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A rapid array-based protocol is presented by which a modest affinity protein-binding small molecule can
be appended to a library of peptoids via click chemistry. The array can then be screened for improved
ligands that exhibit a higher affinity for the protein target.
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There is a great interest in identifying synthetic molecules that
bind to proteins with high affinity and specificity for applications
in drug discovery, biology and proteomics. To date, most protein
binding molecules have been obtained from high-throughput
screens of combinatorial libraries or compound collections. How-
ever, these initial hits generally have only modest affinity or
potency. The standard approach to improving the properties of
these hits is to carry out relatively tedious analysis of a variety of
structural analogues. An attractive alternative approach is to
instead employ bivalent ligands, in which two non-competitive
ligands coupled via an appropriate linker cooperate to deliver high
affinity.1–6 However, this approach is not without its practical hur-
dles. The typical approach to bivalent ligands requires not only the
isolation of more than one modest affinity ligand, but also that
competition binding assays be carried out to ensure that one
chooses non-competitive compounds with which to furnish a biva-
lent compound. Optimization of the linker can also be a time-con-
suming process.
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Figure 1. (A) Schematic representation of a strategy for isolating improved ligands.
A modest affinity lead compound is conjugated to each peptoid on a microarray by
click chemistry. The slide is subsequently incubated with a target protein under
stringent condition to provide a high-affinity ligand. (B) Microarray images of the
hit compounds (spotted in duplicate) were obtained by incubating fluorescently
labeled KIX-His6 on a microarray in which each peptoid molecule is capped with
BHK2.
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An alternative route to improved ligands that we7 and others8–

13 have explored is to append the lead compound to a new collec-
tion of compounds and then screen for higher affinity or potency,
with the hope of better filling the binding site on the protein or,
possibly, reaching over to engage a new surface of the protein as
well. Previously, we demonstrated the feasibility of this approach
by appending lead compounds to the terminus of ‘one bead one
compound’ (OBOC) libraries of peptoids.7 These capped peptoid li-
braries were screened under conditions where the modest affinity
lead compound did not have sufficient affinity for the target pro-
tein to retain it on the bead, thus demanding that the hits show
a significant improvement over the lead compound. However, the
throughput of this approach is limited by the need to synthesize
a new bead-based library for each lead compound. In this report,
we describe an extension of this concept that makes this approach
to improved ligand discovery far more practical. We show that an
azide-containing lead compound can be appended efficiently to
thousands of alkyne-terminated peptoids arrayed on a chemi-
cally-modified glass microscope slide (Fig. 1).14,15 Since a single
Figure 2. Structure and synthesis of the compounds used in this study. (A) Azide-m
bead library is sufficient for the construction of thousands of
microarrays, this chemistry significantly improves the throughput
of this approach.

To test this idea, we chose a six residue peptoid called BHK216,17

as a lead compound. BHK2 was previously isolated from a high-
throughput screen of peptoids that bind the KIX domain of the
transcription coactivator CREB-binding protein (CBP). The BHK2
peptoid binds a His6-tagged derivative of the KIX domain with a
KD of approximately 195 lM. To couple BHK2 to an existing array
of peptoids, we chose to explore Click chemistry18, since this chem-
istry has been used previously for affixing molecules to arrays.19

An azide moiety was incorporated on the C-terminus of BHK2
(Fig. 2A). An OBOC 6-mer peptoid library was synthesized by a con-
ventional split and pool method on 500 lm polystyrene macrobe-
ads using eight different amines (see Fig. 2B)20,21 Each peptoid
molecule in the library had cysteine on its C-terminal end and a
propargyl amine group on its N-terminal end. The cysteine residue
enabled covalent immobilization of the peptoid onto the malei-
mide-functionalized glass slide14 and the propargyl group allows
odified BHK2. (B) The peptoid library that was immobilized on the microarray.
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for conjugation to any lead compound having an azide group by
click chemistry. Several thousand individual beads were separated
into the wells of a microtiter plates, the peptoids were cleaved
from the beads and microarrays were constructed as described
previously.14 For the experiments reported here, 4000 different
acetylene-capped peptoids were spotted in duplicate onto the
slide.

We then coupled N3-BHK2 to each peptoid on the microarray by
copper-catalyzed click chemistry. The alkyne-peptoid slide was
placed in a hybridization chamber and treated with a solution of
N3-BHK2 (1.53 lmol), CuSO4, and sodium ascorbate in tert-butyl
alcohol and water (2 mL final volume) with gentle shaking at room
temperature overnight. After washing and drying, the slide was
used for screening (see Supplementary data).

To isolate higher affinity KIX domain ligands, we employed more
stringent conditions (25 nM His6-KIX and 1000-fold excess of pro-
teins from a crude Escherichia coli lysate as competitor to compete
Scheme 1. Structures and synthesis o
non-specific binding events) than those used originally to isolate
BHK2 (500 nM KIX-His6 and 200-fold excess E. coli lysate).16

Fluorescently labeled KIX-His6 was incubated with an array of
BHK2-capped peptoids as well as with an array displaying the same
library without BHK2 capping and the results were compared. Two
compounds on the BHK2-capped slides were selected as hits based
on the fact that they exhibited a higher fluorescence intensity
(3–4-fold) than the same spots on the slides without the capping
molecule, BHK2 (Fig. 1B and Fig. S3). MS/MS-based sequencing re-
vealed the structures of the compounds, 3 and 4 (Scheme 1 and Sup-
plementary data).

To examine whether the compounds isolated from the
microarray screen indeed bind more tightly than the BHK2 lead
compound to the KIX domain, we synthesized fluoresceinated
derivatives of BHK2, 3 and 4 (Scheme 1 and Supplementary data)
and carried out titration experiments monitored by fluorescence
polarization spectroscopy. As shown in Table 1 and Supplementary
f compounds used in this study.



Figure 3. Dimeric compound 3 retains His6-KIX protein specifically from a whole
cell lysate. (A) Streptavidin beads were treated with DMSO (lane 1), 3-biotin (lane
2), and BHK2-biotin (lane 3) and then incubated with a cell lysate obtained from
E. coli cells that overexpress His6-KIX. After washing, bound proteins were analyzed
by Western blot with anti-His6 antibody. Lane 4: input. Note that this experiment
was done under conditions of a large excess of KIX-His6 protein over immobilized
peptoid and thus only a fraction if the input KIX domain could be retained by
biotinylated 3. (B) Bound proteins were analyzed by Coomassie Blue staining. Lane
1: protein markers, lane 2: 3-biotin treated, lane 3: input (whole cell extract).

Table 1
Dissociation constants for monomeric and dimeric compounds as determined by
fluorescence polarization

BHK2 1 2

KD(lM) 195.0 ± 25.5 47.0 ± 7.1 4.6 ± 1.0
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Figure S3, compounds 3 and 4 indeed showed considerably
improved binding affinities compared to the lead compound,
BHK2. Compounds 3 and 4 bound to KIX-His6 with KDs of 4.6 lM
and 8.3 lM, respectively, representing a 42- and 23-fold improve-
ment, respectively over the binding affinity of the BHK2 lead
compound (KD = 195 lM). Not surprisingly, the peptoids isolated
from the microarray library, when tested without tethered BHK2
(1 and 2) bound more weakly to the His6-KIX protein with KD val-
ues of 47.0 lM and 72.8 lM, respectively.

Given that peptoids 3 and 4 were isolated from a screen carried
out in the presence of a 1000-fold excess of E. coli proteins derived
from a crude cell lysate, we anticipated that these molecules would
be highly specific ligands for the KIX domain. If so, peptoids such as
3 or 4 might be useful reagents for the affinity purification of their
target proteins from complex mixtures.

To examine this, biotinylated derivatives of 3 and BHK2 were
synthesized and immobilized on a Streptavidin agarose bead (Sup-
plementary data). After incubation with a crude lysate obtained
from bacteria expressing KIX-His6 and thorough washing, the
remaining proteins were analyzed by Western blotting with an
anti-His6 antibody. As shown in Figure 3A, His6-KIX protein was
retained by immobilized peptiod 3 (lane 2) while the beads lacking
a peptoid (lane 1) and immobilized BHK2 (lane 3) did not pull
down detectable amounts of His6-KIX protein under the same con-
ditions. More importantly, Coomassie Blue staining of the gel
showed that His6-KIX is purified to essential homogeneity by
immobilized 3 (Fig. 3B, lane 2) consistent with the idea that biva-
lent peptoid ligands may be useful reagents for the purification of
unmodified proteins.

In summary, we have developed a straightforward microarray-
based method to rapidly identify improved protein ligands starting
from a modest affinity lead compound. Efficient conditions have
been developed that allows an azide-containing lead molecule to
be appended to thousands of alkyne-terminated peptoids dis-
played on the surface of a chemically-modified glass slide. Thou-
sands of such microarrays can be made from a single OBOC
library.10 Thus, a single peptoid library could be used to couple
with a large number of different lead molecules, providing a route
the rapid isolation of higher affinity ligands for a large number of
proteins. Such efforts are underway.
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