hz, HI), 1.06
(3H, d, ] = 6.1 Hz, H2), 1.31-1.39 (2H, m, H3), 1.50—1.56 (2H, m,
H4), 1.50—1.65 (2H, m, HS), 1.65—1.73 (2H, m, H6), 1.75—1.83
(2H, m, H7), 1.95—2.00 (1H, m, H8), 2.73—2.78 (2H, m, H9), 2.76—
2.83 (1H, m, H10), 3.05—3.12 (1H, m, HI11), 3.06—3.12 (2H, m,
H12),3.77-3.86 (2H, m, H13), 4.01—4.04 (1H, m, H14), 4.06—4.12
(1H, m, H15), 420—4.27 (1H, m, H16), 4.38—4.42 (1H, m, H17),
4.57-4.65 (1H, m, H18), 4.76—4.98 (1H, br, H19), 7.76 (2H, br,
H20), 7.90 (1H, s, H21), 7.93—8.26 (1H, br, H22), 8.24 (1H, s,
H23), 8.55 (1H, s, H24), 8.76 (1H, s, H25).

2.3. Synthesis of 4-Ethynylphenyl isothiocyanate (EPITC).
EPITC was synthesized according to the literature procedure.’’ In
short, a 25 mL round-bottom flask outfitted with a septum was
charged with 500 mg (4.3 mmol) of 4-ethynylaniline dissolved in 3.0
mL of dry THF. Triethylamine (TEA, 3.0 mL, 21.5 mmol) was added

9121

to give a clear colorless solution that was cooled to 0 °C and placed
under an inert atmosphere. Carbon disulfide (0.51 mL, 8.6 mmol)
was added slowly. After the addition, the reaction was allowed to
warm to 23 °C with stirring. The reaction became a bright orange-red
color. After 12 h, 0.850 g (4.7 mmol) of TsCl was added and the
reaction stirring was continued for an additional hour at 23 °C. The
reaction was then diluted with 10 mL of 1 mol/L hydrochloric acid
and extracted with ethyl acetate (3 X 10 mL). It was then dried over
Na,SO, and concentrated. The crude material was purified by column
chromatography (100% hexanes) to give 463 mg of a pale-yellow solid
(68% yield) that matched literature characterization.

2.4. Modification of Peptides with EPITC (Synthesis of 2). A
one-dram vial was charged with 0.5 mg (0.7 pmol) of peptide
GFGVRTK dissolved in 50 uL of water, 350 uL of ‘BuOH, S0 uL of
pyridine, and 50 uL of TEA (1/7/1/1 by volume fraction). EPITC
(2.0 mg (12.6 mmol, ca. 10 equiv/amine)) was added to the clear
colorless solution turning it faint yellow. The reaction was stirred at
55 °C for 2 h before cooling to 23 °C. The solvent was removed by
passing air over the solution until only a crude waxy solid remained.
The residue was washed with hexanes (3 X 1 mL) to remove excess
EPITC. The product was identified by MALDI-TOF. m/z calcd for
[M + HJ*, C5,Hg,N 30,8, 108247, found 1082.42 (Figure S1b).'H
NMR (600 MHz, DMSO-dg with 0.05% TMS (by volume fraction)),
25 °C shown in Figure S2b with labeled protons as follows: 6 0.83
(6H, dd, J = 20.7, 6.7 Hz, H1), 1.04 (3H, d, ] = 6.2 Hz, H2), 1.32—
1.40 (2H, m, H3), 1.49—1.53 (2H, m, H4), 1.53—1.71 (2H, m, HS),
1.63—1.75 (2H, m, H6), 1.85—1.90 (2H, m, H7), 1.94—1.98 (1H, m,
HS), 2.80 (1H, t, ] = 11.5 Hz, H9), 3.06—3.12 (2H, m, H10), 3.05—
3.10 (1H, m, H11), 3.38—3.43 (2H, m, H12), 3.67—3.80 (2H, m,
H13), 3.81-3.85 (1H, m, H14), 4.04—4.08 (2H, m, H1S), 4.08—4.11
(1H, dd, Hz = 15.0, 6.6 Hz, H16), 4.22—4.26 (1H, m, H17), 4.45
(1H, q, ] = 6.3 Hz, H18), 4.53—4.57 (1H, m, H19), 4.79—4.88 (1H,
br, H20), 7.44—7.56 (1H, br, H21), 7.81 (1H, s, H22), 7.95 (1H, s,
H23), 8.14 (1H, s, H24), 8.39 (1H, br, H25), 8.44 (1H, d, ] = 8.4 Hz,
H26), 9.66 (1H, s, H27), 10.15 (1H, s, H28).

2.5. Removal of N-terminus EPITC (Synthesis of 3). The
functionalized peptide residue from the above was dissolved in 0.5 mL
of TFA in a one-dram vial and heated to 45 °C for 1 h and then
cooled to 23 °C. The reaction was concentrated by blowing air over
the surface until only a waxy solid remained. The crude material was
washed with diethyl ether (3 X 1 mL). The product was identified by
MALDI-TOF. m/z calcd for [M + H + H,0]*, C;;Hg,N;;O,S 884.44,
found 884.22 (Figure Slc).'H NMR (600 MHz, DMSO-d,; with
0.05% TMS (by volume fraction), 25 °C) shown in Figure S2c with
labeled protons as follows: & 0.85 (6H, dd, J = 19.8, 6.4 Hz, HI), 1.06
(3H, d, ] = 6.2 Hz, H2), 1.32—1.39 (2H, m, H3), 1.44—4.55 (2H, m,
H4), 1.52—1.56 (2H, m, HS), 1.53—1.72 (2H, m, H6), 1.63—1.75
(2H, m, H7), 1.94—1.98 (1H, m, HS), 2.93—2.98 (1H, m, H9), 3.07—
3.11 (2H, m, H10), 3.09-3.13 (1H, m, HI11), 3.84—3.89 (2H, m,
H12), 3.95-3.98 (1H, m, H13), 4.09 (1H, br, H14), 4.11—-4.15 (2H,
m, H1S), 419—4.23 (1H, m, H16), 4.25—4.29 (1H, m,H17), 4.33—
4.39 (1H, m, H18), 4.85 (1H, br s, H19), 7.54 (1H, s, H20), 7.77
(1H, s, H21), 7.94—8.02 (1H, m, H22), 7.99—-8.08 (1H, m, H23),
8.13 (2H, br, H24), 8.21-8.27 (1H, m, H2S), 8.39—8.42 (1H, m,
H26), 8.69—8.72 (2H, m, H27), 9.07 (1H, s, H28).

2.6. Generation of Azide-Functionalized Surface. The
generation of azide-functional surfaces was adapted from previous
reports in the literature.*” Prior to functionalization, ((100))-oriented
silicon wafers (University wafer, test grade, N-type, 0—100 Q cm
specific resistivity, S00 ym thickness, 100 mm diameter) were cut into
1 cm X 1 cm pieces and were cleaned by sonication in acetone,
ethanol, and water for 10 min each. After sonication, the surfaces were
dried with nitrogen and UVO for 30 min. The surfaces were removed
and used immediately. 11-Bromoundecyltrichlorosilane (35 mg, 0.1
mmol) was dissolved in 20 mL of anhydrous toluene. Freshly cleaned
surfaces were completely submerged at 23 °C for 16 h. The surfaces
were then removed from solution, rinsed and sonicated in toluene,
and dried with an argon gas (Ar) steam. Subsequent azide
functionalization was done by submerging the sample in oversaturated
sodium azide (20 mg NaN;) in 2 mL of anhydrous dimethylforma-
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Scheme 1. Synthesis of EPITC and Selective Modification of LysC Generated Peptides at the C-Terminus”
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“1: unmodified peptide GFGVRTK, 2: difunctionalized peptide, 3: C-terminus-modified peptide.

mide (DMF) for 24 h. The surfaces were sonicated in DMF and
rinsed with DMF, acetone, and 18.2 MQ-cm resistance water. The
surfaces were then analyzed with ellipsometry, AFM, and XPS.

surface was then submerged in this solution while keeping the
reaction vessel under an inert atmosphere. The vessel was placed in a
prewarmed oil bath at 55 °C and heated for 16 h. After the reaction,

2.7. Peptide Immobilization. Peptide (200 yg) was dissolved in
2.0 mL of DMF. The solution was sparged with argon for 25 min.
CuBr (2.5 mg, 17.4 ymol) and PMDETA (20 uL, 95.8 pmol) were
then added, and the solution was sparged for an additional 10 min,
during which time the solution became green. An azide-functionalized
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the substrate was rinsed and sonicated with DMF for 10 min and then
rinsed with a copious amount of acetone and DI water. Samples could
be stored under ambient conditions submerged in a solution of water
for several days.
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Scheme 2. Surface Immobilization of Alkyne-Functionalized Peptide (3 from Scheme 1) onto Azide-Terminated Silane
Surface, Followed by Subsequent Addition of F,PITC to Demonstrate the Activity of the Peptide N-Terminal Primary Amine
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2.8. F4PITC Tagging on the Peptide Surface. F,PITC
functionalization on peptide-immobilized surfaces was performed
using a modified literature procedure.”® In brief, 25 mg (92.2 umol)
of 3,5-bis(trifluoromethyl)phenyl isothiocyanate (FsPITC) and 15 mg
of TEA (0.148 mmol) were dissolved in 2 mL of DMSO, yielding a
yellow solution. The peptide-functionalized surface was submerged in
the solution at room temperature for 16 h. The surface was removed,
washed with DMSO, and sonicated in DMSO, and again washed with
acetone before drying with an Ar stream. The surface was analyzed
with XPS.

3. RESULTS AND DISCUSSION

3.1. Alkyne Modification at the C-Terminus of
Protease-Digested Peptides with C-Terminal Lysines.
To achieve single-point attachment of protease-digested
peptides via the C-terminus, we selectively modified the C-
terminus lysine of the peptide with a click chemistry functional
group by exploiting known Edman chemistry (Scheme 1). The
thiourea linkage added to the peptide at the C-terminus in this
way has been shown to be effective at immobilizing peptides
and is sufficiently stable to iterative rounds of surface
chemistry.>*

To demonstrate this approach, we synthesized a variant of
the Edman degradation reagent phenyl isothiocyanate EPITC
from 4-ethynylaniline to contain a clickable alkyne group. We
then synthesized a 7-AA-long peptide sequence GFGVRTK 1
(m/z 764.04 [M + H]*, Figure Sla) by solid-phase synthesis
methods. This peptide was used to represent a typical peptide
fragment after protease digestion, which contains a variety of
AAs and a lysine that is present at the C-terminus. Scheme 1
shows the modification of the C-terminus lysine by reaction
with EPITC. Exposing peptide 1 to excess EPITC under basic
conditions resulted in quantitative conversion to a difunction-
alized material 2 where both the N-terminus and C-terminus
lysine transformed into thioureas, as confirmed by MALDI-
TOF (m/z 1082.54 [M + HJ, Figure S1b). We gently heated
the material in neat TFA to cleave off the n-terminal glycine
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AA containing the extra alkyne group and convert 2 to 3.7
Under these conditions, the other thiourea formed with lysine
cannot cyclize and therefore remains unaffected. The isolated
product 3 showed an m/z of 884.06 [M + H + H,0]" (Figure
S1c) that matches the theoretical value.

"H NMR (Figure S2) was used to confirm the structure of
the modified peptide. After the EPITC functionalization of 1,
three new thiourea protons, H2S, H27, and H28 appeared in
2, which indicates the formation of thiourea bonds in 2 at both
ends of the peptide. After the TFA cleavage reaction, the N-
terminus @ proton H1S and the N-terminus thiourea protons
H25 and H28 in 2 disappeared and the phenylalanine amide
proton was changed from a doublet at 8.44 ppm (H26 in 2) to
a singlet at 8.13 ppm (H24 in 3). This observation verified the
removal of the N-terminus PITC and glycine and the
formation of a new N-terminal amine. Meanwhile, the thiourea
protons H26 and H28 along with other lysine protons H3, HS,
H6, H1S, H16, and H22 remain clearly visible in 3, confirming
the intactness of the modified C-terminus lysine. In addition,
no residual NMR signal of 1 was observed in 3, which suggests
an overall quantitative conversion. The combined NMR data
confirm that by exploiting the TFA cleavage reactivity
difference between the a-amine and the e-amine, the EPITC
modification can be successfully localized to the C-terminus.

The addition of EPITC was initially carried out in methanol;
however, the residual solvent proved difficult to remove and
was detrimental in the subsequent acid-catalyzed cleavage
reaction. Under the harshly acidic environment, methanol
esterified the C-terminus, and any other acidic residues, to give
a methyl ester as seen by MALDI-TOF (Figure S4).
Performing the reaction using deuterated methanol gave a
product whose mass was three atomic mass units heavier,
confirming that methanol was responsible for the esterified
product. This problem was resolved by switching to tert-
butanol since the steric bulk prevents the base from acting as a
nucleophile at the C-terminus. Furthermore, tert-butyl esters
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Figure 1. AFM height results of (a) azide-functionalized silane surface, (b) peptide-immobilized surface, (c) fluorine-tagged peptide surface, and

(d) azide surface after peptide physisorption (control).

are known to hydrolyze to acids when exposed to TFA. Upon
switching to the bulkier solvent, the target product mass was
observed by MALDI-TOF.

3.2. C-Terminus Selective Immobilization of Peptide
on Surface via Click Chemistry. Copper-catalyzed click
chemistry was used to immobilize the alkyne-functionalized
peptide onto the azide-containing surface through a covalent
bond (Scheme 2). A bromo-terminated silane surface was first
made on a silicon wafer. The azide-terminated surface was
generated by reacting the bromo surface with a saturated
solution of N3 in DMF. The surface was then reacted with 3
via the CuAAC reaction to form the peptide-immobilized
surface. After C-terminus modification, the peptide showed
reduced solubility in water, but was readily soluble in DMF.
PMDETA was found to be a reliable ligand for the formation
of a catalytic copper complex. We further tested the integrity of
the immobilized peptides on the surface and availability of the
N-terminus for further binding and/or chemistry by chemically
adding the fluorine-containing compound F(PITC. The surface
transformations were quantified at each step chemically via
XPS, and the layer thickness and roughness were characterized
by ellipsometry and AFM roughness measurements.

The ellipsometric thicknesses of the Br- and azide-
terminated surfaces were found to be (2.5 + 0.2) nm and
(2.3 £ 0.2) nm, respectively, which correspond to monolayer
thicknesses of the silane-anchored layers (calculated to be 2.2
nm using the fully extended 3D molecular structure). In
addition, the AFM height scan of the azide surface (Figure 1a)
shows a homogeneous surface, containing some small
aggregates (radius < 30 nm), with an RMS roughness of
(0.49 + 0.01) nm measured at the featureless regions excluding
large aggregates. The surface thickness after peptide immobi-
lization was measured to be (3.9 + 0.2) nm (ellipsometry
data), with a 1.6 nm increase from the azide surface. This
increase matches the calculated length of 1.8 nm of a single
layer of peptide chain (extended 3D molecular structure).
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AFM roughness of the featureless area also increased to (0.95
+ 0.11) nm (Figure 1b and summarized in Table 1).

Table 1. Surface Thickness Measured by Ellipsometry and
Surface Roughness from the Featureless Regions Measured
by AFM Topology of the Surface Substrate at Different
Functionalization Stages”

surface terminal group thickness (nm) RMS roughness (nm)

bromo 25 +02 0.53 + 0.08
azide 23 +£02 0.49 + 0.01
peptide 39+02 0.95 + 0.11
F¢PITC 3.1+£02 0.73 + 0.05
azide control” 1.8 + 0.1 0.38 + 0.03

“Error in the table is representative of one standard deviation of all
measurements taken. “Azide surface after incubating in alkyne-
modified peptide DMF solution and reacting with F,PITC.

Representative spectroscopic data acquired by XPS
elemental analysis after each reaction step are shown in Figure
2. First, the XPS spectrum of the bromo silane-functionalized
surface shows a Br 3d signal at 68 eV and a strong C 1s signal
at 285 eV, indicating the formation of a self-assembled
monolayer on the silicon surface. The Br signal is replaced with
an N 1s peak at 403 eV, after reaction with NaNj, suggesting a
complete conversion of the surface to azide, which was then
functionalized with the modified peptide. Table 2 shows the
theoretical and measured elemental ratio of C to N of the
azide- and peptide-functionalized surfaces, calculated from
their chemical formulas. As can be seen, the measured C/N
ratio of 15.8 + 4.3 of the azide surface is significantly higher
than the theoretical value (3.7). This could be a result of X-ray-
induced azide degradation during the XPS measurements.”
This hypothesis is supported by the lower measured C/N ratio
of 12.3 + 0.4 for the peptide surface after the azides were
reacted to form the more stable triazole. Residual Cu, used in
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Figure 2. XPS elemental analysis survey results of the sample surface
at different reaction stages, from bottom to top: bromo-terminated
silane surface (red trace), azide-functionalized silane surface (purple
trace), C-terminus-selective peptide-immobilized surface (blue trace),
FPITC-tagged peptide surface (dark green trace), and peptide
physisorption control on azide surface after reacting with F,PITC
(light green trace). All spectra are normalized to the peak of the C 1s
region at 284.5 eV.

excess in click reaction, could interfere with the fluorescence
measurements of the peptide surface immobilization-based
peptide analysis but was avoided by adding excess PMDETA in
the click reaction and no Cu signal was displayed in the XPS
(Figure 2, Cu 2p signal usually found at ~ 932 €V).

To further interrogate the surface elemental composition
and chemistry, high-resolution N 1s and C 1s XPS spectra
were obtained. The N 1s region of the azide surface shows two
peaks at 400.3 and 404.0 eV (Figure 3a) that correspond to the
terminal nitrogen (indicated by the N~ in the shown resonance
structure) and the central, electron-deficient N* from the azido
group, respectively.”’ Their area ratio of 2:1 agrees with
calculations for this system. After peptide immobilization, the
N Is region shows new signals, which were deconvoluted into
three peaks at (399.8, 401.8, and 398.3) eV assigned to the
peptide amides N—C=O0, the protonated amine NH;" of
peptides, and the aromatic C=N of the triazole, respectively.
In addition, compared to the azide surface, the C 1s region of
the peptide surface shows an emerging peak at 288.0 eV that
corresponds to the amide N—C=0 group and an increase of
the existing C—N, C—O component at 285.7 eV (see Table 3).
Taken together, these data support the conclusion that the
peptide is covalently immobilized via the azide groups.

3.3. Testing N-Terminal Activity of Surface-Immobi-
lized Peptides. To demonstrate the integrity and activity of

the N-terminus amine of the immobilized peptides, we added a
molecule with six fluorine atoms, 3,5-bis(trifluoromethyl)-
phenyl isothiocyanate (FsPITC), to tag via N-terminus amine
the peptide with a fluorine element. Fluorine has a fairly high
relative sensitivity factor (RSF) and is easily detected in XPS
measurements. After reaction with F,PITC (TEA in DMSO),
the XPS survey scan shows a pronounced F 1s along with its
KLL (Auger) peaks at 687.6 eV and 833.2 eV, respectively
(Figure 3f), indicating covalent functionalization of the N-
terminus amine. The calculated C/F ratio 11.4 + 1.7 is in good
agreement with a theoretical value of 10.2 for a nearly fully
functionalized surface. Our data indicate that about 90% of the
surface bond peptides have an active N-terminus, based on
XPS elemental analysis.

These conclusions were further supported by high-
resolution XPS data. N 1s scan of the F,PITC functionalized
peptide surface in Figure 3¢ showed no visible change in NH,,
N—-C=O0, or C=N peak in the fitted components after
reacting with the peptide surface as expected. On the other
hand, the C 1s regional scan of the F,PITC surface showed an
occurrence of a C—F component 292.6 eV (Figure 3f). The
area percentages of the C 1s components C—C, C=C:C—N,
C—0:N-C=O0:C-F are measured to be (5.7:3.0:1.0:3.3)%,
respectively, which closely matches the calculated ratio of a
fully and uniformly converted surface (assuming 100%
conversion in each step) of (5.9:2.5:1.3:3.3)%.

The surface thickness of the F,PITC surface was measured
to be (3.1 £ 0.2) nm by ellipsometry, which is slightly lower
than the peptide surface thickness (Table 1). Surface
roughness measured by AFM also showed a slightly decreased
value of (0.73 + 0.05) nm (Figure 1c). This could be a result
of a change in the orientation of the monolayer from a largely
upright orientation, i.e., more aligned along the surface normal
when terminated by the more polar peptide, to a less upright,
more canted orientation, i.e, away from the surface normal,
induced by the addition of the now terminal hydrophobic
FcPITC component.

3.4. Peptide Physisorption Control. To determine the
extent of nonspecific peptide adsorption or physisorption onto
our surfaces, we carried out a control experiment by reacting
the alkyne-terminated peptide with the azide surface in the
absence of CuBr catalyst. Ellipsometry measurements of the
resulting surface showed no thickness increase after 24 h of
interaction with the modified peptide solution in DMF at (1.8
+ 0.1) nm, as shown in Table 1. AFM topologic results also
showed no increase in surface roughness (Table 2) and even
show a reduced number of aggregated features (Figure 1d),
which is in contrast to that of the peptide surface. The surface
that was exposed to peptide without CuBr was then treated
with F,PITC in the same manner as above and analyzed with
XPS. The XPS spectrum (Figure 2 top spectrum) showed no
observable F 1s signal. These controls demonstrate that the
reported peptide immobilization method is free from

Table 2. Theoretical Chemical Formula, Measured Atomic Percentages of C, N, F, and Calculated and Measured Elemental
Ratios of C/N and C/F of the Substrate Surface at Different Stages”

surface terminal group chemical formula C (%) N(%) F (%)
azide C,,H,,CI3N;Si 94.0 6.0 0
peptide Co,Hyg CLyN,, 05 92.5 7.5 0
E,PITC CoHgsCLEN sO5S,Si 848 7.7 74

“Reported error is one standard deviation of the mean.
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C/N calculated C/N measured C/F calculated C/F measured

3.7 15.8 £ 4.3
3.7 123 + 04
4.1 11.0 + 0.6 10.2 114 = 1.7
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Figure 3. Representative high-resolution XPS N 1s region of (a) azide-functionalized surface, (b) peptide-immobilized surface, (c) peptide surface
after reacting with F,PITC; and high-resolution XPS C 1s region of (d) azide surface, (e) peptide surface, and (f) FsPITC surface.

Table 3. XPS C 1s Regional Scan Component Area
Percentage Ratio from Substrate Surface at Different
Functionalization Stages

surface terminal C-N,
group C-C % C-0%* N-C=0% C-F%
azide 79.7 + 4.6 203 + 4.6
peptide 624 +£25 302 %27 74 + 0.7
F,PITC 56.7 + 3.0 30.0 + 2.8 9.9 + 0.7 33+08

“Refers to C—N % for the surface with azide terminal group and C—N
& C—0O % for surfaces with peptide and F¢PITC terminal groups.

interference from peptide physisorption and can potentially be
used in quantitative analysis to determine N-terminus fidelity
in future studies.

4. CONCLUSIONS

In summary, we propose a new method for selectively
modifying the C-terminus of peptides that are generated
from protease digestion of natural biological sources. We have
successfully attached an alkyne group to the peptide C-
terminus via isothiocyanate chemistry, which was then used to
create a single-point attachment to the azide-functionalized
surface. A facile and robust CuAAC reaction was used to create
covalent immobilization. Peptide modification chemistry
showed a quantitative conversion in each step, characterized
by NMR and MALDI-TOF, and surfaces were thoroughly
characterized by XPS, AFM, and ellipsometry. Finally, the
immobilized peptides were shown to contain an active N-
terminus capable of reacting with an isothiocyanate group and
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the surfaces were free from physisorbed contaminations. While
some limitations may be faced with certain post-translational
modifications (PTMs), the chemistries which we describe are
well characterized and generalizable to any peptide generated
from protease-digested protein samples, where cleavage occurs
on the carboxyl side of lysine residues, without the need for
any further chemical modifications or protective groups. The
chemistry allows for the single-point covalent attachment of
peptides to surfaces while leaving the N-terminus free and is
therefore well suited for use in emerging protein sequencing
and peptide microarray technologies and could be extended to
other surface morphologies such as microspheres and micro-
fluidic channels. The method does sacrifice one N-terminal AA
of each peptide. However, since most highly parallel
sequencing techniques utilize oversampling of short peptide
fragments, this loss of information should be minimal in most
applications, particularly those sequencing techniques that are
based on “shot-gun” approaches where genomic data are used
to reconstruct the protein sequence.
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peptide 1, peptide after PITC addition reaction 2, and
after TFA cleavage reaction 3 (Figure S3); and MALDI
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‘BuOH resulting in no C-terminal modification (Figure
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