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Abstract: Designing suitable affinity labels for elucidating small
molecule target proteins is an important problem in chemical probe-
based approaches to drug target discovery and functional analyses.
Here we explored the reactivity of a set of multivalent electrophiles
cofunctionalized with a carbohydrate ligand on gold-nanoparticles to
achieve efficient affinity labeling for target protein analysis. Evaluation
of the reactivity and selectivity of the electrophiles against three
different cognate binding proteins identified aryl sulfonyl fluoride as
the most efficient protein-reactive group in this study. We
demonstrated that multivalent aryl sulfonyl fluoride probe 4 at 50 nM
concentration achieved selective affinity labeling and enrichment of a
model protein PNA in cell lysate, which was more effective than
photoaffinity probe 1 with aryl azide group. Labeling site analysis by
LC-MS/MS revealed that the nanoparticle-immobilized aryl sulfonyl
fluoride group can target multiple amino acid residues around the
ligand binding site of the target proteins. Our study highlighted the
utility of aryl sulfonyl fluoride as a highly effective multivalent affinity
label suitable for covalently capturing unknown target proteins.

Introduction

Determining biological targets of small molecules is critical for a
comprehensive understanding of their cellular interactome so that
we can better predict their utility.?l Protein-reactive chemical
probes have become essential tools to facilitate target
identification and engagement analysis of small molecules.]
For target identification, affinity labeling probes, in which a
protein-reactive group is derivatized on a small molecule of
interest, are employed to covalently crosslink otherwise reversible
protein-ligand complexes for downstream functional analysis.
Since there is no prior knowledge on the structural features of
target proteins, it is a significant challenge to design a suitable
protein-reactive group that can react with target proteins with high
efficiency and exhibits a broad substrate scope, while having no
or low reactivity toward non-targets.*#° However, no generally
useful protein-reactive group yet fulfills these requirements of
affinity labeling probes.

Two major types of functionalities are currently available as
protein-reactive groups. Photoreactive groups such as

benzophenone, aryl azide, and diazirine are uniquely suited for
target identification based on their highly reactive photo-activated
intermediates that can nonselectively react with any proximal
amino acid residues.?1%12 Although photoaffinity labeling has
received a renewed attention as a promising approach, the low
labeling yields and selectivity hamper their routine use in
detecting low-abundance or low-affinity proteins.[*3l Another type
of functionality involves electrophilic groups, a wide variety of
which are used in affinity labeling,!*4*" activity-based protein
profiling (ABPP),318-22 reactivity-based protein profiling,[-2223
ligand-directed chemistries,>242% and covalent drugs®-3% where
a good balance of the reactivity and chemoselectivity of
electrophiles enables targeting of locally reactive nucleophilic side
chains in proteins such as enzyme active site residues. In contrast
to photoreactive groups, the availability of a diverse array of
electrophiles with a broad range of reactivity and chemoselectivity
represents an attractive resource for researchers in designing
protein-reactive probes. In most of earlier examples, these
electrophilic groups served as a warhead in the ligand-binding
site 141731321 More recently, the Hamachi group extensively
demonstrated that it is possible to selectively label surface-
exposed nucleophilic residues at the periphery of the ligand
binding site by various electrophilic probes in a ligand-dependent
fashion(>2425 However, utilization of electrophiles for crosslinking
unknown proteins has been limited to cases where the presence
of a nucleophilic amino acid residue at the ligand-binding site of a
target protein is known or predictable.*3-3¢ This is largely due to
the inherent reactivity of electrophiles with free nucleophiles and
their selectivity toward certain nucleophilic amino acid residues.
Other factors determining the reactivity and selectivity of affinity
labeling by electrophilic groups include the availability of
accessible nucleophilic amino acid residues and their reactivity
toward the electrophiles, which is often dependent on the local
microenvironment.>3738 Therefore, the general applicability of
electrophiles for covalent capture of unknown target proteins with
no structural information or prediction remains to be tested.

We recently reported gold nanoparticle-based photoaffinity
probes that display small-molecule ligands and photoreactive
groups in a multivalent fashion.%41  The gold-nanoparticle
scaffold promotes high local concentrations of both the ligands
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Figure 1. (a) Scheme showing gold nanoparticle-based affinity labeling for identifying specific carbohydrate-binding proteins. (b) Structures of gold-nanoparticle
affinity labeling probes with a photoreactive group (1), different electrophilic groups (2-5) and a lactose-immobilized gold-nanoparticle probe (6).

and photoreactive groups, and reactions over a large surface area.

As a consequence, these probes exert enhanced protein binding
affinity and ligand-dependent reactivity. With the goal of
expanding the utility of our gold-nanoparticle probes for target
identification, we hypothesized that the low labeling efficiency of
photoreactive groups could be addressed by employing
electrophilic groups as an affinity label instead. A particular
advantage of the gold-nanoparticle system is the modular nature
of surface functionalization, which allows facile optimization of the
probe design. While polar, nucleophilic amino acid residues such
as lysine are preponderant on the protein surfaces, whether they
happen to be within the reach of a probe greatly affects the
outcome of labeling. We anticipated that the multivalent
presentation of a suitable electrophilic group should overcome
this problem by the avidity effect, allowing broad and
simultaneous screening for labeling sites in the proximal area of
the ligand binding site.

Here we designed and synthesized a set of gold
nanoparticle-immobilized electrophiles as novel multivalent
affinity labels and systematically characterized their reactivity,
selectivity, and targetable amino acid residues. Among the four
different types of electrophilic groups evaluated, aryl sulfonyl
fluoride was identified as the most efficient and selective protein
reactive group toward three different model carbohydrate-binding
proteins. We showed that these gold nanoparticle-immobilized
electrophiles can remain unreactive at high dilution (~nM
concentration) but become highly reactive toward a protein that is
bound to a ligand. The combination of these effects offers an ideal
reactive group that can efficiently crosslink target proteins in a
pseudo-intramolecular setting while being stable toward
bimolecular nucleophilic substitution reactions with nonspecific
proteins.l*l Moreover, the multivalent sulfonyl fluoride probe
allowed labeling of target proteins at several of their surface
residues around the ligand binding site, which demonstrated the

utility of multivalency in maximizing protein capture efficiency,®*-
48l which is critical for target identification.

Results and Discussion

To explore the potential of gold nanoparticle-based affinity
labeling, we first employed lactose as a model low-affinity ligand.
Lactose is known to bind several lectins such as peanut agglutinin
(PNA), Erythrina cristagalli agglutinin (ECA), and Ricinus
communis agglutinin (RCA) with a binding affinity in the high
micromolar range.*”#? For affinity labels, we employed a panel
of four different electrophilic groups, comprising a benzyl chloride
(BnCl), squaramide ester (SQ), aryl sulfonyl fluoride (SF), and
acrylamide (AA) (Fig. 1). We reasoned that they represent a
variety of protein-reactive groups with different reaction types and
different sets of target amino acid residues. BnCl potentially re-
acts with a cysteine residue via SN2 reaction,® whereas SQI*52
and AAPP®53l serve as Michael acceptors in ABPP probes or
protein crosslinking reagents to react with lysine and cysteine
residues. SF has been found to be an excellent reactant as a part
of covalent drugs or ABPP probes to promote sulfur (IV)-fluoride
exchange (SUFEX) reactions®® %% with several nucleophilic amino
acid residues including cysteine, lysine, tyrosine, histidine, serine,
and threonine.’5¢1 We also employed the aryl azide (ArAz)
groupl*©6263 tg incorporate a photoaffinity label to provide a point
of comparison with our previously developed gold nanoparticle-
based photoaffinity probes.*4% Several factors were furthermore
considered for the design of the nanoparticle probes that could
affect their function. The gold-nanoparticles tend to agglomerate
in aqueous solution, hence incorporating hydrophilic moiety is
often critical. Since our model ligand, lactose is a hydrophilic
molecule, it was expected to confer colloidal stability to the
nanoparticle probes, as long as the relative ratio of the
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Figure 2. Characterization of functionalized gold-nanoparticle probes 1-5. (a)
UV-VIS spectra of citrated-coated gold-nanoparticles and probes 1-5. (b)
Agarose gel analysis of probes 1-6. C: Citrate-coated gold-nanopatrticles, B:
BSPP-stabilized gold-nanoparticles.

electrophilic group, which is usually hydrophobic, was kept
relatively low. To achieve optimal binding affinity and labeling
efficiency, we anticipated that the ratio of ligand to a reactive
group around 2:1 would be a good starting point since the high
local concentration of both a ligand moiety and an electrophilic
group should promote protein binding as well as efficient labeling
reaction. It was also expected that the slightly higher fraction of a
hydrophilic ligand to an electrophilic group should confer colloidal
stability.

Therefore, we designed and synthesized five types of gold
nanoparticle-based probes (1-5), with a lactose ligand and one of
five different groups (four electrophilic groups and one
photoreactive group) at a 2:1 ratio to evaluate which group
enables efficient crosslinking of binding proteins. The lactose
ligand and electrophiles were derivatized with lipoic acid for
immobilizing onto the surface of gold-nanoparticles with
approximately 13-nm diameter through bivalent Au-S bonds by a
two-step ligand exchange method.%41 Functionalized gold-
nanoparticles were characterized by transmission electron
microscopy (TEM), UV-visible spectroscopy (UV-VIS), agarose
gel electrophoresis, dynamic light scattering (DLS), and matrix-
assisted laser desorption/ionization spectrometry (MALDI-MS)
analysis (Fig. 2, Fig. S1-S2, Table S1). To verify that the presence
of multivalent ligands on a gold-nanoparticle scaffold increases
affinity,3%64 the Ky values of lactose-functionalized gold-
nanoparticle 6 were measured with PNA, ECA, and RCA by the
previously developed pull-down ~assay.®® Lactose-gold
nanopatrticle 6 exhibited high affinity toward all three lectins with
Kq values of 26 nM (PNA), 8.7 nM (ECA), and 18 nM (RCA) (Fig.
S3). Thus the multivalent probe achieved a large affinity
enhancement of approximately 15000-fold compared to
monomeric lactose (Kq = 400 pM for PNA, 323 uM for ECA, and
37 uM for RCA).[47-49.89] |n addition, agglutination of nanoprobes
by lectins may contribute to the overall affinity enhancement by
forming large complexes composed of three-dimensional
networks of lectins and probes. Such complexes are likely to be
kinetically stable. 448l

The ligand-dependent reactivity of gold-nanoparticle probes 1-
5 was investigated upon binding with PNA, ECA, or RCA. Probes
2-5 at a concentration of 50 nM were incubated with a lectin (0.4
UM as a monomer) at 4 °C for 2 h and the labeled and enriched
proteins were analyzed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and fluorescence imaging. The
control photoaffinity probe 1 was irradiated with UV at 365 nm at
4 °C for 30 min according to our previous study.% The labeling
efficiency was determined based on the relative fluorescence
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intensity of a protein band corresponding to the labeled lectin to
that of an input lectin in an SDS-PAGE gel. Among the five probes,
SF probe 4 gave the highest labeling yields across all three lectins
(25-42%) (Fig. 3a, Table S2).61 ArAz probe 1 showed ~16%
labeling of the three lectins. BnClI probe 2 showed little ligand-
dependent reactivity toward all lectins. SQ probe 3 and AA probe
5 were rather unreactive toward PNA and ECA but were able to
label RCA at 13-15% vyield. RCA has 13 cysteine residues, of
which Cys20 and Cys39 reside in proximity to lactose binding
sites, while PNA and ECA have no cysteine residues.!67:8l
Therefore, cysteine residues may be responsible for the higher
labeling of RCA than PNA and ECA by SQ probe 3 and AA probe
5. Importantly, all probes showed low nonselective labeling of
BSA, which is not a lactose binding protein and is known to
display multiple surface-exposed lysine and cysteine residues. 9
Time-course analysis of the labeling reaction of PNA with probes
2-5 showed that a longer reaction time (16 h) allowed SF probe 4
to achieve quantitative labeling (Fig. 3b). No further increase in
the labeling products was observed for the other electrophilic
probes (2, 3, and 5). These results underscored the unique
reactivity of the SF group, which has sufficient reactivity toward
proximal protein residues while being resistant toward
hydrolysis.5*%°1 Taken together, the comparative reactivity
analysis found SF probe 4 to display high ligand-dependent
reactivity in general, which was superior to the reactivity profile of
ArAz photoaffinity probe 1.

To evaluate the labeling selectivity, we next assessed the
efficiency of affinity labeling by gold-nanoparticle probes 1-5 with
a mixed solution of PNA and 5-fold excess BSA. Washing with a
high concentration of lactose solutionl’® confirmed that SF probe
4 indeed covalently labeled PNA with high efficiency (Fig. S4, lane
8). The time-course analysis demonstrated that SF probe 4
maintained labeling selectivity toward PNA over a duration of 16
h (Fig. 3c, Fig. S5). Its labeling yields were slightly lower than
when reacted alone with PNA as shown in Fig. 3b, likely due to
sequestration by BSA. We next reacted gold-nanoparticle probes
(1-5) with HL-60 cell lysate containing PNA (0.8 w/w%). To ensure
enrichment of covalently labeled proteins from unreacted lysate
proteins, stringent washing conditions involving 2% SDS solution
were applied. Despite the presence of excess amounts of various
nonspecific proteins, all probes selectively enriched PNA (Fig. 3d,
Fig. S6a). Moreover, SF probe 4 exhibited the highest labeling
efficiency (37%) and selectivity, which were superior to those of
photoaffinity probe 1 (Fig. 3d, lanel and 4). The ligand-
dependence of PNA labeling by SF probe 4 was verified by a
negative control experiment where excess amounts of free
lactose ligand inhibited the labeling reaction (Fig. 3d, lane 6). The
labeling of PNA was also demonstrated by reacting probes 1-5
with fluorescently-tagged, FITC-PNA instead of PNA in cell lysate,
which showed probe 4 as most efficient (Fig. S6b-c). These
results thus suggested that SF is a promising protein reactive
group suited for covalent labeling of target proteins in a complex
proteome.

To characterize the amino acid residues targetable by the
multivalent affinity labeling probes, we chose the SF probe 4,
which displayed the highest labeling efficiency for all three lectins
and low nonspecific labeling, to determine its labeling sites. Since
our gold-nanoparticle probes were designed to display both ligand
7 and protein reactive group 8c in a multivalent fashion, it was
anticipated that multiple sites in the proximity of the ligand binding
site could be labeled. Using the optimal labeling conditions found

This article is protected by copyright. All rights reserved.
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Figure 3. (a) Top: SDS-PAGE analysis of the affinity labeling of PNA, ECA, RCA, and BSA (monomer: 0.4 yM) by probes 1-5 (50 nM). CTL: protein used for a given
reaction; Wash: washing three times with 0.5 M lactose-1% n-octyl-B-D-glucoside-6.5% PEGB8000 in PBS. Bottom: labeling efficiency of each protein by probes 1-
5. The % yields were calculated based on the amount of protein used for a given reaction. Error bars show standard errors (n=3). (b) Top: SDS-PAGE time-course
analysis of affinity labeling of PNA (0.1 uM) by probes 2-5 (50 nM). CTL: PNA used for a given reaction. Bottom: labeling efficiency of PNA by probes 2-5. The %
yields were calculated based on the amounts of PNA used for a given reaction. (c) Time course analysis of affinity labeling of PNA (100 nM) by probe 4 (50 nM) in
the presence of excess BSA (1.5 uM). (d) SDS-PAGE analysis of affinity labeling of PNA (0.4 ug, 50 nM) spiked in cell lysate (5 pg) using probes 1-5 (50 nM). M:
molecular weight marker; L: lysate 5 pug (1/10); P: 0.4 pg PNA; Lac+: 20 mM lactose.

in Fig. 3c, 10 pg of PNA or RCA was reacted with probe 4 (46
pmol) at 4 °C for 16 h, and the labeled proteins were purified by a
few cycles of centrifugation and stringent washing with excess
lactose followed by SDS-PAGE. The gel bands were excised and
then subjected to in-gel trypsin digestion and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis.l"Y Representative MS/MS spectra for a digested peptide
fragment carrying a protein-reacted moiety are shown in Fig. 4a.
Several peptides were detected with mass values increased by
the expected mass values of the protein-reacted moiety 17 or its
iodoacetamide derivatives 17a and 17b, its fragments 17c and
17d, or its oxidized derivative 17e (Fig. S8; 17: 547.16, 17a:
663.22, 17b: 665.19, 17c: 359.13, 17d: 184.99, 17e: 579.15). The
labeled peptides were identified from triplicate experiments, which
revealed a remarkable scope of the labeling reaction by

multivalent SF probe 4. Multiple labeled sites close to the ligand
binding site in PNA and RCA were detected at several types of
amino acid residues (Fig. 4b, c, Fig. S9-10, Table S3). Among the
labeled amino acid residues, tyrosine notably exhibited the
highest occurrence (three residues for each lectin), which is
consistent with previous studies using SF-containing covalent
drugs or ABPP probes.5%61 The SF group has been found to
preferentially react with tyrosine and lysine and to a lesser degree
with histidine, cysteine, serine, and threonine. Other labeled
residues included lysine, aspartic acid, and asparagine,
suggesting that SF probe 4 can potentially target diverse types of
amino acid residues. These results supported our hypothesis that
when the target proteins are specifically bound to ligands on the
nanoparticle, multivalent SF groups are positioned in such a way
that some can reach out and readily react with matching

This article is protected by copyright. All rights reserved.
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Figure 4. (a) LC-MS/MS spectrum of the peptide fragment labeled with 17, supporting the labeling of PNA Y79 by SF probe 4. The inferred labeled amino acid
residues mapped onto the X-ray structure of (b) PNA (PDB: 2PEL) and (c) RCA (PDB: 1RZO) are visualized in magenta. Bound lactose (PNA) and galactose (RCA)
in the crystal structures are shown as green sticks. The chain A residues for RCA are indicated by ' in the figure.

nucleophilic residues on the protein surface.

When mapped to the X-ray structures of ligand-bound PNA["2
and RCA,[™ the detected labeled sites are all located within
approximately 15 A and 18 A of their ligand binding sites. The
most prominent labeled sites in PNA reside within a loop region
harboring Asp75-Lys112, which is in close proximity (~14 A) to
the lactose binding pocket. In RCA, which is a dimer of an a/§
heterodimer, major labeled sites were found in the loop region
composed of Asp220-Arg236 close to one of the three galactose
binding sites in chain B.["%81 These flexible loop regions may
provide readily accessible nucleophilic residues for reacting with
the SF groups on the gold-nanoparticle probes. Lysine is known
to be one of the most abundant amino acid residues on protein
surfaces.[ Lysine, tyrosine, and aspartic acid, together comprise
approximately 24% of the amino acid residues at the surfaces of
proteins.’™ If we estimate the contact surface area between
probe 4 and its target protein to be an area of a circle with a
diameter of ~30 A, then it seems possible for multivalent SF
groups in a nanoparticle probe to find and react with one or more
lysine and tyrosine residues in the proximity of the ligand binding
site.

It has been shown that the reactivity of electrophiles toward
monomeric amino acids is not necessarily reflected by their
reactivity toward proteins.[’578 We wondered whether the labeled
amino acid residues in PNA and RCA could be generated by
reaction with the SF group due to their inherent reactivity or due
to a specific molecular setting in which the protein and the SF
group are juxtaposed on a gold-nanopatrticle surface. To test this
notion, we reacted 4-(fluorosulfonyl) benzoic acid 18 at 1 mM with

N-acetylated monomeric amino acids at 100 mM in
hydroxyethylpiperazine ethanesulfonic acid (HEPES) buffer at pH
7.3 and analyzed the time-dcourse of the formation of the
crosslinked products by LC/MS. As shown in Fig. 5a, the
formation of an adduct (23a) was observed only with N-acetyl-
lysine 19 after prolonged reaction time. In contrast, N-acetyl-
tyrosine 20, N-acetyl-aspartic acid 21, or N-acetyl-asparagine 22
did not show reactivity toward a small-molecule sulfonyl fluoride
reagent 18 even after 48 hours (Fig. S11). When the reactivity of
these N-acetylated monomeric amino acids at 100 mM toward
probe 4 at 50 nM in HEPES buffer (pH 7.3) was evaluated, none
of the tested amino acids yielded an adduct after 48 hours (Fig.
5b, Fig. S12). The SF groups on probe 4 hydrolyzed only slowly
over 48 hours. Our finding is consistent with the literature that aryl
sulfonyl fluoride group is relatively stable in neutral aqueous
solution and yet can be readily activated toward nucleophilic
amino acid residues of the bound proteins.[®8 55 According to the
mechanism of affinity labeling,l*® the different reactivity toward
probe 4 observed for monomeric amino acid residues and the
amino acid residues on the protein may be explained by the
increased effective molarity of the latter relative to the SF groups.
Additionally, the avidity effect of multivalent SF groups may
contribute to a selective increase in the rate of affinity labeling by
keeping the probe concentration at nanomolar. It thus suggested
that the unique reactivity feature of aryl sulfonyl fluoride, with
combined effects of the increased effective molarity and avidity
effect promoted highly efficient affinity labeling by probe 4. It is
also possible that some of the labeled amino acids identified in
PNA and RCA represent hyperactivated residues!’®£% by
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m/z=567.1669+0.0500 (8c: C23H3sFN207S3 [M+H]*) and 565.1712+0.0500 (8¢’: C23H37N20sSs [M+H]") present in the reaction mixture generated by incubating SF

probe 4 and 19 for 48 h.

proximal amino acid residues, which display inherently high
reactivity toward electrophilic reagents. 84

Conclusion

In summary, we developed a novel gold nanoparticle-based
multivalent approach to covalently capture target proteins by
electrophilic groups. Evaluating four different electrophilic groups
against three different lectins identified aryl sulfonyl fluoride group
as the most efficient and selective affinity label. Significantly, we
showed that multivalent aryl sulfonyl fluoride probe 4 at 50 nM
concentration achieved selective affinity labeling of PNA in cell
lysate, which was more effective than photoaffinity probe 1 with
aryl azide group. It thus demonstrated a promising utility of
multivalent aryl sulfonyl fluoride affinity probe as a complementary
target identification tool. LC-MS/MS analysis revealed that the
gold nanoparticle-immobilized aryl sulfonyl fluoride groups can
label several amino acid residues around the ligand binding site.
It supported the view that multivalent display of electrophilic
groups should lead to efficient affinity labeling due to the avidity

effect by providing a large reactive surface area toward a target
protein. Further analysis with monomeric amino acid derivatives
validated that the aryl sulfonyl fluoride groups on gold-
nanoparticles exhibit high reactivity toward various amino acids
only when the proteins are bound to the nanoparticle surface.
Notably, that SF group did not show any cross-reactivity with the
lactose, a polyol moiety despite the proximity.¥2 The cross-
reactivity between the ligand moiety and electrophilic groups co-
functionalized on the nanoparticles is undesirable as it would
result in deactivated affinity labeling probes before use. When
ligands contain nucleophilic functionalities such as phenols or
amines, they are expected to display cross-reactivity with the
electrophilic moiety cofunctionalized on the nanoparticles. In such
cases, it may be more beneficial to pursue photoaffinity labeling
for target analysis with photoreactive groups instead of
electrophilic groups as labeling groups. Alternatively, the cross-
reactivity between a ligand and an electrophilic group may be
circumvented by optimizing linker length so that they would not be
positioned to react with each other. Taken together, these results
highlighted the unique reactivity of aryl sulfonyl fluoride group
suited as a multivalent affinity label. Our findings have
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implications for the new design of chemical probes for target
protein analysis.
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Chemical probes were prepared by multivalently presenting electrophilic groups and ligands on gold-nanoparticles and their reactivities
as novel affinity labeling probes were explored. Compared to a photoaffinity probe bearing aryl azide group, aryl sulfonyl fluoride probe
at a nanomolar concentration achieved more efficient and selective labeling of model proteins in cell lysate. Labeling site analysis
revealed that the nanoparticle-immobilized aryl sulfonyl fluoride groups can target multiple amino acid residues around the ligand
binding site of the target proteins.
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