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Protein painting, an optimized MS-based technique, reveals
functionally relevant interfaces of the PD-1/PD-L1 complex

and the YAP2/ZO-1 complex
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Protein—protein interactions lie at the heart of many biologi-
cal processes and therefore represent promising drug targets.
Despite this opportunity, identification of protein—protein
interfaces remains challenging. We have previously developed a
method that relies on coating protein surfaces with small-mol-
ecule dyes to discriminate between solvent-accessible protein
surfaces and hidden interface regions. Dye-bound, solvent-ac-
cessible protein regions resist trypsin digestion, whereas hidden
interface regions are revealed by denaturation and sequenced by
MS. The small-molecule dyes bind promiscuously and with high
affinity, but their binding mechanism is unknown. Here, we
report on the optimization of a novel dye probe used in protein
painting, Fast Blue B + naphthionic acid, and show that its affin-
ity for proteins strongly depends on hydrophobic moieties that
we call here “hydrophobic clamps.” We demonstrate the utility
of this probe by sequencing the protein—protein interaction
regions between the Hippo pathway protein Yes-associated pro-
tein 2 (YAP2) and tight junction protein 1 (TJP1 or ZO-1),
uncovering interactions via the known binding domain as well
as ZO-1’'s MAGUK domain and YAP’s N-terminal proline-rich
domain. Additionally, we demonstrate how residues predicted
by protein painting are present exclusively in the complex interface
and how these residues may guide the development of peptide
inhibitors using a case study of programmed cell death protein 1
(PD-1) and programmed cell death 1 ligand 1 (PD-L1). Inhibitors
designed around the PD-1/PD-L1 interface regions identified via
protein painting effectively disrupted complex formation, with the
most potent inhibitor having an IC,, of 5 pm.

Protein—protein interactions lie at the heart of signaling
pathways and are crucial interactions that influence many dis-
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ease states. However, despite their relevance to disease pathol-
ogy, protein—protein interactions have historically been infre-
quent targets of drug discovery efforts due to difficulties in
targeting the interaction interface (1). Lack of crystal structures
of a protein—protein complex of interest can make identifying
precise interface regions and interface topology difficult, not to
mention that crystal structures of protein—protein complexes
may not accurately depict the biological assembly due to non-
physiological crystallization conditions (2). Additionally, it is
often difficult to obtain crystal structures of conformationally
flexible or unstructured proteins without modifications to the
protein construct or co-crystallization with stabilizing ligands.
Furthermore, interface regions of protein complexes as identi-
fied by crystallography do not reveal which molecular interac-
tions between two proteins are most responsible for driving
affinity. Alanine scanning is the gold standard for determina-
tion of residues that contribute to binding affinity, but even
combinatorial alanine-scanning methods can be quite time-
consuming (3). Other noncrystallographic techniques for iden-
tification of protein—protein interfaces, such as hydroxy radical
labeling, hydrogen deuterium exchange, or chemical cross-
linking, can also be laborious and prone to false positives due to
nonphysiological solution conditions (4).

We have previously reported a new technique called protein
painting, shown in Fig. 1, that identifies protein—protein inter-
faces via binding of small-molecule dyes, or “paints” (5). In this
technique, preformed protein complexes are pulsed with
molecular paints that noncovalently coat the solvent-accessible
surface of the complex. The paints remain bound to the protein
during denaturation and inhibit digestion via trypsin, allowing
the protein—protein interaction fragments to be detected via
MS. Peptides that are identified in an unpainted protein sample,
yet are absent in a painted sample, represent sequences to
which molecular dyes have bound to prevent trypsinization,
and are considered the solvent-accessible peptide fragments. A
sample consisting of a preformed protein complex can then be
painted; peptides identified in the complexed sample, yet
absent in the painted protein sample alone, represent peptide
fragments that are solvent-accessible when the protein is alone
yet are solvent-inaccessible when a protein is complexed. These
peptides are the hot spots reported from the analysis. For pep-
tides to be considered absent from the sample, they must be

SASBMB

© 2019 Haymond et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0002-9553-275X
https://orcid.org/0000-0001-9292-1277
http://www.jbc.org/cgi/content/full/RA118.007310/DC1
mailto:ahaymond@gmu.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.007310&domain=pdf&date_stamp=2019-6-5

Interfaces of PD-1/PD-L1 and YAP2/ZO-1 revealed

{f

_—
Pulse protein Dye does not
complex bind to interface
with dye regions
Hotspot
regions
e / L/‘\
784
_— _

Mass spectrometry
sequencing of
interface peptides

Denaturation
with urea and
digestion with trypsin

EIAAFPED—ss
t

Hotspot
Identified: PD-1 residue K78

Figure 1. Protein painting methods reveal protein-protein interaction hot spots by blocking tryptic cleavage sites at noninterface regions using
molecular dyes. A, preformed protein complexes are pulsed with a great molar excess of small-molecule dyes. These dyes cover solvent-accessible surface
regions of the protein complex but cannot bind to the solvent-inaccessible interface regions. After the dye pulse, unbound dye is removed via gel filtration. B,
denaturation of the complex reveals the interface regions of the proteins that were previously solvent-inaccessible. Trypsin cleavage of arginine or lysine
residues that are not dye-bound (such as Lys-78 of PD-1) yields tryptic peptides that are sequenced by subsequent MS. Those peptides that are exclusively
found in samples consisting of a painted complex and absent in samples consisting of a painted individual protein are identified as hot spots of interaction.

unidentified within a 1% false discovery rate using Proteome
Discoverer with Sequest to search a protein database, where
mass tolerance for precursor ions is 5 ppm (Orbitrap Fusion) or
10 ppm (LTQ Orbitrap), and mass tolerance for fragment ions
is 0.06 Da. The key differentiators of this technique versus other
protein MS methods, such as hydroxy radical labeling or hydro-
gen deuterium exchange, are the native solution conditions
employed and small-molecule dyes utilized. These dyes nonco-
valently bind to native proteins with high affinity (k g, ~ 10~°
s~ !, whereas k,, ~ 10> M~ ' s~ ; see Fig. S4), remain bound to
the proteins following denaturation, and block trypsin cleavage
of peptide bonds (5). Using this technique, we have been able to
identify the unique techniques used by interleukin 1 (IL-1) ver-
sus interleukin-33 (IL-33)? to recruit interleukin-1 receptor
accessory protein (ILRAcP) in engaging their respective recep-
tors IL-R1 and ST2 (6). This finding is particularly significant,
given the fact that the crystallographic interfaces in the ternary
complex between IL-1, IL-R1, and ILRACcP are very similar to
those in the ternary complex of IL-33, ST2, and ILRAcP.

2 The abbreviations used are: IL, interleukin; ILRACP, interleukin-1 receptor
accessory protein; YAP, Yes-associated protein; ZO, zona occludens;
FBBNA, Fast Blue B + naphthionic acid; FBBHA, Fast Blue B + H-acid;
FBBLA, Fast Blue B + Laurent acid; FBBCA, Fast Blue B + Cleve acid; AO50,
Acid Orange 50; TB, trypan blue; DB199, Direct Blue 199; Peri acid, 1-amino-
8-naphthalenesulfonic acid; Laurent acid, 5-amino-1-naphthalenesulfonic
acid; Cleve acid, 1-naphthylamine-6-sulfonic acid; PDB, Protein Data Bank;
SH3, Src homology 3; TLC, thin-layer chromatography; PSM, peptide spec-
trum match; ACN, acetonitrile.
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However, despite the fact that protein painting has shown
great utility in identifying solvent-inaccessible interface regions
that are smaller than the crystallographic interfaces, there
remain a few unanswered questions about the method. First,
the mechanisms of dye-binding are currently unexplored,
including how the small-molecule dyes used in this method
bind to proteins with such high affinity and what properties
allow for the development of a dye that binds universally to
all protein complexes. Currently, every prospective complex
examined by protein painting is screened against multiple dif-
ferent dyes to optimize coverage, as there is no objective crite-
rion by which a dye can be chosen to ensure best coverage of a
specific protein. Obtaining a more complete understanding of
the mechanism by which these small-molecule dyes bind to
proteins, and how they remain bound during protein denatur-
ation, can lead to improved candidate dye structures with affin-
ity for many different protein surfaces. These new dye candi-
dates could be incorporated into the next generation of protein-
painting methodology to allow for more rapid screening of
different kinds of protein—protein complexes, enabling identi-
fication of additional drug targets.

In this study, we screened small-molecule dyes to identify
structural motifs common to those dyes with the highest cov-
erage and then used this information to develop a next-gener-
ation molecular dye probe. Using this new probe in our protein-
painting protocol, we investigated two clinically relevant
protein—protein interactions. First, we investigated the interac-
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tions between YAP, a core transcriptional regulator in the
Hippo pathway, and ZO-1, a scaffolding protein of the tight
junction. Neither of these proteins have proved amenable to
crystallography, especially given that YAP is thought to be
unstructured in the absence of a binding partner (7), yet the
complex could represent an important drug target. YAP has
been implicated in some cancers (8), macular degeneration (9),
and wound healing (10), such that understanding its interac-
tions could provide new drug targets for many different disease
states. YAP may have both pro-apoptotic and pro-proliferative
effects; YAP interaction with TEAD is shown to promote
expression of growth factors and support proliferation (11),
whereas YAP interaction with p73 promotes apoptosis (12).
Given YAP’s role as a “model of functional dichotomy,” as so
deemed by Sudol et al. (12), as well as the fact that YAP is
thought to be partially unstructured in its native state (7), drug
development for modulation of Hippo pathway signaling is
often focused on binding partners of YAP, such as TEAD,
rather than on YAP itself (11). YAP also interacts with the zona
occludens (ZO) family of proteins consisting of three isoforms,
Z0-1, ZO-2, and ZO-3, which form intracellular plaques that
join transmembrane proteins with the actin cytoskeleton at
tight junctions (13). ZO-2 was found to facilitate nuclear local-
ization of YAP and specifically was involved in regulating the
pro-apoptotic function of YAP2 (14).

Second, we chose to investigate the protein—protein inter-
face of PD-1 and PD-L1, the immune checkpoint complex used
by some cancer cells to evade immune recognition. Despite the
success of immune checkpoint inhibitors, there remain several
problems associated with antibody therapeutics. First, the large
size of mAb therapeutics can lead to poor tissue penetration,
especially considering the high cell densities and constricted
blood and lymphatic vessels in many dense tumors. This limits
access to the type of PD-L1-expressing tumors that respond
well to checkpoint inhibition (15). Additionally, mAb therapeu-
tics cannot be dosed orally (16), and difficulty in manufactur-
ing/validation make mAbs harder to produce than small mole-
cules (17). Side effects can also include detrimental immune
responses. Therefore, small molecules or peptides may repre-
sent the next generation of checkpoint inhibitors (18). Crystal-
lographic studies have shown that the PD-1/PD-L1 interface is
large and featureless, making targeted drug discovery using
small molecules relatively difficult (19). Identification of hot
spot regions in this interface may help guide further small-mol-
ecule drug discovery efforts toward particular regions essential
for complex formation. Taken together, these two case studies
demonstrate the use of protein painting to define solvent-inac-
cessible, protein-interaction hot spots in clinically relevant
complexes without a dependence on crystallographic structural
information.

Results

Development and optimization of azo protein dyes produces a
molecular dye, Fast Blue B + naphthionic acid (FBBNA), with
high-affinity binding

To identify motifs common to high-affinity dyes, we screened a
series of small dyes with the model proteins thyroglobulin and
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lysozyme to compare the number of bound dye molecules per
protein and identified differences in the maximum number of
bound molecules at equilibrium between different dye classes.
In our previous work, we identified from a screen of small-
molecule dyes a total of four compounds with suitably low off-
rates and high protein binding that could be used in protein
painting: Acid Orange 50 (AO50; CAS 10214-07-0), Reactive
Blue 19 (CAS 2580-78-1), Red 49 (CAS 5517-38-4), and Congo
Red (CAS 573-58-0) (5). These dyes were validated using the
model protein carbonic anhydrase, a small 29-kDa protein, and
of these, AO50 proved to be the most practical as its solutions
were stable over time at room temperature, and the dye was not
subject to self-aggregation like Congo Red. To identify new
candidate dye moieties most highly correlated to successful
protein binding, an iterative screen of small molecules of differ-
ent classes was conducted using the model proteins lysozyme
and thyroglobulin, representing very small (lysozyme = 14
kDa) and very large (thyroglobulin = 660 kDa) proteins, and
these results were compared with our previously identified
model dye, AO50. Each small molecule’s equilibrium binding
was examined under saturating dye conditions (100-fold molar
excess) to account for binding to high and low affinity sites on
the protein’s surface. For the first screen, we choose two differ-
ent classes of dyes to compare with AO50, a halogenated small-
molecule azo dye. Representing the diazo class of molecular
dyesis trypan blue (TB; CAS 72-57-1), a well-known dye used in
microscopy, and representing the phthalocyanine class of
molecular dyes is Direct Blue 199 (DB199, CAS 12222-04-7), a
water-soluble dye known to bind carbohydrates, which we have
previously validated binds to thyroglobulin via EM (Fig. S1).
As shown in Fig. 2, examination of these three dyes with
lysozyme and thyroglobulin revealed a few key insights into
optimization of dye binding. First, we examined the metallodye
Direct Blue 199 to determine whether metal ions might be an
important mediator of protein binding for this dye class.
Because the copper moiety of some phthalocyanine-based dyes
has been shown to be essential for carbohydrate binding (20),
we wondered whether these metal ions also had a strong effect
upon protein binding. If so, this could provide a lead into tuning
protein binding properties based on incorporated metal and could
provide new insights into mechanisms of protein binding. How-
ever, when Direct Blue 199 binding was compared both in the
absence and presence of copper sulfate, the number of molecules
bound per thyroglobulin molecule was unchanged. Because cop-
per sulfate was unable to reduce Direct Blue 199 binding through
competition, we propose that Direct Blue 199 binding is not pri-
marily mediated through the copper ion. Additionally, DB199
binding depended on the age of the dye; after 1 week, significantly
lower binding was observed. Preparations of DB199 were there-
fore prepared fresh every morning prior to experimentation. We
also were unable to detect significant Direct Blue 199 binding to
lysozyme. Acid Orange 50 conversely was able to bind both
lysozyme and thyroglobulin, with a comparable number of dye
molecules bound to thyroglobulin at equilibrium as DB199. Of the
molecules tested in Fig. 2, TB bound with the fewest molecules at
equilibrium to thyroglobulin and was unable to bind to lysozyme.
Unlike DB199, no reduction in binding over time was noted for
either TB or AO50 as the dye aged. TB is the most hydrophilic of
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Figure 2. Binding of commercially available molecular dyes reveals differences between dye classes. A, structure of commercially available dyes DB199,
AO50, and TB. B, DB199 binds to thyroglobulin, but not to lysozyme. Binding to thyroglobulin in the absence of CuSO, (15 molecules at equilibrium) is not
significantly greater than binding in the presence of CuSO, (16 molecules at equilibrium) in a competition assay, indicating the copper ion of DB199 is not
primarily responsible for binding affinity. Because the copper moiety of phthalocyanine dyes has been shown to be essential for binding to carbohydrates, lack
of involvement suggests that binding to proteins occurs through different mechanisms than binding to carbohydrates. C, Acid Orange 50 binds to both
thyroglobulin (15 molecules at equilibrium) and lysozyme (one molecule at equilibrium). D, trypan blue binds to thyroglobulin, but not to lysozyme. Binding
of trypan blue (three molecules at equilibrium) is reduced compared with either DB199 or AO50. All data points were collected in duplicate, and final data were
fit to the Michaelis-Menten equation, where V., represents the maximum number of bound dye molecules per protein molecule at equilibrium. Error bars,

S.D.

the first cohort of commercially available dyes tested, and this
hydrophilicity may reduce binding by rendering hydrophobic
pockets on the protein inaccessible to the dye.

To further explore the binding hypotheses raised by exami-
nation of DB199, AO50, and TB, a small series of dye analogs
were generated, which revealed that dye binding to the model
protein thyroglobulin had a strong dependence on both size
and hydrophobicity. Because both TB and AO50 contain an azo
linkage, further optimization of dyes could utilize azo coupling
reactions, where electrophilic aryl diazonium salts couple to
activated aromatic compounds, such as anilines or phenols,
favoring the para position if available and the ortho position if
not. Aryl diazonium compounds stabilized with salts such as
ZnCl, are commercially available as “fast dyes,” such that diazo-
tization does not have to be completed in-house. This chemis-
try has the advantage of compatibility with aqueous solvents
and can be completed in one step. Additionally, reaction pro-
gress is easy to monitor as color develops when the dye is
synthesized.

Two different fast dyes were used to synthesize new dye can-
didates. Fast Blue B was chosen to synthesize new diazo dyes, as
itis structurally similar to the core of TB and would test “larger”
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dye molecules, whereas Fast Red TR was halogenated like the
core of AO50 and was chosen to synthesize “smaller” dyes. Four
diverse coupling agents, 4-amino-1-naphthalenesulfonic acid
or naphthionic acid, 4-amino-5-hydroxy-2,7-naphthalenedis-
ulfonicacid or H-acid, 7-amino-1,3-naphthalenedisulfonic acid
or Amino G acid, and 2-napthol, were chosen to evaluate the
effect of hydrophobicity, primarily through sulfonate groups,
on dye binding. These compounds are common dye compo-
nents, with naphthionic acid a component of Congo Red,
H-acid a component of trypan blue and Direct Blue 15, and
2-napthol a component of the Sudan class of lipid-soluble dyes.
The dye candidates were synthesized at room temperature in
PBS, pH 7.4, with the exception that dyes prepared with H-acid
or 2-napthol were synthesized at basic pH to deprotonate the
alcohol group. The structures of each of the fast dyes and cou-
pling agents are presented in Table 1.

During synthesis, it became clear that the coupling agent
lacking a sulfonate moiety, 2-napthol, led to the production of
insoluble pigments rather than soluble dyes. Additionally, the
unbound dye product of Fast Blue B + Amino G acid could not
be removed from a painted protein by Sephadex gel filtration,
eliminating it from consideration as a protein-painting dye can-
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Table 1
Structures of candidate dyes based on AO50 and TB

Diazonium coupling agents Fast Blue B and Fast Red TR were each coupled to one
of four naphthalene coupling agents. Binding to thyroglobulin was only measurable
for Fast Blue B + naphthionic acid (FBBNA) and Fast Blue B + H-acid (FBBHA).

Fast Blue B Fast Red TR
- g cl NEN
Naphthionic Acid 'BBINAY FRNA
SolubleYBrown:Red! Soluble, Yellow

Bound to Thyroglobulin No Significant Binding

SOH

NH,
H-Acid IEBBH'AY JEREAY
H°3SS°3H Saflrifls, Derik Rl Soluflls, Derfk P
Bound to Thyroglobulin No Significant Binding
OH NH,
Amino G Acid FRAGA
SOsH Soluble, Tan
HoN
OO N/A No Significant Binding
SOH
2-Napthol BB2N
IDarkdBluelRigmend

OH

*Lack of sulfonate groups
makes dye insoluble in PBS*

*Lack of sulfonate groups
makes dye insoluble in PBS*

didate. The remaining five candidate dyes, FBBNA, Fast Blue
B + H-acid (FBBHA), Fast Red TR + naphthionic acid, Fast Red
TR + H-acid, and Fast Red TR + Amino G acid, were all eval-
uated for the number of bound dye molecules per molecule of
thyroglobulin as presented in Fig. 3. None of the Fast Red TR-
based dyes, including Fast Red TR + naphthionic acid, Fast Red
TR + H-acid, and Fast Red TR + Amino G acid, showed any
significant binding to thyroglobulin. Both FBBNA (Fig. 34) and
FBBHA (Fig. 3B) were shown to bind to thyroglobulin, where
FBBHA had a similar magnitude of bound molecules as TB at
equilibrium, which was anticipated based on the structural sim-
ilarity of TB versus FBBHA. FBBNA, however, had an unexpect-
edly high number of bound molecules to thyroglobulin at equi-
librium, with an almost 10-fold greater number than FBBHA,
and was chosen for further investigation. It was hypothesized
that the reduced hydrophilicity of naphthionic acid versus
H-acid may explain the increased binding of FBBNA versus
FBBHA.

To explore this hypothesis, Fast Blue B was coupled to three
additional isomers of naphthionic acid to investigate the effect
of the position of the sulfonate moiety on binding, which
revealed that reducing the hydrophobicity of the “ends” of the
dye molecule severely reduced the number of bound molecules.
Three additional analogs of FBBNA were prepared using the
coupling agents 1-amino-8-naphthalenesulfonic acid (Peri
acid), 5-amino-1-naphthalenesulfonic acid (Laurent acid), and
1-naphthylamine-6-sulfonic acid (1,6-Cleve’s acid, or Cleve
acid) coupled to Fast Blue B. The structures of these coupling
agents are shown in Table 2. All of the synthesized dyes were
soluble and of similar colors. We hypothesized that reducing
the hydrophobic area of the coupling agent, which we called the
hydrophobic “clamp” region, would reduce the binding of the
dye candidate. The “hydrophobic clamp” region was reduced in
Peri acid, Laurent acid, and Cleve acid as compared with
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naphthionic acid because the sulfonate moiety is coupled to
the opposite ring as the amine group. We hypothesized that
FBBNA would therefore bind in greater numbers to thyro-
globulin than FBBPA, FBBLA, or FBBCA.

As shown in Fig. 4, FBBNA retained the highest number of
bound molecules of the four candidate dyes tested, whereas
FBBCA had the lowest number of bound molecules, and
FBBPA and FBBLA bound at numbers between FBBNA
and FBBCA. This supports the hypothesis that not only is a
hydrophobic clamp important for binding to hydrophobic
pockets of the protein, but the presence of an unobstructed aryl
ring such as is found on FBBNA may allow for tighter m-stack-
ing interactions with aromatic amino acids. This is supported
by the reduction in the number of bound molecules seen for
FBBPA, because the sulfonate group and amine group of Peri
acid are substituted to opposite aryl rings of naphthalene.

Molecular dye mixture FBBNA binds to proteins of different
surface areas and remains significantly bound in the presence
of heat treatment

Given the high number of FBBNA molecules bound to thy-
roglobulin, we investigated the binding of FBBNA to a range of
other proteins and found that the number of bound dye mole-
cules was linearly dependent on the surface area of the protein.
For additional examination of FBBNA and its binding proper-
ties, we assembled a small series of standard proteins to be used
in subsequent experiments to better understand FBBNA’s
properties. Given in Table 3 are the six standard proteins exam-
ined with their molecular weight, Stokes radius, and calculated
surface area given. Additionally, a short description of the
experiments conducted for each protein is given for reference.
First, each of the proteins was examined for the number of
bound FBBNA or AO50 molecules at equilibrium to evaluate
the generalizability of the thyroglobulin-binding analysis. Fig.
5A shows that the number of bound molecules of FBBNA at 2 h
for each protein follows a linear surface area— dependent trend.
In contrast, whereas the number of bound Acid Orange 50 mol-
ecules was also dependent on surface area, this correlation was
not exact (R* = 0.99 for FBBNA and 0.74 for AO50), where BSA
was a significant outlier with a higher number of A050 mole-
cules bound than predicted. This confirms that FBBNA binds in
higher numbers than AO50 for several given proteins and may
be a good candidate as a next-generation protein-painting dye.
Because some proteins, such as apoferritin, are particularly sta-
ble and may need to be subjected to high temperatures to fully
denature prior to trypsinization and MS, it is important that a
protein-painting dye remain bound despite such treatment. To
test FBBNA’s binding properties at high temperature, the num-
ber of FBBNA molecules bound to apoferritin was examined
following heat denaturation of the protein. FBBNA remains
mostly bound to apoferritin following denaturation of the pro-
tein at 100 °C for 10 min, as shown in Fig. 5B. Whereas apofer-
ritin has an unusually high denaturation point, greater than
93 °C at pH 7 (21), the residual dye bound after such treatment
indicates that significant dye can remain bound upon thermal
denaturation.
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Table 2
Structures of candidate dyes based on FBBNA

Diazonium coupling agent Fast Blue B was coupled to each of the four structural
isomers of naphthionic acid. Binding to thyroglobulin was measurable for all four
dyes. For each coupling agent, potential sites of coupling to Fast Blue B are marked
with a red star, and the “hydrophobic clamp” region is marked with an orange box.

Fast Blue B

Naphthionic Acid BBNA
SOH SolubleYBrowntRed!
5%
| I Bound to Thyroglobulin
NH,
Peri Acid IEBB /AN

* Soluble¥Rink:Burplel

b
¥ s Bound to Thyroglobulin
HO;S  NH,
Laurent Acid EBBIFA
H
30s, SOlublcYPinIaRCd
so . Bound to Thyroglobulin
NH,
Cleve Acid

& Soluble}BrownzOrange

HO5S @ ‘

NH,

Bound to Thyroglobulin
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Amino acid affinity of FBBNA versus AO50

We further supported the hypothesis that FBBNA binds to
proteins partially through interactions with aryl residues by
examining the amino acid affinity of FBBNA and found that it
has affinity for tyrosine residues. Based on the affinity of
FBBNA for a wide variety of proteins and the evidence that the
hydrophobic component of FBBNA is important for binding,
we examined the affinity for both FBBNA and AOS50 for differ-
ent poly-amino acids. We hypothesized that both FBBNA and
AO50 would have affinity for positively charged amino acids
such as lysine through salt bridge interactions between the
amino groups of polylysine and the sulfonate groups of FBBNA
or AO50. If the hydrophobic clamp of FBBNA is important for
binding to proteins, it was hypothesized that the dye must have
affinity for aryl residues as well as positively charged ones. To
test this hypothesis, we compared the binding affinity of both
FBBNA and AO50 to both positively charged polymers (poly-
lysine), as well as neutral poly-glutamic acid and aromatic poly-
tyrosine and polymers of lysine with either tyrosine or pheny-
lalanine. As shown in Fig. 5C, FBBNA bound not only to
polylysine, but also to polytyrosine. Whereas FBBNA did not
bind to poly-glutamic acid, it did bind to a 1:1 polymer of glu-
tamic acid to tyrosine, showing the importance of tyrosine
binding. Moreover, a 1:1 polymer of lysine and tyrosine showed
the highest binding capacity of the polymers tested with
FBBNA. Interestingly, the 1:1 polymer of lysine to phenyla-
lanine did not show increased binding over lysine alone,
indicating that whereas FBBNA has affinity for tyrosine res-
idues, it does not have similar affinity for phenylalanine res-
idues. These data suggest that additional interactions, such
as hydrogen bonding to tyrosine hydroxyl groups, may be
important to explain these interactions. Conversely, AO50
was unable to bind to any polymer that did not contain
lysine, as shown in Fig. 5D, suggesting that salt bridge inter-
actions are potentially required for significant AO50 bind-
ing. The differences between these two binding mechanisms
suggest that there may be cases where the two dyes could act
in conjunction to bind different kinds of protein topologies
and could potentially be used in tandem to increase protein
dye coverage.

Based on the estimated importance of positive residues
and tyrosine residues for FBBNA or AO50 binding, we exam-
ined the frequency of positive amino acids and tyrosine res-
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Figure 4. Binding of candidate dye FBBNA compared with FBBPA, FBBLA, and FBBCA reveals the importance of the hydrophobic anchor region. As the
hydrophobic portion of each coupling agent is reduced, the number of bound molecules of the corresponding dye is reduced. All data points were collected
in duplicate and fit to the Michaelis-Menten equation, where V,,,, represents maximum number of bound molecules at equilibrium. FBBNA had the highest
number of molecules bound at equilibrium of the four candidate dyes tested. A, binding of FBBNA to thyroglobulin shows an average of 57 molecules bound
to each thyroglobulin molecule at equilibrium, as determined previously and shown in Fig. 3A. The graph is reproduced in this figure for direct comparison with
B, C, and D. B, binding of FBBPA to thyroglobulin shows an average of 37 molecules bound to each thyroglobulin molecule at equilibrium. C, binding of FBBLA
to thyroglobulin shows an average of 32 molecules bound to each thyroglobulin molecule at equilibrium. D, binding of FBBCA to thyroglobulin shows an

average of seven molecules bound to each thyroglobulin molecule at equilibrium. Error bars, S.D.

Table 3
Standard set of proteins of diverse sizes used to examine candidate dye binding
Uniprot Stokes  Surface
Protein name number Species Complexmass plI  radius area Reference Experiments conducted with protein
kDa nm nm?
Lysozyme B8YK79 Gallus gallus 16 (monomer)  9.36 1.89 44.89 53 Binding, Docking
(LY) Smaller size enables docking
Carbonic anhydrase ~ P00921 Bos taurus 29 (monomer) 641 235 69.40 54 Binding, Docking
(CA) Smaller size enables docking
BSA P02769 B. taurus 69 (monomer) 582 3.55 158.37 55 Binding, CD, Docking
Smaller size enables docking,
standard protein used for CD
Catalase P00432 B. taurus 240 (tetramer)  6.79 5.20 339.79 55 Binding
(CT)
Apoferritin P02791 Q8MIPO  Equus caballus 479 (24-mer) 537 6.10 467.59 55 Binding, Denaturation
(AF) Denatures at very high temperatures
Thyroglobulin P01267 B. taurus 660 (dimer) 548 8.58 925.09 22 Binding
(TG) Large size results in good

signal/noise ratio for binding
experiments

idues in our set of six standard proteins and compared this
with the distribution of these amino acids in vertebrate pro-
teins. As given in Fig. S2, we see that percentages of positive
residues and tyrosine residues are fairly consistent between
proteins, ranging from 9.21 to 14.7% positive residues and
from 2.04 to 3.64% tyrosine residues. This falls well in line
with the expected values from vertebrate proteins, which
average 11.4% positive residues and 3.3% tyrosine residues
(22).

Determination of the structure and binding properties of the
component compounds of FBBNA reveals the importance of
hydrophobic clamp for protein binding

We determined the structure of FBBNA to verify the
expected coupling of Fast Blue B to naphthionic acid. We iden-
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tified a side product consisting of one molecule of Fast Blue B
coupled to only one naphthionic acid group, which displayed
severely reduced binding to thyroglobulin. Naphthionic acid
can be represented by several resonance structures that lead to
a partial negative charge on three positions of the naphthalene
ring. The classical “activated” position is the ortho position to
the primary amine, which is where naphthionic acid is assumed
to couple to an aryl diazonium compound as in the case of the
dye Congo Red (23). However, side products consisting of com-
pounds coupling at alternative positions may also represent
unique, high-affinity dyes; they also provide a way to compare
small changes in structure to protein-binding properties. Addi-
tionally, partial products or residual starting material may
interfere with binding analysis. Therefore, we purified FBBNA
dye and determined its structure via NMR.
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Figure 5. FBBNA binds to multiple different proteins in a surface area- dependent manner, remains significantly bound even after heat treatment,
and binds to tyrosine residues in the absence of other positively charged residues. A, FBBNA binds to multiple proteins in a surface area-dependent
manner (R? = 0.99). Proteins examined include lysozyme (LY), carbonic anhydrase (CA), BSA, catalase (CT), apoferritin (AF), and thyroglobulin (TG) as described
in Table 3. Number of bound FBBNA molecules is not significantly affected by the presence of glycosylation (thyroglobulin) or metallo-binding prosthetic
groups (catalase) for this sample set. The number of bound AO50 molecules was not as highly correlated with surface area (R> = 0.74) as FBBNA, with a
particularly high number of AO50 molecules binding to BSA. Except for BSA and lysozyme, FBBNA bound in higher numbers to the proteins tested than did
AO50. B, the percentage of FBBNA dye bound to apoferritin decreased only slightly upon heating at 100 °C for 10 min. Dye was allowed to bind to apoferritin,
excess dye was removed by gel filtration, and then native samples were incubated at room temperature for 10 min, whereas heat denatured samples were
incubated at 100 °C for 10 min. Samples were subsequently passed through a second gel filtration column, and binding was compared. C, FBBNA dot-blot dye
binding to poly-amino acids reveals that FBBNA has affinity not only for positively charged samples, but also for poly-Tyr as well as poly-Tyr/Glu, emphasizing
the importance of non-salt-bridge interactions. Each bar represents the spot intensity for 12 individual spots as calculated by ImageJ, with one sample dot blot
shown for reference. D, AO50 dot-blot dye binding to poly-amino acids reveals that AO50 has affinity only for poly-amino acid samples that contain positively
charged residues, suggesting that salt bridge formation is essential for AO50 binding. Each bar represents the spot intensity for 12 individual spots as calculated
by ImagelJ, with one sample dot blot shown for reference. Error bars, S.D.

To isolate products of the reaction of Fast Blue B with naph-
thionic acid, synthesized FBBNA dye was examined via reverse-
phase TLC. Using a mobile phase of 60% MeOH, two primary
bands were observed at R, = 0.32 (orange-colored band,
FBBNA-ORANGE) and R, = 0.61 (pink-colored band, FBBNA-
PINK). These bands were separated via reverse-phase flash
chromatography, and each of the two compounds was exam-
ined for its protein binding capability as shown in Fig. 6. The
number of FBBNA-PINK molecules bound to thyroglobulin
was twice that of FBBNA-ORANGE to thyroglobulin, indicat-
ing that the pink band was the higher-affinity species in the
FBBNA dye. However, as the total binding of the two com-
pounds was roughly equal to the number of bound molecules of
the complex unpurified FBBNA dye to thyroglobulin, we can
hypothesize that these two species bind to unique sites on thy-
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roglobulin. The structures of both the pink band and the orange
band were determined via proton NMR, shown in Fig. 6C. The
FBBNA-PINK band was the expected primary product, in
which Fast Blue B couples to two molecules of naphthionic acid
at the ortho position to the activating amine group. FBBNA-
ORANGE was an incomplete reaction in which Fast Blue B only
coupled to one molecule of naphthionic acid, although cou-
pling still took place at the ortho position to the activating
amine on naphthionic acid. The most common decomposition
reaction of Fast Blue B is loss of a diazonium group as N,, which
indicates that FBBNA-ORANGE is likely the dye product of
naphthionic acid and a partially degraded Fast Blue B molecule.
What is particularly notable is the severe reduction in binding
when Fast Blue B is coupled to only one molecule of naphthi-
onic acid as compared with two. The number of bound mole-
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Figure 6. Binding of each component of candidate dye FBBNA reveals that >50% of binding is attributable to the hydrophobic anchor region. A, a
total of 48 molecules of the high-retention factor component of FBBNA, pink in color, bound to each molecule of thyroglobulin. B, a total of 14 molecules of the
low-retention factor component of FBBNA, orange in color, bound to each molecule of thyroglobulin. G, structures of FBBNA-PINK and FBBNA-ORANGE reveal

that FBBNA-ORANGE has one fewer coupling agent than FBBNA-PINK. Error bars, S.D.

cules was reduced by roughly 50% when thyroglobulin was
painted with FBBNA-ORANGE versus FBBNA-PINK. This
again highlights the extreme importance of the hydrophobic
clamp region of the dye, where the naphthionic acid molecule
can be thought to “dig into” the protein structure to interact
with hydrophobic or aryl residues and keep the dye bound to
the protein.

We docked the structures of FBBNA-PINK and AO50 into
the structures of lysozyme, carbonic anhydrase, and BSA to
compare predicted binding locations and found that both dyes
were predicted to bind in similar sites for each protein but dif-
fered in their binding affinity. To examine predicted binding
affinity and binding locations, we used the SwissDock web
server (24, 25). As shown in Fig. S3, both AO50 and FBBNA are
predicted to bind to similar locations on lysozyme, carbonic
anhydrase, or BSA based on the top docking positions. Each
docked position of the dye was associated with a separate
change in predicted Gibbs free energy of binding to the protein.
Whereas individual dye molecules binding to a protein will all
have different binding affinities, with high-affinity sites being
occupied prior to low-affinity sites, we decided to compare the
average Gibbs free energy change for a given molecule to a
protein using the predictions from our docking studies. When
we averaged the predicted change in Gibbs free energy of bind-
ing for each of the top 250 docked positions of a dye to a protein,
we found that the predicted average change in Gibbs free
energy was significantly different (p < 0.0001) for FBBNA bind-
ing versus AO50 binding for each protein. Lysozyme (average
AG = —8.06 kcal/mol for FBBNA binding versus AG = —6.97
kcal/mol for AO50 binding), carbonic anhydrase (average
AG = —9.13 kcal/mol for FBBNA binding versus AG = —8.03
kcal/mol for AO50 binding), and BSA (average AG = —9.50
kcal/mol for FBBNA binding versus AG = —8.33 kcal/mol for
AO50 binding) all showed significant differences. These data
suggest that whereas there may be individual AO50 molecules
that bind to high-affinity sites on a protein versus individual
FBBNA molecules that bind in lower-affinity sites, the binding
affinity of FBBNA on average is higher than that of AO50.

For comparison, we also determined the average AG value
for FBBNA binding to thyroglobulin by experimentally deter-
mining the average dissociation constant of FBBNA binding to
thyroglobulin and using this experimental value to calculate an
average AG for FBBNA binding to thyroglobulin. Whereas this
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average dissociation constant does not describe the dissocia-
tion of any one particular molecule of FBBNA from thyroglob-
ulin, it represents an estimated affinity if all bound FBBNA mol-
ecules are treated as a cohort. As given in Fig. $4, the average K,
value for FBBNA dissociation from thyroglobulin is 1.36 X
10~7 M, giving an experimentally determined AG = —9.42 kcal/
mol. This value is similar to the average AG values predicted
from the top docked positions using SwissDock for lysozyme,
carbonic anhydrase, and BSA.

Binding of molecular dyes AO50 and FBBNA protects bound
regions of proteins from denaturation by chemotropic agent
urea

To further characterize whether FBBNA is a suitable next-
generation protein-painting dye, we investigated FBBNA’s
effect on protein structure in the presence and absence of urea
and found that it stabilizes protein secondary structure. We
performed CD spectroscopy on native and denatured samples
of BSA in the presence and absence of FBBNA to determine the
extent of residual secondary structure. BSA has been used as a
standard protein in CD because of its strong signal in the far
ultraviolet due to its a-helical nature combined with its avail-
ability (26). In Fig. 7A, we observed that upon treatment with
FBBNA for 10 min, BSA was partially stabilized against dena-
turation at 2, 4, and 6 M urea. Additionally, the presence of
FBBNA did not affect the secondary structure of BSA, confirm-
ing its utility for protein-painting analysis. We additionally
examined the effect of FBBNA binding on protein denaturation
compared with AO50 as well as in conjunction with AO50.
Shown in Fig. 7B, both AO50 and FBBNA both were able to
partially stabilize BSA against denaturation and were able to do
so in conjunction as well. Based on Fig. 5 (C and D), suggesting
that FBBNA and AO50 bind with different amino acid specific-
ities, and based on Fig. 7B, suggesting that the two dyes can be
used in conjunction without interfering with the protection
provided by either, it may be prudent to combine the two dyes
for protein painting. We have previously observed that cover-
age from multiple dyes can be additive (5). Furthermore, the
discovery that both dyes offer some protection at 4 M urea in
addition to 2 M urea, the concentration employed in our pro-
tein-painting protocol, suggests that there may be situations in
which the protocol could be modified to utilize a 4 M denatur-
ation step. Both a 4 M denaturation step or a high-heat denatur-
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Figure 7. CD spectroscopy of BSA in the presence of molecular dyes shows stabilizing effect of FBBNA and AO50 in the presence of chaotropic agent
urea. A, native secondary structure of BSA (black solid line) does not change in the presence of FBBNA dye (gray dashed line). Denaturation at 2 m (green solid
line), 4 m (red solid line), and 6 m (blue solid line) is attenuated in the presence of FBBNA at 2 M (green dashed line), 4 m (red dashed line), and 6 m (blue dashed line)
as measured by an increase in helical content of the CD spectra. B, native secondary structure of BSA (black solid line) does not change in the presence of AO50
dye (orange dotted line) or the combination of AO50 and FBBNA (purple dotted line). Denaturation by 4 m urea is attenuated by FBBNA (red dashed line), AO50
(orange dashed line), and FBBNA + AO50 (purple dashed line) as compared with BSA denatured without dye (red solid line). C, mean residue ellipticity at 222 nm
was greater for BSA in the presence of FBBNA dye as compared with BSA alone at all urea concentrations tested. The greatest difference in magnitude was

observed at 4 m urea.

ation step (Fig. 5B) could represent future alternatives to
expand protein painting to difficult-to-denature proteins.
Additionally, these data shed light on the question of how the
protein-painting dyes are able to remain bound to proteins dur-
ing denaturation; they selectively protect regions of the protein
from denaturation.

Protein painting of Hippo signaling pathway proteins using
optimized dye FBBNA predicts hot spots for further probe
development

We validated our next-generation protein-painting dye,
FBBNA, by painting the complex of YAP2/ZO-1 and identify-
ing not only the canonical binding site, but also additional unre-
ported interactions. Interactions between ZO proteins and
YAP2 are facilitated by interaction between the first PDZ
domain of ZO proteins and the C-terminal PDZ-binding
domain of YAP2, the pentapeptide -FLTWL (14, 27). Given the
paucity of crystal structures of YAP with protein-binding part-
ners (28), likely due in part to YAP’s unstructured behavior in
solution, and the utility of protein painting in the absence of
crystallographic information, we utilized protein painting to
probe the YAP2/ZO-1 interface. We utilized FBBNA in con-
junction with AO50 as the protein-painting dye of choice.

We found two hot spots of ZO-1 (isoform a, NP_003248.3),
in complex with YAP2 (YAP 1-2 y,NP_001123617.1), shown in
Fig. 8. Tandem mass spectra of each hot spot of ZO-1 are given
in Fig. S5, whereas mass spectra of control peptides are given in
Fig. S6. To identify hot spot peptides, the identified peptides
from an unpainted, painted, and painted complexed sample are
compared; those peptides found in both the unpainted cohort
and the complexed cohort, but absent in the painted cohort,
constitute hot spot peptide hits. This analysis is shown for one
trial in Fig. S7A; each experiment was conducted in triplicate
with two technical replicates per trial. Fisher’s exact test
(Freeman—Halton extension; Fig. S7B) was used to determine
whether identification of the hot spot peptides was statistically
significant. Both identified hot spot peptides are highly con-
served in evolution (Fig. S8). The first hot spot, Arg-42, was
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found within the first PDZ domain of ZO-1, the canonical YAP
recognition site. Whereas the first PDZ domain of ZO-1 has not
been crystalized with the C-terminal binding domain of YAP,
structures of the first PDZ domain of ZO-1 in complex with
other C-terminal peptides are available. In Fig. S9, ZO-1 PDZ-1
bound to heptapeptide ligand WRRTTYL (PDB code 2H2B
(29)) shows that Arg-42 is bound in close proximity to the pep-
tide-binding cleft. In addition to this hot spot in the known
binding domain, we found one additional hot spot at Lys-592
directly between the SH3 domain and guanylate kinase—like
domain of ZO-1, within the documented calmodulin-binding
site. Due to the large number of binding partners of tight junc-
tion proteins, it is conceivable that multiple binding partners of
ZO proteins could have overlapping binding sites, such that
binding of two partners to ZO proteins is mutually exclusive.
Based on early protein-painting data, it is possible that YAP
binding and calmodulin binding to ZO-1 are mutually exclu-
sive; additional research into these regulatory questions is
ongoing.

In conjunction with the two hot spots identified on ZO-1,
three hot spots were identified on YAP2, as shown in Fig. 8.
Sequence coverage of the C-terminal region of YAP via MS was
suboptimal; no coverage was obtained from the region of the
protein containing the canonical ZO-1-binding domain, resi-
dues 441-504, due to lack of tryptic cleavage sites. Tandem
mass spectra of each hot spot of YAP2 are given in Fig. S10,
whereas mass spectra of control peptides are given in Fig. S11.
Analysis for one trial is given in Fig. S12A4; each experiment was
conducted in triplicate with two technical replicates per trial.
Fisher’s exact test (Freeman—Halton extension; Fig. S12B) was
used to determine whether identification of the hot spot pep-
tides was statistically significant. Interestingly, the three hot
spots obtained, Arg-89, Arg-161, and Arg-187, were not in
highly evolutionarily conserved regions. The first two hot spots
were found in the relatively unconserved, proline-rich N-termi-
nal region of the protein known to bind TEAD. Arg-187 is
found in the first WW domain of the protein known to bind
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Figure 8. Hot spots identified in the ZO-1/YAP2 complex by protein painting include sites both within the canonical binding site and in novel
interacting domains. A, ZO-1 is shown in light gray with PDZ domains highlighted red, SH3 domain highlighted orange, guanylate kinase-like domain high-
lighted in yellow, and ZU5 domain highlighted in brown. A selection of known binding partners are shown as tabs above the structure, with their binding regions
given as amino acid positions in ZO-1. All hot spots, given in red, were identified in three independent protein-painting experiments. Arg-42 is a hot spot in the
known binding site. B, YAP2 is shown in gray with WW domains highlighted red, SH3-binding domain highlighted orange, transcriptional activation domain
highlighted in yellow, and PDZ-binding domain highlighted in green. A selection of known binding partners are shown as tabs above the structure with their
binding regions given as amino acid positions in YAP2. All hot spots were identified in three independent protein-painting experiments and were found in the

N-terminal proline-rich domain.

LATS as well as Patched (7, 30). Sequence alignment given in
Fig. S13 shows the unconserved N-terminal region as well as the
location of the three identified hot spot peptides. It is tempting
to suppose that the Lys-592 hot spot identified near the SH3
domain of ZO-1 and the Arg-89 hot spot identified in YAP (hot
spot peptide KLPDSFFKPPEPK) could indicate some interac-
tion between the SH3 domain and its recognition motif PXXP
in the Arg-89 peptide, although the presence of a glutamic acid
residue within the PXXP motif is unusual, as the SH3-binding
cavity is fairly hydrophobic (31). Regardless, the presence of
multiple hot spots within the N-terminal region of YAP is
intriguing and suggests that there may be more to this region of
the protein than previously supposed based on the limited
conservation.

Painting of the PD-1/PD-L1 complex correctly identifies the
known binding interface, and interface peptides prohibit
formation of the complex

In addition to the ZO-1/YAP2 complex, protein painting was
also used as a tool to investigate the binding of human PD-1 and
PD-L1, and peptides based on the identified protein-painting
hit successfully disrupted complex formation. PD-1 and PD-L1
are two targets of immune checkpoint inhibitors, an over-
whelmingly successful class of antibody cancer therapies. There
have been very few reports of small-molecule inhibitors target-
ing the PD-1/PD-L1 interface; reports of Bristol Meyers Squibb
compounds targeting the interface showed high cytotoxicity
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and poor efficacy (32). We proposed the use of new protein-
painting dyes to first identify hot spot regions within the crys-
tallographic PD-1/PD-L1 interface and then use the identified
peptide regions as probe molecules to disrupt complex forma-
tion. Peptides that effectively disrupted complex formation
could be useful lead molecules for further optimization and
subsequent peptidomimetic generation to aid in development
of small-molecule inhibitors of PD-1/PD-L1. As with the Hippo
pathway proteins YAP and ZO, painting of PD-L1 and PD-1
was conducted with a mixture of FBBNA and AO50. However,
despite confirmation of FBBNA binding to PD-1 (three mole-
cules of FBBNA bound to PD-1 at equilibrium), no difference
was observed in the MS coverage between PD-1 painted with
FBBNA and AO50 and a sample of unpainted PD-1 alone. In
addition to protein surfaces, we have seen that FBBNA binds
tightly to some carbohydrates as well. In Fig. S14, we show that
FBBNA shows a stronger affinity for cotton and rayon than silk,
suggesting that interactions with sugars could be significant,
whereas AO50 displayed no such affinity. We hypothesized
that the glycosylation of PD-1 could have an effect on the pro-
tein-painting procedure, yet pretreatment of PD-1 with pep-
tide:N-glycosidase F did not facilitate significant reduction in
sequence coverage in the presence of FBBNA and AO50 in
tandem. However, painting PD-1 with AO50 alone, led to a
reduction in sequence coverage via MS as expected and
allowed for painting of the PD-1/PD-L1 complex. In Fig. 9,
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Figure 9.Hot spotin the PD-1/PD-L1 complex as identified by protein painting falls in the crystallographic binding site, and inhibitors designed
around this hot spot disrupt complex formation. A, PD-1is shown in light gray at the top, whereas PD-L1 is shown in dark gray at the bottom. Domains
are marked directly on the protein. Known binding partners are shown as tabs above the structure with their binding regions given as amino acid
positions. All hot spots were identified in three independent protein-painting experiments. B, inhibitors 1- 8 were tested over a concentration range of
10 nm to 100 um for inhibition of protein—protein interactions between PD-1 and PD-L1. The most effective inhibitors were 1 and 2, designed to mimic
PD-L1,and had IC5, values < 10 um. All data points were collected in duplicate, and data were fit to a sigmoidal dose-response curve with the following
constraint: baseline = 0. C, crystal structure of human PD-1/PD-L1 complex, PDB 4ZQK, where PD-L1 is shown using a space-filling model in yellow and
PD-1 is shown using a ribbon model in red. The residues of Inhibitor 1, based on the PD-L1 interface sequence, are shown in blue at the interface of the

two proteins. Error bars, S.D.

we show that the identified hot spot region, Lys-78 of PD-1,
falls within the Ig-like V-type fold of PD-1, the known bind-
ing site of PD-L1 (19, 33). Tandem mass spectra of the hot
spot of PD-1 are given in Fig. S15, whereas mass spectra of
control peptides are given in Fig. S16. Analysis for one trial is
given in Fig. S17A.

To test the hypothesis that elimination of interactions pri-
marily between the Lys-78 region of PD-1 and PD-L1 could
disrupt complex formation, we designed eight unique peptides
targeting the interface based on the Lys-78 protein-painting hit.
Shown in Table 4, one inhibitor was designed based on the
N-terminal side of the Lys-78 hot spot region on PD-1 (Inhibi-
tor 5), and one inhibitor was designed around a more C-termi-
nal region of PD-1 found in the crystallographic interface
(Inhibitor 7). These inhibitors were designed to disrupt the
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PD-1/PD-L1 complex based on the crystallographic interface
but were not centered on inhibiting the Lys-78 interaction
identified via protein painting with a PD-L1- derived sequence.
Additionally, we designed one inhibitor as a combination of
PD-L1 amino acids near the protein—protein interface that are
not adjacent in the linear sequence as a scrambled peptide
(Inhibitor 3). Finally, we designed one peptide based directly on
the region of PD-1 that interacts with our protein-painting hit
Lys-78 (Inhibitor 1). Sequences of these inhibitors are shown
in the PD-1/PD-L1 cocrystal structure in Fig. S17 (B-D).
Sequences were compared in both linear (Inhibitors 1, 3, 5, and
7) and cyclized (Inhibitors 2, 4, 6, and 8) conformations; cycl-
ized peptides were prepared by adding cysteine residues to the
N and C terminus of the four parent sequences and subse-
quently stapling the peptide ends via disulfide bond formation.
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Table 4

Sequence and design of eight peptide inhibitors of the PD-1/PD-L1
complex

Inhibitor
no. Sequence/Design

1 YRCMISYGGADYKRITV

PD-LI: residues 112—128
2 CYRAMISYGGADYKRITC

Similar to Inhibitor 1, cyclized via Cys—Cys bond
3 LKYDAPAFTVT

PD-LI: Leu-15, Lys-124 to Ala-121, Pro-24, Ala-18 to Thr-22
4 CLKYDAPAFTVTC

Similar to Inhibitor 3 cyclized via Cys—Cys bond
5 LNWYRMSPSNQTDKLAA

PD-1: residues 65-81
6 CLNWYRMSPSNQTDKLAC

Similar to Inhibitor 5, cyclized via Cys—Cys bond
7 AISLAPKAQIK

PD-1: residues 125-135
8 CAISLAPKAQIKC

Similar to Inhibitor 7, cyclized via Cys—Cys bond

These cyclized peptides may be more stable in solution and
have more rigidity than their uncyclized counterparts. The
sequences of each peptide inhibitor and their specific design
parameters are given in Table 4.

To determine the ability of each of these peptide inhibitors to
disrupt the PD-1/PD-L1 complex, concentrations up to 100 um
were tested in a PD-1/PD-L1 interaction kit available from BPS
Biosciences. As shown in Fig. 9B, inhibitors designed with
scrambled PD-L1 interface sequences (Inhibitors 3 and 4) were
not effective. However, all remaining inhibitors were effective
at 100 uM, and Inhibitors 1 and 2 had IC,, values under 10 um.
By developing an inhibitor mimicking the region directly inter-
acting with the protein-painting hit rather than one derived
from other regions of the crystallographic interface, higher lev-
els of inhibition of complex formation could be achieved.
Shown in Fig. 9C s the crystal structure of the regions of PD-L1
comprising Inhibitor 1 bound to the structure of PD-1. The
portion of PD-L1 directly interacting with PD-1 Lys-78 is part
of a B-loop motif that could be used for further small-molecule
inhibitor development. No significant improvement was seen
between Inhibitor 1 and Inhibitor 2, the cyclized version of
Inhibitor 1. Further testing on the stability of Inhibitor 1 will
indicate whether cyclization is a valuable improvement on
the structure of Inhibitor 1. Additional optimization, includ-
ing peptidomimetic compound generation or peptide stabi-
lization, can be conducted to develop more potent and more
stable compounds to use in the development of small-mole-
cule inhibitors of PD-1/PD-L1. These peptides demonstrate
the utility of the new protein-painting method in leading
from a MS hit directly to a molecule that disrupts protein
complex formation.

Commercially available antibodies targeting PD-1, including
pembrolizumab and nivolumab, have been crystalized with
PD-1 to identify their binding sites. We compared the binding
site of Inhibitor 1 with the binding of commercially available
antibodies. As shown in Fig. S18, the binding site of pembroli-
zumab directly overlaps with Inhibitor 1. The crystal structure
of pembrolizumab shows multiple interactions directly with
Lys-78 of PD-1, our protein-painting hot spot (34). Efforts to
develop small-peptide inhibitors retaining the binding site of
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pembrolizumab can use Inhibitor 1 as a starting point for fur-
ther optimizations.

Discussion

In this study, we answered remaining questions about how
small dyes bind to proteins by comparing structurally similar
dyes, which revealed the importance of a hydrophobic clamp
region for achieving high numbers of bound dye molecules. By
understanding more about the mechanism of dye binding, we
were able to develop a novel dye probe, FBBNA, that binds to
multiple different proteins with high affinity. To test the power
of this new chemical probe, we applied our optimized protocol
utilizing FBBNA to two highly challenging but clinically rele-
vant complexes, YAP2/ZO-1 and PD-1/PD-L1.

Azo dye binding to proteins is optimized by balancing
hydrophobic, hydrophilic, and aryl moieties in the candidate
dye

In general, mechanisms of dye binding to proteins have not
been exhaustively explored. Two exceptions are Coomassie
Brilliant Blue, reported to bind primarily through salt-bridge
interactions between the negatively charged sulfonate groups
and positively charged basic amino acids (35), and Congo Red,
thought to bind through both hydrophobic and electrostatic
interactions (36, 37). To elucidate the importance of hydropho-
bic versus hydrophilic interactions, we investigated the mecha-
nism of binding of FBBNA. To our knowledge, there has been
no literature examining the systematic change of aryl regions of
dyes to ascertain their effect on binding. We present evidence of
the extreme importance of these hydrophobic aryl moieties for
dye binding, as reduction in the number of hydrophobic aryl
moieties at the edges of the molecule (Fig. 5) reduces the num-
ber of bound dye molecules by 50%. We propose, as with pro-
tein folding, that dye binding is composed of multiple weak
interactions between the dye and the protein, such that elimi-
nation of several weak interactions leads to failure to bind. This
is supported by our investigation showing that all dye candi-
dates synthesized from Fast Red TR (including only one cou-
pling group at maximum) were unable to bind significantly to
thyroglobulin, whereas those dyes synthesized from Fast
Blue B (two coupling groups at maximum) demonstrated
detectable protein binding, as shown in in Table 1. To max-
imize the number and type of weak interactions, we pro-
posed that a dye would bind more tightly to proteins when it
balances opportunities to make hydrophobic, m-stacking,
and ionic interactions. We show that FBBNA best balances
these interactions by maintaining a hydrophobic clamp on
either end of the molecule, balanced by sulfonate groups on
one “side” of the molecule and w-stacking interactions
between the multiple aryl rings. Affinity is reduced when
substitution with a sulfonate group takes place on a separate
ring from the amino group of the amino naphthalenesulfonic
acid coupling group, eliminating the hydrophobic clamp of
FBBNA. The highest binding dye component of FBBNA
retained two hydrophobic clamps on either end of the mol-
ecule. Overall, these data emphasize the importance of the
aryl hydrophobic contributions to binding.
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Small-molecule dyes such as FBBNA and AO50 stabilize bound
regions in the presence of chaotropic agent urea

By demonstrating that FBBNA and AO50 in combination do
not influence secondary structure of BSA, but in fact stabilize
secondary structure in the presence of urea, we decided to use
both dyes in combination for protein painting. In this model,
both FBBNA and AO50 bind to locations on the surface of the
protein. When subjected to chaotropic agents, such as urea, the
dye protects the protein backbone from direct interaction with
urea, stabilizing the area from denaturation. Regions that are
unprotected can be denatured and are more accessible to tryp-
sin during the short digestion step of protein painting. These
regions, both denatured and undyed, are preferentially
trypsinized over other solvent-accessible areas that remain dye-
bound. In this model, residues separated in the primary
sequence but adjacent in the tertiary structure are able to
remain protected during urea treatment due to the stabilizing
effects of the dye. Binding of small ligands has been shown to
have the capacity to influence the stability or flexibility of pro-
teins (38); we show how this effect can be effectively utilized for
structural analysis.

Additional optimization of protein painting will require
accounting for post-translational modifications and lack of
tryptic cleavage sites in protein-protein interfaces

Whereas our investigation originally centered around the
protein-binding properties of FBBNA, we were surprised to
uncover the carbohydrate binding properties of FBBNA in
addition. Unlike protein binding, in which the presence of the
hydrophobic clamp is of utmost importance, carbohydrate
binding is probably utilizing different molecular interactions
with FBBNA. We find that whereas FBBNA binds very strongly
to cotton, it binds very poorly to filament acetate (Fig. S14),
in which most of the hydroxyl groups of the carbohydrate
monomers are acetylated. This suggests that there could be
some kind of hydrogen bond formation, potentially between
the primary amine of FBBNA and the carbohydrate hydroxyl
groups. Discovery of FBBNA’s affinity for tyrosine residues
versus phenylalanine residues supports the hypothesis that
hydrogen bonding is important for additional binding affin-
ity of this dye.

Based on studies with FBBNA, we have started to identify key
structural moieties that are involved in dye binding and better
understand how these dyes might be acting in a protein-paint-
ing protocol. In addition to further improvements to the dye
panels used in protein painting, we must also consider adapting
the protein-painting protocol to utilize proteases beyond tryp-
sin. Protein interaction hot spots have been shown to be
enriched in both arginine and tyrosine residues as compared
with noninteracting regions (39); while trypsin cleaves peptide
bonds C-terminal to arginine residues, additional proteases will
be required to identify hot spot tyrosine residues. We are pur-
suing the adaptation of protein painting to incorporate chymo-
trypsin to address this challenge and will potentially continue to
add more proteases in the future to increase the resolution of
the protein-painting technique.
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It is worth noting that one limitation in our examination of
dye binding is that for each experiment, we ranked dyes based
on number of bound dye molecules per protein. It is conceiva-
ble that a dye that binds in higher numbers to a target might still
be inferior to a dye that binds in lower numbers but has a higher
affinity specifically for tryptic cleavage sites. Going forward, we
will continue to look for additional classes of small molecules
that bind with high affinity to protein targets to not only max-
imize the number of interactions but also diversify the type of
molecular interactions that the dyes are making with the pro-
teins under study. This will increasingly be important as we
expand protein painting to proteases beyond trypsin, when it
will be critical that protein-painting dyes block different types
of recognition sequences. Furthermore, it is worth noting that
an additional limitation in our examination of dye binding is
that experimental constraints required the use of multiple stan-
dard proteins, potentially limiting generalizability of individual
experimental results. For example, CD experiments were con-
ducted with BSA due to the intense CD signal from the a-heli-
cal content that allows for suitable signal/noise ratios; the
experiment was not conducted with carbonic anhydrase due to
its greater 3-sheet character. Additionally, larger panels of well-
characterized proteins would be important going forward to
ensure that multiple proteins can be found that are suitable for
each technique utilized.

Unique hot spots identified between proteins in the Hippo
signaling pathway provide novel targets for anti-cancer or
wound-healing therapeutics and sites for probe development

Whereas confirmation of protein—protein interaction hot
spots using protein painting is useful to validate interfaces iden-
tified using crystallography, additional power of the technique
is found in cases where crystallographic structural information
is unavailable. In the case of YAP2 and ZO-1, neither protein
has been fully crystallized, although there are partial crystal
structures and NMR structures of YAP (40, 41) and several
crystal structures of various PDZ domains of ZO-1 (29, 42).
There are currently no crystallized complexes of full-length
YAP2 and ZO-1 or crystallized complexes of YAP2/ZO-1-
binding domains. However, even in the absence of tertiary
structural information about the proteins, we were able to iden-
tify hot spots of interaction between YAP2 and ZO-1, both
within the canonical PDZ-binding domain and in additional
regions that have not been implicated in YAP/ZO-binding
interactions. The Ser-127 residue within the N-terminal region
of YAP is the site of phosphorylation by the kinase LATS, allow-
ing for phosphopeptide recognition by 14-3-3 and subsequent
cytoplasmic retention of YAP (43). Evidence suggests that ZO
family proteins, ZO-2 in particular, can form a complex with
YAP that facilitates nuclear translocation (27). The presence of
multiple hot spots within the N-terminal region may indicate
thatin complex with ZO-1, the YAP N-terminal region is some-
what occluded from solvent and may be inaccessible to LATS
for phosphorylation on Ser-127. This could segregate the
nuclear translocation activity of YAP/ZO complexes from the
cytoplasmic retention activities of YAP/14-3-3 complexes by
modulating the accessibility of the N-terminal region of YAP.
In all, the results of this protein-painting analysis unveil unique
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sites to target on ZO-1 (Lys-592) as well as the N-terminal
region of YAP (Arg-89, Arg-161, and Arg-187) to disrupt com-
plex formation without risking potential cross-reactivity by tar-
geting the PDZ domain directly. Future work to biologically
validate each of the peptides as well as to determine minimum
inhibitory sequences will form the basis for new peptide probes
disrupting the ZO/YAP complex. Given that regulation of the
Hippo pathway is complex and members cross-talk with a huge
variety of other signaling pathways (44), additional targeted
probes to specifically interrogate the role of individual com-
plexes would provide new ways to unravel Hippo pathway reg-
ulation. In particular, the hot spots found outside the PDZ
domain of ZO-1 may represent probes that can disrupt the
YAP/ZO-1 complex with limited interference of other signal-
ing complexes.

There are some potential limitations to the protein-painting
analysis of YAP2 and ZO-1. Given that interactions of YAP2
with ZO-1 in vivo would occur in the context of many other
signaling or scaffolding proteins, it is plausible that the interac-
tions seen in isolation in vitro may not faithfully recapitulate
binding in vivo. Additionally, protein-painting analysis could
potentially identify regions that interact solely due to proximity
in solution rather than reflecting a biologically relevant inter-
action. To address these issues, we plan to expand our protein-
painting technique to larger complexes to potentially facilitate
more accurate representations of protein—protein interactions
in the cellular context going forward. However, difficulty in
simulating in vivo protein—protein interactions is a problem
common to X-ray crystallography as well as other MS tech-
niques. Biological evaluation is of the utmost importance to
verify that regions identified in protein painting faithfully rep-
resent binding in a cellular context.

Protein painting provides a rational start to development of
inhibitors targeting the PD-1/PD-L1 protein-protein
interaction

Peptide inhibitors designed directly from the hot spots gen-
erated using protein painting will ideally be able to disrupt com-
plex formation and be used as probes or models for future drug
design. Using the case study of PD-1/PD-L1, we find that pro-
tein painting can both identify the interface region and inform
the design of multiple peptide inhibitors that can disrupt com-
plex formation. The interface region between PD-1 and PD-L1
is large, featureless, and unattractive to attempt to target with a
small molecule. Our protein-painting experiments have identi-
fied one specific region of the interface, Lys-78 on PD-1, that
represents a potent hot spot that is solvent-inaccessible and
allows for more targeted drug discovery against the complex.
Rather than focusing drug discovery efforts on targeting any
region within the interface, our results suggest that small
molecules will be most efficacious if they specifically disrupt
the interactions between PD-L1 and Lys-78 of PD-1. Using
small-peptide inhibitors, we found that the most potent
inhibitors of the PD-1/PD-L1 complex have IC;, values < 10
uM. This includes stabilized cyclic peptide Inhibitor 2. Mac-
rocyclic peptides have shown greater resistance to proteoly-
sis than acyclic peptides and have been of great interest to
communities targeting protein—protein interactions (45).
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We show that the peptides identified in protein painting
were amenable to cyclization through cysteine bond forma-
tion, with cyclized peptide Inhibitors 2, 6, and 8 showing
potency roughly equal to that of their parent acyclic peptide
inhibitors. These peptides, in addition to providing proof-of-
concept for our protein-painting technology, can be useful
lead compounds for further drug development targeting the
PD-1/PD-L1 interface.

In summary, protein—protein interactions remain an incred-
ibly underexplored area of drug discovery due to difficulties in
identifying and targeting the specific sites of protein—protein
interaction. However, a significant amount of research has been
conducted in the past several years in optimizing cell-penetrat-
ing peptides, improving oral stability of peptides, and con-
straining the conformational flexibility of peptides (46). All of
these improvements will hopefully continue to push small pep-
tides forward as viable drug candidates in the future to target
protein—protein interactions. Protein painting as a technique is
unique in that it does not require detailed structural informa-
tion to identify hot spot regions for further drug development,
and it does not require that experimentation be done in nonna-
tive conditions. Further improvements to the method and its
application to new complexes will result in additional hot spot
lead candidates reported for drug discovery.

Experimental procedures
Production of proteins and dyes

Thyroglobulin, catalase, carbonic anhydrase, and lysozyme
standards were purchased from Sigma-Aldrich (catalogue nos.
9010-34-8, C1345, 9001-03-0, and 12650-88-3, respectively).
Apoferritin was purchased from Alfa Aesar (catalogue no.
AAJ60630MC). Protein stocks were prepared in 1X PBS and
stored in single-use aliquots at —80°C. YAP2, transcript
variant 1 (catalogue no. TP325864), and ZO-1 (catalogue no.
TP322836) were purchased from Origene. Fast Blue B salt and
Fast Red TR salt were purchased from Sigma (catalogue nos.
14263-94-6 and 368881, respectively). Coupling agents naph-
thionic acid, H-acid, 2-napthol, Peri acid, Cleve acid, and Lau-
rent acid were purchased from TCI Chemicals. Dye stocks were
prepared to 1 mg/ml final concentrations. Synthesis was con-
ducted as follows. Fast dyes were mixed in 1X Dulbecco’s PBS
with an excess of coupling agent (3-fold molar concentration of
coupling agent to fast dye) and vortexed. Reactions were con-
ducted at room temperature and proceeded in the first 5 min of
mixing with evident color change. Dye stocks were allowed to
incubate at room temperature for 1 week prior to use. Dyes
were used without further purification and were diluted prior to
use in protein painting. Dye reagents were vortexed before each
use and were stable for >6 months at room temperature. Reac-
tions were monitored by reverse-phase C18 TLC (mobile phase
of 60% methanol, 40% water) to determine number of product
bands. For Fast Blue B + naphthionic acid, two major product
bands were observed with R = 0.32 (orange) and R, = 0.61
(pink), whereas one minor product band was observed with
R, = 0.51 (light orange). The two major product bands were
separated via reverse-phase flash column chromatography con-
ducted essentially as described previously (47) using a 20-mm
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column, stationary phase of COSMOSIL C18-OPN reverse
phase resin (Nacalai USA, catalogue no. 37842-66), and mobile
phase of 60% methanol. Fractions containing individual bands
were identified via reverse-phase TLC and were pooled and
dried. Samples purified by TLC were analyzed by NMR to con-
firm the structure of both major products.

NMR structure confirmation

Confirmation of coupling positions of naphthionic acid to
Fast Blue B for each major product were confirmed via NMR.
Samples were isolated via reverse-phase column chromatogra-
phy as described above, and 5-20 mg of dried sample was resus-
pended in DMSO-d, for NMR. "H NMR was recorded on a
Bruker spectrometer at 400 MHz with solvent signal as the
internal standard. Chemical shifts are given in ppm, and spin
multiplicities are given using the following abbreviations: s (sin-
glet), br s (broad singlet), d (doublet), dd (doublet of doublets),
and t (triplet).

Fast Blue B—"H NMR (400 MHz, (CD3)2S0) 6 8.76 (d, ] =
8.8 Hz, 2H), 8.14 (s, 2H), 7.97 (dd, ] = 8.8, 1.6 Hz, 2H), 4.37 (s,
6H).

Naphthionic acid—"H NMR (400 MHz, (CD3)2SO) & 8.72
(dd,J = 8.6,1.0Hz, 1H), 8.03 (dd, / = 8,0.8 Hz, 1H), 7.66 (d, ] =
8 Hz, 1H), 7.40 (t,] = 7.6 Hz, 1H), 7.33 (t, ] = 7.6 Hz, 1H), 6.52
(d,J = 8 Hz, 1H), 5.83 (br s, 2H).

Orange band—"H NMR (400 MHz, (CD3)2S0) §8.76 (d, ] =
7.6 Hz, 1 H), 8.42 (d,] = 8.4 Hz, 1H), 8.36 (br's, 2H), 8.28 (s, 1 H),
7.89 (d, ] = 8.4 Hz, 1H), 7.58 (t, ] = 7.4 Hz, 1H), 7.48 (t, ] = 7.2
Hz, 1H), 7.47 (s, 1 H), 7.41 (d, ] = 7.6 Hz, 1H), 7.36 (dd, ] = 10.6,
1.8 Hz, 1H), 7.32 (s, 1H), 6.99 (dd, ] = 7.2, 1.6 Hz, 1H), 4.087 (s,
3H), 3.861 (s, 3H).

Pink band—"H NMR (400 MHz, (CD3)2S0) & 8.77 (dd, ] =
7.6, 1.2 Hz, 2H), 8.43 (d, J = 8.8 Hz, 2H), 8.42 (br s, 4H), 8.30 (s,
2H),7.94 (d, ] = 8.4, 2H), 7.60 (s, 2H), 7.58 (t, ] = 8 Hz, 2H), 7.50
(d,] = 6.8 Hz, 2H). 7.49 (t, ] = 8.4, 2H), 4.136 (s, 6H).

Determination of number of bound dye molecules per protein
at equilibrium under saturating conditions

To determine the number of bound dye molecules per model
protein of each candidate dye, thyroglobulin was primarily used
as amodel protein. The large surface area of thyroglobulin facil-
itated more molecules of dye binding per protein and thus
higher signal/noise ratios versus smaller proteins. Candidate
dyes were examined on a UV-2501PC UV-visible spectrometer
to determine A, values. Standard curves were prepared for
quantification of molecules of dye; dyes were eliminated from
consideration if sensitivity of detection was not greater than 10
M in solution. Thyroglobulin (1-5 uMm) was mixed with a 100-
fold molar excess of candidate dye dissolved in PBS and allowed
to associate between 15 s and 2 h at room temperature. After
association, 50 ul of the dye/protein mixtures were passed
through a mini Quick Spin Oligo Column (Sephadex G-25
resin, Roche Applied Science) and centrifuged at 1000 X gfor 1
min to separate unbound dye from the protein—dye complex.
The collected flow-through was examined with UV-visible
spectroscopy, and the quantity of dye in the flow-through was
calculated using the previously developed standard curve for
the dye. The number of bound dye molecules per protein mol-
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ecule was calculated as paint molecules bound/protein. A plot
of the number of bound dye molecules per protein molecule
versus time was fit with the Michaelis—Menten equation in
GraphPad Prism 6 as a model to determine maximum dye bind-
ing, where V. represents the maximum amount of dye mol-
ecules that bind to the protein at equilibrium. All curves are fit
to data from two independent experiments. The number of
bound dye molecules per molecule of apoferritin and catalase
were determined using the same method as thyroglobulin. The
number of bound dye molecules per molecule of lysozyme, car-
bonic anhydrase, and BSA were determined similarly, with the
change that the protein (2-10 M) was mixed with a 50-fold
molar excess of dye candidate dissolved in PBS and allowed to
associate for the indicated times. To determine the relationship
between the number of bound dye molecules per protein and
protein surface area, the surface area (SA) of each protein was
estimated using Equation 1,

SA = 471 (Eq. 1)
where the protein was assumed to be spherical with a radius
equal to the published Stokes radius.

Determination of association and dissociation constants of
FBBNA to thyroglobulin

To measure dissociation of FBBNA from thyroglobulin, 258
uM FBBNA was incubated with 2.58 um thyroglobulin for 10
min to reach equilibrium, and unbound dye was removed via a
mini Quick Spin Oligo Column (Sephadex G-25 resin, Roche
Applied Science) according to the manufacturer’s directions.
FBBNA-thyroglobulin solutions were allowed to incubate for 0,
30, 60, or 180 min before the solutions were passed through a
second mini Quick Spin Oligo Column. Residual bound dye was
measured via UV-visible spectroscopy and compared with the
zero time point to determine the percentage of dye loss over
time. FBBNA dissociation data were plotted after the associa-
tion of FBBNA to thyroglobulin data to prepare an association
and dissociation curve. Association and dissociation constants
for FBBNA were determined by fitting the association and dis-
sociation curve of FBBNA in GraphPad Prism 6 to an associa-
tion and then dissociation model, with HotNM set to 258,881
(concentration of FBBNA in nm) and time O set to 120 (the time
at which association experiments conclude and dissociation
experiments begin).

Determination of amino acid binding specificity of FBBNA and
AO50

Poly-Lys (catalog no. 2636); poly-Tyr (P1800); poly-Glu
(P4761); poly-Lys,Tyr 1:1 (P4274); poly-Lys,Phe 1:1 (P3150);
and poly-Glu,Tyr 1:1 (P0151) were purchased from Sigma, and
stock solutions were prepared to 5 mg/ml. Polytyrosine was
dissolved in 1 N NaOH, whereas all other poly-amino acids were
dissolved in MilliQ water. Gel spotting was conducted essen-
tially as described (48) with the following modifications. Poly-
acrylamide protein gels were dried for 30 min at ambient tem-
perature in a fume hood and then spotted with 8 ul of a 50:50
poly-amino acid/MilliQ water working solution (20 ug/spot).
All poly-amino acids were spotted in triplicate on each gel. Fol-
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lowing spotting, gels were subsequently dried for an additional
15-30 min at ambient temperature and then fixed in 40% meth-
anol, 10% acetic acid overnight. Staining with FBBNA was con-
ducted essentially as described (49) with the following modifi-
cations. Following fixation, gels were transferred to 0.2 M
acetate buffer, pH 3.5, for 30 min. Gels were then stained in 1
mg/ml FBBNA dye in 0.2 M acetate buffer, pH 3.5, for 2 h with
shaking and then destained overnight in 0.2 m acetate buffer,
pH 3.5. Staining with AO50 was conducted as follows. 1
mg/ml AO50 was dissolved in fixation solution (40% meth-
anol, 10% acetic acid). After spotting and drying, gels were
stained in the AO50/fixation solution overnight. Destaining
was conducted using 40% methanol, 10% acetic acid. All gels
were imaged with an Azure Biosystems C300 imager, and
spot intensities were determined using Image]J. Spot intensi-
ties were reported from four independent protein spotting
experiments per dye.

Molecular docking

Docking was conducted using the SwissDock web server (24)
(25). The coordinates for the hen egg white lysozyme structure
(PDB code 6QWY), bovine carbonic anhydrase structure (PDB
code 1V9E), and BSA structure (PDB code 2V03) were down-
loaded, and homodimeric chains, crystallographic waters, and
metal ions or salts were removed prior to docking. The ligands
FBBNA and AO50 were built with MarvinSketch and con-
verted to mol2 files with three-dimensional coordinates in
OpenBabel. Under “Extra Parameters” on the SwissDock sub-
mission web page, “Accurate” mode was selected for docking,
and flexibility was set to 3 A for optimization of side chain—
ligand interactions. A total of 31 clusters comprising 257
docked molecules for FBBNA and 253 docked molecules for
AO50 were generated for each protein. Predicted AG values for
each docked position of each dye for each protein were aver-
aged, and statistical significance was determined via unpaired
Student’s ¢ test in GraphPad Prism 6. Differences in predicted
K, values for each dye using the carbonic anhydrase model were
compared using Equation 2.

AG = RTIn K, (Ea.2)

CD spectroscopy

CD spectroscopy was conducted using BSA on a Jasco J-1500
CD spectrometer from 190 to 350 nm using a 1-mm cuvette.
BSA stock solutions were prepared to 2 mg/ml from lyophilized
protein in sterile-filtered 10 mm phosphate buffer, pH 7.0, and
centrifuged at 16,000 X g to remove particulates. Concentra-
tion was determined via A280 using an extinction coefficient of
43,824 M~ ! cm ™ for BSA (50). Stocks were stored at —80 °C
and diluted to the appropriate concentration in sterile-filtered
MilliQ water for each experiment. Final concentration of BSA
in each sample was 2 um (0.12 mg/ml). Samples were incubated
for 10 min with dye, final concentration of 36 uM for both AO50
and FBBNA. Controls were incubated with equivolume
amounts of MilliQ water in place of dye. Samples were subse-
quently either incubated at room temperature or denatured at
37 °C for 1 h in the presence of varying concentrations of urea
(2, 4, or 6 M) and 3.5 mm DTT. Each spectrum shown is an
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average of three scans taken using a bandwidth of 1 nm, a scan-
ning speed of 50 nm/min, and an integration time of 8 s. All
samples with dye or urea have CD contributions from these
buffers alone subtracted from the final spectrum. Helical con-
tent of BSA spectra was determined using the online server
DICHROWERB (51, 52) to confirm native structure.

Protein-painting methodology

To prepare protein complexes, 2 ug of the protein with the
greatest molecular weight in the complex was mixed with an
equimolar concentration of its protein-binding partner (final
molar concentration of proteins ranged from 0.1 to 2 pum) in 1X
PBS and allowed to incubate for 1 h under rotation at room
temperature to facilitate complex formation. After incubation,
protein complexes were pulsed with a >100-fold molar excess
of dye dissolved in PBS and allowed to associate for 5 min. Dye
stock was prepared as a 1:1 ratio of 0.25 mg/ml FBBNA to 0.25
mg/ml AO50 for painting of ZO-1 and YAP2; painting of PD-1
and PD-L1 was conducted with 0.5 mg/ml AO50. After associ-
ation, samples were passed through a mini Quick Spin Oligo
Column (Sephadex G25 resin, Roche Applied Science) and cen-
trifuged at 1000 X g for 1 min at room temperature. The flow-
through was collected and denatured with urea (final concen-
tration 2 M), reduced with 10 mm DTT, and incubated at 37 °C
for 15 min and then alkylated with 50 mMm iodoacetamide and
incubated for 15 min in the dark. Samples were digested for
1.5hat 37 °C with sequencing-grade trypsin (Promega) at a 1:10
(w/w) protease/protein ratio. Digestion was stopped with the
addition of 4 ul of glacial acetic acid to a final concentration of
2%, and Hippo pathway samples were split into two technical
replicates. Tryptic peptides were purified using Pierce C18 spin
columns (Thermo Scientific) according to the manufacturer’s
directions. Desalted peptides were dried under nitrogen and
stored at —20 °C until MS analysis. All protein-painting steps
were completed using Eppendorf Lo-Bind microcentrifuge
tubes for improved peptide recovery.

Mass spectrometry

LC-MS/MS experiments for the Hippo pathway samples
were performed on an Orbitrap Fusion (Thermo Fisher Scien-
tific) equipped with a nanospray EASY-LC 1200 HPLC system
(Thermo Fisher Scientific), whereas LC-MS/MS experiments
for PD-1/PD-L1 were performed on an LTQ Orbitrap (Thermo
Fisher Scientific). Peptides were separated using a reversed-
phase PepMap RSLC 75-um inner diameter X 15 cm long with
2 pum, C18 resin LC column (Thermo Fisher Scientific). The
mobile phase consisted of 0.1% aqueous formic acid (mobile
phase A) and 0.1% formic acid in 80% acetonitrile (mobile phase
B). After sample injection, the peptides were eluted by using a
linear gradient from 5 to 50% B over 30 min and ramping to
100% B for an additional 2 min. The flow rate was set at 300
nl/min. The mass spectrometer was operated in a data-depen-
dent mode in which one full MS scan (60,000 resolving power)
from 300 Da to 1500 Da using quadrupole isolation was fol-
lowed by MS/MS scans in which the most abundant molecular
ions were dynamically selected by Top Speed and fragmented
by collision-induced dissociation using a normalized collision
energy of 35%. “Peptide Monoisotopic Precursor Selection” and
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“Dynamic Exclusion” (8 s duration), were enabled, as was the
charge state dependence so that only peptide precursors with
charge states from +2 to +4 were selected and fragmented by
collision-induced dissociation. Tandem mass spectra were
searched using Proteome Discover version 2.1 with SEQUEST
against the NCBI Escherichia coli and Saccharomyces cerevisiae
databases and a custom database containing sequences of the
recombinant proteins using tryptic cleavage constraints. Mass
tolerance for precursor ions was 5 ppm for the Hippo samples
and 10 ppm for the PD-1/PD-L1 samples, and mass tolerance
for fragment ions was 0.06 Da. Data were analyzed with oxida-
tion (+15.9949 Da) on methionine as a variable post-transla-
tion modification and carbamidomethyl cysteine (+57.0215) as
a fixed modification. A 1% false discovery rate was used as a
cut-off value for reporting peptide spectrum matches (PSMs)
from the database. A “blank” sample consisting of buffer only
was inserted between each true sample and analyzed to evaluate
potential carryover of peptides between samples. Any blank
containing greater than 10 PSMs of the target proteins was
considered to signify significant carryover potential, and sam-
ples in that run were not included in protein-painting data
analysis.

Protein-painting data analysis and identification of hot spots

Individual PSMs for each protein of interest were aligned
with the protein sequence and compared from at least three
independent experiments. Unpainted proteins were used as
controls to ensure significant sequence coverage of the pro-
tein and proper trypsin digestion. Sequence coverage
between painted proteins alone and painted proteins in com-
plex were compared; sequences that were present in com-
plexed samples but absent from painted proteins alone were
considered hits. Conserved Hippo pathway proteins were
identified via protein BLAST and aligned using the Clustal
Omega web server.

Generation and evaluation of peptide inhibitors

Peptide inhibitors were synthesized by Peptide 2.0 Inc.
(Chantilly, VA) and received lyophilized. Peptides were dis-
solved to 1 mm stock solutions in MilliQ water with the addition
of either acetic acid or acetonitrile (ACN) to promote solubility.
Final concentrations of acetic acid or acetonitrile in each 1 mm
stock solutions are as follows: Peptide 1, 15.3% acetic acid and
14.2% ACN; Peptide 2, 9.8% acetic acid; Peptide 3, 8.9% ACN;
Peptide 4, 10.2% ACN; Peptide 5, 5.1% acetic acid; Peptide 6,
5.2% acetic acid; Peptide 7, 3.0% acetic acid; Peptide 8, 3.4%
acetic acid. Peptide inhibitors were evaluated for inhibition of
PD-1/PD-L1 binding using the PD-1:PD-L1 (Biotinylated)
Inhibitor Screening Assay Kit from BPS Biosciences (catalogue
no. 72003) according to the manufacturer’s directions. Lumi-
nescence was measured using a DTX 880 plate reader with a
100-ms accumulation time. Each data point was collected in
duplicate. Curve fitting was conducted using GraphPad Prism 6
to a sigmoidal dose—response curve with the equation, y = Bot-
tom + (Top — Bottom)/(1 + 10 ~ 1081<59) \where Bottom and
Top represent the minimum and maximum plateaus on the
sigmoidal curve, respectively. Curve fitting was constrained by
setting the parameter Bottom =0.
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