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a covalent binder to the
oncoprotein gankyrin using a NIR-Based OBOC
screening method†

Marianne E. Maresh, Breanna L. Zerfas, Brice S. Wuthrich and Darci J. Trader *

Despite huge advancements in the process of synthesizing small molecules as part of one-bead-one-

compound (OBOC) libraries, progress lags in the ability to screen these libraries against proteins of

interest. Recently, we developed a method to screen OBOC libraries in which a target protein is labeled

with a near-infrared (NIR) range fluorophore. The labeled protein incubates with beads of a library in

a 96-well plate, then the plate is imaged for fluorescence. Fluorescence intensities produced by the

labeled protein binding the bead can be quantitated and provide a basis to rank hits. Here, we present an

application of this technique by screening the oncoprotein gankyrin against a 343-member peptoid

library. The library was composed of four positions occupied by one of seven amines. In the third

position, an amine that facilitates covalent binding via a sulfonyl fluoride moiety was incorporated. After

screening for gankyrin binders twice, ten structures showed overlap in the types of amines present at

each position. These initial hits were validated with an in-gel fluorescence assay in which the labeled

ligands covalently interacted with purified gankyrin. Excitingly, one peptoid was validated from this

analysis. This hit was also shown to bind gankyrin in the presence of HEK 293T lysate. Results from this

study demonstrate successful use of our screening method to quickly identify quality binders to a target

protein of interest.
Introduction

Development of one-bead-one-compound (OBOC) libraries has
expedited the process of synthesizing thousands of small
molecules.1 Although signicant progress has been made in
expanding the types of small molecules that can be synthesized
on-bead, progress lags in the development of simple techniques
to efficiently screen these libraries against a biological target of
interest. A common method to screen OBOC libraries uses
magnetic beads and antibodies to link the resin bead to the
magnetic bead.2,3 A strong magnet is used to physically separate
hit beads. Although this method has been successfully used to
screen large OBOC libraries against protein targets, it has
several drawbacks.2 For example, it requires several binding
events, increasing the risk of identifying false positives, as
nonspecic binding between the library beads and antibodies
or magnetic beads is possible. Similarly, the primary hits must
bind the protein of interest signicantly as a strong interaction
between the protein and resin is required to withstand the
multiple wash and binding steps. Finally, hits cannot be readily
prioritized from this method, as there is no indication of the
lecular Pharmacology, Purdue University,
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tion (ESI) available. See DOI:

01
strength of the binding between the target and the ligand until
the re-synthesis of the ligand from the resin bead followed by
additional experiments to quantitate the binding interaction.
This slows the validation process, as all ligands from the screen
must be further tested to evaluate their binding to a target
protein. While the development and screening of DNA encoded
libraries has greatly advanced the abilities to screen large ligand
libraries and with some methods can prioritize hits, signicant
expertise in the decoding of the hits and the data analysis is
required.4–6

In an effort to overcome the limitations of screening with
magnetic beads and to develop a ligand identication method
broadly applicable to non-screening experts, attention has been
turned to the incorporation of uorophores in OBOC screening
methods. Recently, methods utilizing quantum dots conjugated
to streptavidin have undergone development.7 The target
protein labeled with biotin is allowed to interact with a library
bead, then streptavidin-conjugated quantum dots bind the
target protein. Fluorescence produced by the quantum dot can
be visualized under a microscope to evaluate binding of the
protein to a ligand on bead. Other methods that utilize auto-
mated confocal nanoscanning and other uorescent-based
imaging techniques have been developed in an effort to make
OBOC screening techniques more quantitative.8–11 Similarly,
methods to print chemical libraries on glass slides and allowing
uorescently labeled protein to bind have also been developed,
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra10976b&domain=pdf&date_stamp=2021-04-01
http://orcid.org/0000-0002-0607-1243
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10976b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011021


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 3

0/
01

/2
02

6 
4:

16
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
but are limited in the types of small molecules that can be
screened.12 Although these methods overcome some of the
limitations of magnetic beads, the emission of uorophores
utilized by these techniques oen overlap with auto-
uorescence produced by the biological target or the intrinsic
uorescence produced by the bead. To overcome this, other
groups have investigated the use of uorophores that emit at
long wavelengths to reduce autouorescence produced by the
protein and bead.13 In an effort to build upon currently available
screening methods, we recently reported an OBOC screening
technique that utilizes proteins conjugated to near-infrared
range (NIR) uorophores.14 Briey, beads of an OBOC library
are individually separated into the wells of a 96-well plate and
blocked with protein blocking buffer. Puried target protein is
then labeled with a NIR uorophore and incubated with library
beads. Beads are then rinsed, and the plate is imaged for NIR
uorescence. The uorescence intensities resulting from the
labeled protein binding the small molecule on-bead can be
quantied and provide a basis to rank hits (Fig. 1). We validated
our screening conditions by comparing ligands of carbonic
anhydrase with varying binding affinities. The amount of uo-
rescence observed on the bead with our method correlated with
the known KD values of the ligands in solution.14,15

Here, we report the successful application of this method to
discover a new ligand to the protein gankyrin by screening a 343-
member OBOC covalent peptoid library. Gankyrin is known to be
overexpressed in several cancers including types of breast, liver,
and colorectal.16–18 When gankyrin is overexpressed, it interacts
Fig. 1 Screening scheme. Our screening method involves individually
separating OBOC library beads into the wells of a 96-well plate. The
target protein is then labeled with a NIR fluorophore and incubates
with library beads. The plate is then imaged for fluorescence. Fluo-
rescence intensities produced by the protein binding the bead are
quantitated and provide a basis to rank hits.

© 2021 The Author(s). Published by the Royal Society of Chemistry
with the E3 ligase MDM2 and promotes ubiquitination and
subsequent degradation of p53, a key cell cycle regulating
protein.19 Overexpression of gankyrin also promotes degradation
of retinoblastoma protein, leading to cell cycle dysregulation and
uncontrolled proliferation.20 A small molecule inhibitor of gan-
kyrin was recently described and was shown to stabilize p53.21

In an effort to expand upon the small molecule probes
available to study the role of gankyrin, we screened the protein
against a peptoid library that contained a sulfonyl uoride
group using our OBOC screening technique. The screen against
gankyrin produced ten initial hits. In-gel uorescence valida-
tion experiments produced one validated hit. Excitingly, this hit
bound gankyrin in HEK 293T cell lysate, indicating it could be
further developed into a probe to monitor gankyrin expression
in cells. These results indicate our screening method could be
used to identify small molecule binders to many different target
proteins. Since the activity of the protein does not need to be
known, the pool of proteins that can be screened is vast. Addi-
tionally, prioritization of hits allows for expedited validation, as
only small molecules that provide high uorescence intensities
can be readily selected, decreasing the resources required to
conrm primary hits.
Experimental details
Library synthesis

90 mmTentaGel resin was swollen in dimethylformamide (DMF)
followed by dichloromethane (DCM) and a linker structure was
synthesized on the resin prior to creating the library to establish
physical space between the bead and the small molecule and to
assist in identication of the peptoids (see ESI† for the detailed
protocol) (Fig. 2A).2 Standard solid phase peptide and peptoid
chemistry was used to synthesize both the linker and the OBOC
library.22,23 The split and pool method was utilized to synthesize
the library in which, aer activation with a 2 M bromoacetic
acid (BAA) and 1 M N,N0-diisopropylcarbodiimide (DIC) solu-
tion, resin was roughly equally divided into seven fritted
syringes. 1 M stocks of position one amines were prepared in
dry DMF and added to one of the syringes (Fig. 2B). Amines
coupled for one hour at 37 �C. Resin was then washed with dry
DMF and combined back into one syringe and activated for the
next amine. This process was repeated for all listed amines. For
position three, resin was not split into separate syringes, as only
one amine was used. The amines in position four were coupled
as described above. When synthesis of the library was complete,
the Pbf group on the arginine of the linker was removed by
agitating the resin in a 95% triuoroacetic acid (TFA), 2.5%
triisoproylsilane (TIPS), 2.5% DCM solution for one hour. The
resin was then washed three times with DMF followed by three
washes with DCM. The resin was stored at 4 �C until use (see
ESI† for full procedure).
Gankyirn purication and labeling with a NIR uorophore

The pQTEV-PSMD10 was a gi from Konrad Buessow (Addgene
plasmid # 31332; http://n2t.net/addgene:31332; RRID:Addg-
ene_31332).24 This plasmid for bacterial expression of His6-
RSC Adv., 2021, 11, 12794–12801 | 12795
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Fig. 2 OBOC library design. (A) Structure of the linker (red) and pep-
toid scaffold. The arginine residue on the linker provides the necessary
charge to ionize peptoids during MALDI-TOF analysis. The bromo-
phenethylamine provides a unique isotope pattern for identification of
peptoid fragments by MALDI-TOF. (B) Amines selected for each
position of the peptoid library. Only one amine, 4-(2-aminoethyl)
benzensulfonyl fluoride, was coupled at position three to facilitate
covalent binding of the peptoid to the target.
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labeled gankyrin was transformed into a Rosetta competent
bacteria cell line for subsequent expression and purication.
The plasmid was acquired from Addgene. A starter culture of
bacteria was grown overnight, then added to 1 L of sterilized
Luria-Bertani (LB) broth with ampicillin and chloramphenicol.
Bacteria grew until an OD600 of 0.6–0.8 was reached and protein
expression was induced with the addition of isopropyl b-D-1-
thiogalactopyranoside (IPTG). Bacteria were lysed and His-
tagged gankyrin was bound to HisPur Ni-NTA resin then
eluted with an imidazole gradient. Fractions of the gradient
were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and the gel was subsequently
stained with Coomassie. Fractions containing pure gankyrin
were collected and dialyzed overnight in phosphate-buffered
saline (PBS) at 4 �C. Protein was concentrated to 1 mg mL�1

and stored at 4 �C for up to three days before use.
1 mg of gankyrin was labeled with the NIR uorophore by

using an IRDye 800CW Protein Labeling Kit purchased from LI-
COR. Protein in PBS buffer was brought to a pH of 8.5 by adding
1 M potassium phosphate, pH 9.0. A vial of NIR uorophore was
then thawed and dissolved in ultrapure water. The correct
amount of dye was calculated through the manufacturer's
protocol and added to the protein. This incubated for 2 hours at
4 �C and excess dye was removed by passing the labeled protein
through a desalting column. Absorbance of the labeled protein
at 280 and 780 nm was determined to calculate the protein : -
uorophore ratio. The protein was then aliquoted and stored at
�20 �C and thawed on ice before use.
General screening scheme

Beads of the OBOC library were swollen in PBS (see ESI† for full
procedure) then individually separated into the wells of a black
12796 | RSC Adv., 2021, 11, 12794–12801
96-well plate with a clear bottom. Beads were blocked with
protein blocking buffer for 30 minutes at room temperature.
Labeled gankyrin was thawed and diluted in protein blocking
buffer and 0.6 ng was added to each well containing a library
bead. The nal volume in each well was 50 mL. The protein
incubated with the beads overnight at 4 �C with gentle agitation,
protected from light. The following day, the protein solution
was removed, and the beads were washed with PBS to remove
excess protein. The beads were then resuspended in PBS and
the plate was imaged for NIR uorescence with a LI-COR
Odyssey CLx imaging system. Fluorescence intensity from
each bead was quantied using ImageStudio soware from LI-
COR.

Two screens of 424 beads of the 343 compound OBOC library
were conducted against gankyrin. The top 5% of uorescence
intensities from each screen were considered hits. These beads
were separated into the wells of chemical resistant 96-well plate.
Bound protein was removed by adding increasingly organic
solvents to the beads and allowing them to agitate at room
temperature (see ESI† for full procedure). The peptoids were
cleaved from the beads by agitating with a cyanogen bromide
cocktail overnight. The plate was then dried and the cleaved
product was resuspended in a water/acetonitrile solution and
spotted with matrix on a plate for MALDI-TOF analysis. Struc-
tures of the hits from both screens were identied and
compiled. Overlapping structures in which similar amines were
present at similar positions between the two screens were
selected for further study. This analysis lead to ten primary hits
that required validation.
Peptoid synthesis for validation experiments

An in-gel uorescence assay was used for validation in which
uorescently labeled ligands incubated with puried gan-
kyrin. A linker containing a monomethyoxytrityl (MMT)-
protected cysteine residue for later attachment of uorescein
via a maleimide group was synthesized on high loading rink
amide resin (see ESI† for full procedure). Hit structures were
synthesized on this linker using the procedure described in
the library synthesis section. Briey, resin was activated by
adding a premixed solution of 2 M BAA and 1 M DIC and
allowing this to agitate for 15 minutes at 37 �C. The rst amine
of the structure was then diluted in dry DMF to achieve a 1 M
concentration and this was added to the resin aer draining
the activation solution. The amine was coupled to the resin for
1 hour at 37 �C. The resin was then washed with dry DMF and
the cycle of adding the activating solution followed by the
amine was repeated with all remaining amines. Aer synthesis
was complete, the MMT was removed from the cysteine to
couple the uorescein by agitating resin in a 2% TFA solution
in DCM. The pH of the resin was then neutralized by washing
with a 10% N,N-diisopropylethylamine (DIPEA) solution in
DCM. Next, uorescein maleimide was dissolved in DMF and
added to the resin. This coupled for 2 hours at room temper-
ature, protected from light. The resin was then rinsed with
DMF followed by DCM. Resin was stored at 4 �C, protected
from light until purication.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The uorescently labeled peptoid was cleaved from the resin
by adding a 95% TFA cocktail (see ESI† for full procedure). The
solution was collected and TFA was evaporated by blowing
argon on the product. The product was then resuspended in 50/
50 water/acetonitrile with 0.1% TFA and puried by reverse
phase high performance liquid chromatography (HPLC). Frac-
tions were run on an Agilent single quadrupole liquid chro-
matography mass spectrometry (LC/MS) system to conrm
purity and the peptoid's identity. Fractions from the HPLC
containing pure product were then combine and lyophilized to
obtain powder. The product was stored at �20 �C protected
from light until use.

In-gel uorescence validation assay

A small amount of puried uorescently labeled negative
control or hit ligand were scrapped from the vial and dissolved
in dimethyl sulfoxide (DMSO). A fraction of this was diluted
1 : 100 in PBS and the concentration was determined by
measuring the absorbance of the solution at 494 nm and using
Beer's Law with the molar extinction coefficient of uorescein.
Ligands were then further diluted in DMSO to achieve stocks
such that the nal concentrations of the negative control or test
ligand would be 20 mM, 8 mM, 1 mM, or 0.1 mM in the sample.
Gankyrin was puried as described above and diluted in PBS to
achieve the desired concentration. 1 mL of each ligand at each
concentration was added to 49 mL of diluted gankyrin. The nal
amount of gankyrin in each sample was 500 ng. Samples
incubated for 3 hours at 4 �C with gentle rotation, protected
from light. The binding between gankyrin and the ligands was
stopped by adding 20 mL of a 4� Laemmli buffer and heating at
95 �C for 5 minutes. 50 mL of the samples were then subjected
SDS-PAGE. Gels were washed three times with ultrapure water
then imaged for uorescence with an Azure Sapphire Biomo-
lecular Imager system. Fluorescence intensities that resulted
from the labeled ligand or negative control binding gankyrin
were quantied using ImageStudio soware from LI-COR.

Pulldown of gankyrin in spiked HEK 293T cell lysate

Human Embryonic Kidney (HEK) 293T cells were maintained in
Dulbecco's Modied Eagle Medium (DMEM) supplemented
with 10% Fetal Bovine Serum (FBS) at 37 �C with 5% CO2. Cells
were pelleted at 1000 � g and washed once with PBS. Cells were
lysed with Mammalian Protein Extraction Reagent (MPER)
supplemented with HALT protease inhibitor (see ESI† for full
protocol) and centrifuged at 4 �C to clarify the lysate. Protein
concentration of the lysate was determined by measuring
absorbance at 280 nm with a NanoDrop One system. Lysate was
diluted in PBS and puried gankyrin was added to a nal
concentration of 1% of the total protein. The nal amount of
gankyrin in the sample was 500 ng with a total protein amount
of 50 000 ng per sample. A small amount of uorescently
labeled negative control or ligand was scrapped from the vial
and dissolved in DMSO. The concentration of the ligands was
determined as described above and the ligands were further
diluted in DMSO such that the nal concentration would be 8
mM in the sample. 1 mL of the uorescently labeled negative
© 2021 The Author(s). Published by the Royal Society of Chemistry
control or test ligand was added to the gankyrin-spiked lysate.
The nal volume of each sample was 50 mL. Samples were
incubated at 4 �C for 3 hours with gentle rotation, protected
from light. 20 mL of 4� Laemmli buffer was then added to each
sample and samples were heated at 95 �C for 5 minutes.
Samples were subjected to SDS-PAGE and imaged for uores-
cence with an Azure Sapphire Biomolecular Imager. Bands with
the highest uorescence intensities were excised with a clean
razor blade and the gel was rescanned to ensure the bands were
completely removed. These samples were sent to the Purdue
Proteomics Facility for analysis to determine the identity of the
protein bound to the ligand.

Results
Screening gankyrin against an OBOC covalent library

With our screening method previously optimized,14 we turned
our attention to screening a protein of interest against an OBOC
library. The oncoprotein gankyrin was selected as our target
protein. When gankyrin is overexpressed, it forms abnormal
protein–protein interactions which leads to degradation of cell
cycle regulating proteins.25 It was also chosen as a target
because it has several serine and tyrosine residues throughout
its sequence that could covalently bind a peptoid library that
contained the sulfonyl uoride moiety. A 343-member OBOC
peptoid library was synthesized as describe above using stan-
dard solid phase peptoid synthesis.22 A linker structure was rst
synthesized on the resin to aid in identication of the peptoids
by MALDI-TOF (Fig. 2A).2 The library was composed of three
positions occupied by one of seven amines. Amines were
selected at random for positions one, two, and four (Fig. 2B).
The third position contained a sulfonyl uoride moiety, which
can bind covalently to amino acid residues such as threonine
and serine.26

Gankyrin was puried and labeled with a NIR-emitting u-
orophore (ESI Fig. S1†). Beads of the OBOC library were indi-
vidually separated into the wells of black 96-well plate with
a clear bottom followed by 0.6 ng of labeled protein diluted in
blocking buffer was added to each well. While our protein of
interest was gankyrin, the labeling of a protein with a NIR-dye
should be broadly applicable to other proteins of interest.
Beads were washed to remove excess protein and plates were
imaged for NIR-uorescence with a LI-COR Odyssey CLx
imaging system (Fig. 3). Importantly, the resolution of the
instrument was set to 81 mm to facilitate better visualization of
individual beads in each well, as the beads are an average of 90
mm in diameter. Clear differences in the uorescence intensities
of the beads were observed, indicating that gankyrin bound the
small molecules attached to the resin beads to different extents
(Fig. 3). Some wells contained beads that resulted in very low
uorescence intensities aer interacting with labeled gankyrin,
indicating weak binding between the protein and small mole-
cule. However, some beads resulted in very high uorescence
intensities, indicating a signicant amount of gankyrin bound
the small molecule on-bead. The best potential ligands will be
able to bind multiple gankyrin proteins, leading to an increase
in uorescent signal. The uorescence intensities that resulted
RSC Adv., 2021, 11, 12794–12801 | 12797
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Fig. 3 Screening an OBOC Library Against NIR-Labeled Gankyrin. 424
beads of the OBOC were separated in the wells of a 96-well plate and
blockedwith protein blocking buffer. Purified gankyrin was conjugated
to the NIR fluorophore, diluted in blocking buffer and added to each
well. The beads were then rinsed with PBS and imaged as shown
above. Yellow circles represent the outline of individual wells of a 96-
well plate. Zoomed in images of beads with small molecules repre-
senting a weak, good, and excellent binder are shown. Fluorescence
intensities that resulted from labeled protein binding the bead were
quantified and ranked. The screen was performed twice.
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from the labeled protein binding the small molecule on-bead
were quantied and ranked. Two screens of 424 beads of the
library against gankyrin were performed. Fluorescent signal
from the beads were ranked, and the top 5% were moved
forward to identify their structures.

Hit beads were removed from their corresponding wells in
the screening plates and transferred to chemical resistant plate
to cleave the peptoid from the resin bead. Structures were
identied using a MALDI TOF/TOF as described above (ESI
Appendix S1†). Structures that were successfully identied from
both screens were compiled and analyzed. We noticed several
overlapping structures between the two screens in which
similar amines were present at the same position. This indi-
cated that these amines were likely important to binding gan-
kyrin. A total of ten overlapping structures between the two
screens were identied and pursued for further validation using
an in-gel uorescence assay. By limiting the primary hit pool to
only those beads that produced a signicant uorescent signal
in the replicate screenings and analyzing which amine mono-
mers were present the most in the hits, we only needed to re-
synthesize and validate ten molecules.
Validation of hits with an in-gel uorescence assay

For validation, we selected an in-gel uorescence assay in which
uorescently labeled ligands were incubated with puried
gankyrin. We assumed that the best binders to gankyrin were
through a covalent linkage via the sulfonyl uoride moiety in
the third position of each ligand and hypothesized the binding
12798 | RSC Adv., 2021, 11, 12794–12801
would withstand SDS-PAGE analysis. The gel could then be
imaged for uorescence and the amount of binding could be
quantitated based on the gel band signal. All ten hit structures
were resynthesized on resin with a linker conjugated to uo-
rescein (Fig. 4A). As a negative control, a peptoid was synthe-
sized containing amines that were present in library but were
not observed in any of the hit structures (Fig. 4A). Importantly,
the negative control also had the sulfonyl uoride in the third
position, so we could determine how much, if any, of the
binding was due to a non-specic covalent interaction. All
ligands and the negative control were puried by HPLC prior to
use (ESI Appendix S2†).

Fluorescently labeled ligands were diluted such that the nal
concentration in each sample would range from 20–0.1 mM and
incubated with puried gankyrin. Aer incubation, the reaction
was quenched by adding laemmli buffer and heating. Samples
were then subjected to SDS-PAGE and the gels were imaged for
uorescence (Fig. 4B). We expected to nd that validated hits
would produce uorescent protein bands with higher intensi-
ties than the negative control at each concentration tested. This
would indicate that the amines were playing an important role
in the binding interaction.

Many of our ligands were not validated as hits, as the uo-
rescence intensities that resulted from the labeled ligand
binding the protein were not greater than those produced by
binding of the negative control (Fig. 4B & ESI Fig. S2†). However,
one peptoid did produce signicantly higher uorescence
intensities than the negative control, TMM-6. The in-gel uo-
rescence experiment with TMM-6 was conducted in experi-
mental triplicate to validate this initial result (ESI Fig. S3†).
Fluorescence intensities of each protein band produced by
TMM-6 binding gankyrin were quantied. This was then
normalized for each replicate of the experiment by dividing the
uorescent signal from each concentration by the signal
produced by incubating DMSO with gankyrin. The normalized
data for each concentration of the three replicates was graphed,
revealing that TMM-6 produced signicantly higher signal than
the negative control at every concentration tested (Fig. 4C).
TMM-6 was the only peptoid of the 10 hits that produced
a signicantly higher signal than the negative control, vali-
dating it as a binder.

To ensure the uorescein tag was not responsible for
binding of the TMM-6 to the protein, a nonuorescent version
of the ligand was synthesized and puried. A competition
experiment was conducted in which either labeled or unlabeled
TMM-6 was incubated with puried gankyrin. The second
ligand was then added and allowed to react. Samples were
subjected to SDS-PAGE and the gel was imaged for uorescence
(ESI Fig. S4†). We observed that binding of the uorescent
TMM-6 to gankyrin was signicantly lower when the unlabeled
ligand was added rst, indicating that binding between the
ligand and gankyrin is not dependent on the uoresceinmoiety.
As an additional control to ensure that binding observed by
SDS-PAGE was the result of a covalent linkage of the ligand to
the protein and not other nonspecic interactions, a uo-
rescently labeled version of TMM-6 without the sulfonyl uoride
moiety was synthesized by exchanging the 4-(2-aminoethyl)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Validation of hits from the Initial Screen. (A) Structures of the negative control and examples of hits from the initial screen, TMM-1 and
TMM-6. Each peptoid was synthesized on a linker in which fluorescein was coupled to fluorescently label the ligands. The negative control was
composed of amines that were present in the initial screen, but not identified in any of the hit structures. The amine that facilitates covalent
binding was retained in the third position of the negative control. (B) Varying concentration of each labeled ligand or the negative control were
incubatedwith 500 ng of purified gankyrin for 3 hours at 4 �C. Since the interaction between the ligands and gankyrin is covalent, it can withstand
SDS-PAGE analysis. Gels were then imaged, revealing fluorescing protein bands which demonstrated that the ligands had bound gankyrin. TMM-
1 was not a valid hit, as the bands produced by the ligand binding gankyrin are less intense than those produced by the negative control. TMM-6
produced more intense bands than the negative control, indicating that it is a true hit. (C) The in-gel fluorescence experiment was performed in
experimental triplicate with TMM-6. The signal of the fluorescent protein bands was quantified at each concentration of ligand and normalized to
a DMSO control sample. This data was then compiled and graphed as shown. TMM-6 was identified as a true hit because it produced higher
fluorescence intensities after binding gankyrin than the negative control at every tested concentration. 2-way ANOVA analysis: *p < 0.05, **p <
0.01, ***p < 0.005.
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benzensulfonyl uoride for 2-phenylethylamine. 2-Phenyleth-
ylamine is very similar in structure to 4-(2-aminoethyl)benzen-
sulfonyl uoride, but the sulfonyl uoride is not present,
therefore no covalent interaction between this version of TMM-
6 and gankyrin can occur. The noncovalent or covalent ligand
were incubated with puried gankyrin and subjected to SDS-
PAGE (ESI Fig. S5†). Each sample was prepared in triplicate
and the uorescence intensities of the resulting protein bands
were quantied. As expected, protein incubated with TMM-6
containing the 2-phenylethylamine produced very low uores-
cence intensities, indicating that nonspecic interactions
between TMM-6 and gankyrin were not responsible for the
observed uorescent bands. Conversely, samples in which
protein was incubated with the uorescently labeled TMM-6
with the amine that facilitates covalent binding showed
signicantly higher uorescence intensities than incubation
with the noncovalent versions (ESI Fig. S5†). Taken together,
this data indicates that covalent binding of the ligand to the
gankyrin aer interacting with the sulfonyl uoride moiety.
Detecting gankyrin in spiked HEK 293T cell lysate

Aer identifying TMM-6 as our lead compound, we next sought
to determine the specicity of this ligand to gankyrin. To
explore this, lysate from HEK 293T cells was spiked with
© 2021 The Author(s). Published by the Royal Society of Chemistry
puried gankyrin. Gankyrin was added to the lysate such that it
was 1% of the total protein concentration. Then, uorescently
labeled TMM-6 was added to the spiked lysate to a nal
concentration of 8 mM. As a control, 8 mM of the uorescently
labeled negative control peptoid was also added to samples of
spiked lysate. Aer incubation, samples were subjected to SDS-
PAGE and the gel was imaged for uorescence (Fig. 5A). Two
intense uorescent bands were observed aer the addition of
TMM-6, indicating that it had strongly bound two proteins in
the spiked lysate sample. Both sets of bands were excised from
the gel for proteomics analysis to determine the identity of the
proteins. Excitingly, proteomics analysis revealed that both
bands were predominately composed of gankyrin (Fig. 5B). In
addition to having moderate sequence coverage of gankyrin in
each set of bands, each displayed high MS/MS counts of 43 and
45, respectively, indicating that gankyrin was the most abun-
dant protein in the excised samples. The larger molecular
weight band is likely to be a ubiquitinated variant of gankyrin or
gankyrin contained within a protein–protein complex that did
not completely denature on the SDS-PAGE gel. Other less
intense bands were observed in samples incubated with both
TMM-6 and the negative control, indicating that some
nonspecic binding to other proteins in the lysate occurred.
However, the most prominent uorescing bands in the TMM-6
RSC Adv., 2021, 11, 12794–12801 | 12799
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Fig. 5 TMM-6 predominately binds gankyrin in spiked HEK 293T cell
lysate. Purified gankyirn was added to HEK 293T cell lysate such that it
was 1% of the total protein concentration. Fluorescently labeled TMM-
6 or negative control was added to the spiked lysate samples to a final
concentration of 8 mM. Ligands reacted with lysate proteins for 3 hours
at 4 �C. (A) Samples were then subjected to SDS-PAGE and the gel was
imaged for fluorescence. Two intense bands resulted from the addi-
tion of TMM-6, indicating the ligand strongly bound two proteins.
These bands were not as pronounced in the samples dosed with the
negative control. (B) The two highlighted bands were excised from the
gel and proteomics analysis was performed to determine the identity
of the proteins. Gankyrin was the most predominate protein in both
bands. 60.6% and 49.6% of gankyrin's sequence as identified in the
bands, respectively. Both bands had high MS/MS counts correspond-
ing to gankyrin.
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samples were most abundantly composed of gankyrin and these
bands were not as intense in the negative control sample. Some
nonspecic binding of TMM-6 to other proteins was antici-
pated, as the sulfonyl uoride will facilitate covalent linkage to
serine and threonine residues present in other proteins in the
sample. However, the extent of nonspecic binding of TMM-6
was moderately low compared to its binding to gankyrin, indi-
cating moderate specicity of TMM-6 to the oncoprotein.
Conclusions

We have recently developed the framework to screen OBOC
libraries against biological targets of interest in which hits can
be prioritized from the initial screen. Here, we demonstrate
successful application of this technology by screening the
oncoprotein gankyrin against a 343-member peptoid library
bearing an amine that facilitates covalent linkage of the ligand
to a protein. Our results demonstrate that our developed OBOC
screening and prioritization method can be used as a rapid way
to identify novel small molecule binders of target proteins. Aer
screening the library twice and analyzing the amine monomers
at each position, we had ten primary hits. From these ten
primary hits, one validated to bind gankyrin selectively. We did
attempt to tag endogenously produced gankyrin in live HEK
12800 | RSC Adv., 2021, 11, 12794–12801
293T cells, but since gankyrin is rapidly degraded we could not
detect it despite using proteasome inhibitors.

To the best of our knowledge, this is the rst reported
covalent binder to gankyrin. Gankyrin was selected as a target
not only because it is an oncoprotein that forms novel protein–
protein interactions when over expressed, but it also does not
have an enzymatic function. Our screening method does not
require a measurable functional output of a protein, making
gankyrin an interesting target to validate our technique. The
successful identication of TMM-6 from our screen indicates
that the types of proteins that could be screened by this method
are vast. We believe this screening method can be used to
rapidly identify binders to other proteins implicated in disease
that do not have a known function or have a function that is
difficult to monitor. This technology could also be further
expanded to identify novel ligands on the surface of cancer cells
or overexpressed antibodies from serum. Expansion of this
screening technique will increase the types of biological targets
that can be screened against OBOC libraries and can provide
new small molecule probes to evaluate these targets.
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