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Identification of Novel Fragments Binding to the PDZ1-2

Domain of PSD-95

Jie Zang,” Fei Ye,™ Sara M. @. Solbak,” Lars J. Hgj,”) Mingjie Zhang,™ and Anders Bach*®

Inhibition of PSD-95 has emerged as a promising strategy for
the treatment of ischemic stroke, as shown with peptide-based
compounds that target the PDZ domains of PSD-95. In contrast,
developing potent and drug-like small molecules against the
PSD-95 PDZ domains has so far been unsuccessful. Here, we
explore the druggability of the PSD-95 PDZ1-2 domain and use
fragment screening to investigate if this protein is prone to
binding small molecules. We screened 2500 fragments by
fluorescence polarization (FP) and validated the hits by surface
plasmon resonance (SPR), including an inhibition counter-test,
and found four promising fragments. Three ligand efficient
fragments were shown by 'H,”"N HSQC NMR to bind in the
small hydrophobic P° pockets of PDZ1-2, and one of them
underwent structure-activity relationship (SAR) studies. Overall,
we demonstrate that fragment screening can successfully be
applied to PDZ1-2 of PSD-95 and disclose novel fragments that
can serve as starting points for optimization towards small-
molecule PDZ domain inhibitors.

The neuronal scaffolding protein postsynaptic density protein-
95 (PSD-95) forms protein-protein interactions (PPIs) with the N-
methyl-D-aspartate (NMDA) receptor and neuronal nitric oxide
synthase (nNOS) through its PSD-95/Discs-large/ZO-1 (PDZ)
domains. Thereby, glutamate-mediated NMDA receptor activa-
tion and the resulting Ca®" influx are linked to the production
of nitric oxide (NO) by nNOS." During pathological over-
activation of NMDA receptors excessive and harmful levels of
Ca’" and NO contribute to excitoxicity and cellular damage.”
The 20-mer peptide Tat-NR2B9c binds the PDZ1 and PDZ2
domains of PSD-95 and is thereby able to inhibit the nNOS/
PSD-95/NMDA receptor complex and uncouple NMDA receptor
activation from downstream toxic events such as NO
production.” Tat-NR2B9c has shown neuroprotective effects in
several animal stroke models and even in recent clinical stroke

[al Dr.J. Zang, Dr. S. M. @. Solbak, Dr. L. J. Hgj, Prof. A. Bach
Department of Drug Design and Pharmacology
Faculty of Health and Medical Sciences, University of Copenhagen
Universitetsparken 2, 2100 Copenhagen (Denmark)
E-mail: anders.bach@sund.ku.dk

[b] Dr. F. Ye, Prof. M. Zhang

Division of Life Science

Hong Kong University of Science and Technology

Clear Water Bay, Kowloon, Hong Kong (China)

Supporting information for this article is available on the WWW under

https://doi.org/10.1002/cmdc.202000865

=l This article belongs to the Special Collection “Nordic Medicinal Chemistry

2019-2020".

0

ChemMedChem 2021, 16, 949-954 Wiley Online Library

trials.”! Also, high-affinity dimeric peptide-based inhibitors that
bind the PDZ1-2 domain of PSD-95 are neuroprotective in
mouse and rat stroke models,”” and other peptide-based PSD-
95 inhibitors have shown effects in animal models of pain® and
neurodegenerative diseases.”’ As PSD-95 inhibitors do not affect
ion transportation through the NMDA receptor, they are
believed to be safer drug candidates than NMDA receptor
antagonists.*”

Small-molecule inhibitors of PDZ domains could be advan-
tageous over peptide-based compounds as such molecules are
generally more permeable to membranes and biological
barriers and less prone to cause immunologic reactions,
biological degradation, and kidney excretion. However, devel-
opment of small-molecule PDZ domain inhibitors has proven to
be very difficult.”! Except for Biogen's tripeptide-like nanomolar
PICK1 PDZ domain inhibitors,” potent (< 1 pM) small molecules
are lacking for the ~260 human PDZ domains, including those
of PSD-95."" A better understanding of PDZ domains and their
ligand-binding capabilities could open up for new chemical
probes and drug candidates towards a plethora of biological
relevant proteins.

Previous assessments using computational and experimen-
tal methods deemed PDZ domains non-druggable or non-
amenable to small-molecule binding."" Noticeably, 11,759 frag-
ments were screened against PSD-95 PDZ1 by 'H,°N HSQC
NMR without finding a single hit."™ This result was attributed
to the structure of the PDZ domain pocket, which is elongated
and shallow in shape'"” These features correlate with the
natural role of PDZ domains, which is to interact with the C-
terminal peptide parts of their protein interacting partner often
with micromolar affinities,"? but makes small-molecule drug
discovery challenging.

Here, we examined the druggability of the PDZ1-2 domain
of PSD-95 by computational methods and experimental frag-
ment screening using fluorescence polarization (FP) as screen-
ing assay, and surface plasmon resonance (SPR) and 'H,”N
HSQC NMR as sensitive methods for validation and character-
ization of the fragment-protein interactions.

First, an FTMap analysis of PDZ1-2 was conducted. This
computational method identifies likely hot spots, that is,
regions of the protein that contribute the most to ligand
binding affinity, by sampling a series of small organic probe
molecules across the protein and calculating their binding
energy. Regions that bind several kinds of probe molecules
(consensus clusters, CC) indicate hot spot areas.” FTMap
identified two main clusters in PDZ1 and PDZ2 of PDZ1-2,
respectively, which correlate with the hydrophobic P° pockets
that are normally occupied by the extreme C-terminal hydro-
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phobic amino acid (often Val or lle) of the peptide ligand
(Figure 1)." However, the two main clusters (CC1 and CC2) are
rather small and very far apart, and the additional even smaller
clusters are found on the other side of the protein where
ligands normally do not bind (Figure 1). Overall, the absence of
secondary hot spots close to CC1/2, the large distance between
the hot spots, and their small dimensions makes PDZ1-2 a
challenging target for small-molecule drug discovery. However,
a previous FTMap analysis of PDZ1 suggested a secondary
cluster around the conserved His130 (His225 in PDZ2),"* but
no experimental evidence for such a potential small-molecule-
prone hot-spot has been provided.

We next screened our library of 2500 commercial available
“rule of 3"-compliant fragments"® by our well-established FP
competition assay.“*'¥ This assay measures the ability of the
fragments to inhibit the interaction between PDZ domain and a
fluorescently labelled peptide probe derived from the NMDA
receptor GIUN2B subunit. The assay was optimized for sensitiv-
ity towards weak binders by exploring various combinations of
PDZ domains (PDZ2 or PDZ1-2 of PSD-95) and Cy5-labelled
peptide probes (either a monomeric 11-mer derived from the C
terminus of the NMDA receptor GIuN2B subunit,"¥ or a high-
affinity dimeric probe™'®) and checked for DMSO tolerability.
Tripeptides TAV (1) and the corresponding TAV peptide where
the amino group was replaced with hydrogen (2)"* were used
as weak-affinity inhibitors during optimization. The combination
of PDZ1-2 and the monomeric probe gave the lowest ICg,
values for 1 and 2 (220 and 2600 uM, respectively), and DMSO
from 1-8% did not affect the sensitivity of the assay (Figure S1).
The 2500 fragments were then screened at 4 mM (4% DMSO),
and 63 fragments showed >10% inhibition and were defined
as primary hits (2.5% hit rate). These hits were next validated in
dose-response experiments (0.5-8 mM, 0.5-8% DMSO) in the
presence and absence of PDZ1-2 in order to identify false
positives related to fluorescence inner-filter effects."” Sixteen
fragments showed dose-dependent inhibition without a con-

Figure 1. FTMap results showing two consensus clusters (CC1-2) in PSD-95
PDZ1-2. Consensus cluster strength (S) is defined as the number of probe
clusters within the consensus cluster. CC1 is found in the hydrophobic P°
pocket of PDZ2 (21 probe clusters; maximum dimension is 7.0 A; magenta
sticks) and CC2 is likewise seen in P° of PDZ1 (17 probe clusters; maximum
dimension is 6.1 A; yellow sticks). The distance between CC1 and CC2 is

38 A. Four smaller consensus clusters (containing 7-15 probe clusters) are
seen on the other side (pink, cyan, blue, and orange sticks) and are thus
disconnected from CC1-2. Tripeptide TAV (1) docked into PDZ2 is shown in
green sticks to illustrate typical peptide-PDZ interactions (yellow dashes).
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comitant decrease in FP when PDZ1-2 was omitted from the
assay, corresponding to a validated hit rate of 0.6% (Figure 2).
Still, the inhibition effects were in most cases small or some-
times showing a sharp dose dependency.

To further characterize the 63 primary FP hits and exclude
other types of false positives, such as aggregation-based
promiscuous inhibitors,"® we conducted a series of SPR
validation experiments. SPR is a sensitive technique that can
detect direct binding to the protein and unusual sensorgram
shapes or response levels above those of comparative control
compounds are indicative of false positives."'¥ In SPR, the
fragments were injected in a OneStep concentration gradient at
0.5 and 1 mM (4% DMSO) over immobilized PSD-95 PDZ1-2 in a
384-well plate format. An octamer GIuN2B-derived peptide
(LSSIESDV-OH, 3"™) and 2 were used as a positive controls
(Figure S2). To discriminate true binding events from non-
specific binding and bulk effects, a follow-up counter-test was
performed where the running and ligand buffers contained
10 uM of a high-affinity dimeric PDZ1-2 inhibitor (4).”” The
affinity of 4 has previously been determined to be 10 nM by ITC
(Ky) and FP (K);“**® here a Ky of 21-73 nM was determined by
SPR (Figure S2). Thereby, the PDZ1-2 domain binding pocket is
blocked by 4 during the counter-test and fragment binding to
the site is hindered leading to reduced response.'*?" Out of the
63 primary FP hits, 28 were considered SPR validated as they
gave a MW normalized response level higher than 40% of the
response level of the weak control compound 2 in the primary
SPR experiment (2 and the hits showed response levels around

2500 Ro3 Fragments

l

FP
Screen: 63 hits

T

FP SPR
Validation: 16 hits Validation: 28 hits

SPR (dose-response)
21 actives

FP SPR

Figure 2. Screening cascade and Venn diagram of our fragment screening
campaign against the PSD-95 PDZ1-2 domain. The Venn diagram shows the
number of hits after validation. Numbers in parenthesis indicate how many
of the FP/SPR validated hits also showed dose-dependent and fragment-like
binding in the SPR dose-response test.
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10 RU and 4-20 RU, respectively). Also, these fragments had an
“S" value >0.3, where S is a calculated metric based on the
responses from the primary test and the counter-test®” (§=0.3
corresponds to a reduction in response level of 50%). Among
the 28 SPR validated fragments, six were also FP validated hits
(Figure 2). The 38 FP/SPR validated hits were further charac-
terized by a SPR dose-response experiment by injecting the
fragments as twofold serial dilutions (0.125-2 mM, 4% DMSO).
This allowed for a more careful evaluation of fragment-like
binding behaviour (e.g., fast kinetics and weak affinities) and
provided another measurement of the binding affinity to PDZ1-
2. Five out of the six fragments that were validated by both FP
and SPR showed dose-dependent and fragment-like binding, as
did 15 out of the remaining 22 SPR validated hits (Figure 2).
Four fragments (5-8) showed affinities below 10 mM in the
dose-response SPR experiment, and these K values generally
correlated well with those suggested by OneStep SPR injections
(Table 1, Figures S3 and S4). Interestingly, fragments 5, 6, and 8
were also among the pool of hits that were validated in both
the FP and SPR validation step (Figure 2). Fragment 7 was FP
validated, but, however, not defined as an SPR validated hit
(Figure 2) due to a low S value.

The native peptide ligands of PSD-95 PDZ1-2 inserts the
side chain of the C-terminal amino acid (most often Val) into
the small hydrophobic P° pocket while the C-terminal carboxylic
acid simultaneously makes hydrogen bonds with the backbone
of the conserved Gly-Leu-Gly-Phe (GLGF) motif (Figure 1).2?
Based on the structures of 5-8, we imagined a similar binding

Table 1. SPR validation data of fragment hits.”

F# Structure Ky [mM] (LE)
SPR - OneStep SPR - MCl
c
0
5 U\W¢A>,J( 6.2 7.1(029)
s-n/ OH
6 23 7.7 (0.22)
7 2.8 7.3(0.21)
8 32 4.2 (0.20)
COOH
OH
o
9 /)kN OH - 63(0.27)
H o

[a] SPR K values of fragment hits 5-8 and control fragment 9 as found by
OneStep (1 mM) or dose-response multicycle injections (MCl; twofold serial
dilutions) during the validation step (both n=1). LE values shown in
parenthesis are based on dose-response Ky values. Sensorgrams are shown
in Figure S3-4.
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mode of these fragments. Thus, to compare the binding
efficiencies of 5-8 we designed the smallest possible truncation
product of the GIuN2B peptide ligand, that is, N-acetyl-L-Val (9),
and tested it by SPR. From this it was clear that the best
fragment hits bind with similar (5-7) or slightly improved (8)
affinities compared to 9 (Table 1, Figures S3 and S4). Notably,
the ligand efficiency (LE)*® of 5 was better than for 9 (0.29 vs.
0.27), thus indicating that 5 fits well into the PDZ domain
pocket. For fragment 6-8, LE was lower than 9 (Table 1), but
still at a reasonable level considering that PDZ1-2 is a PPI
target.

Next, binding of fragment hits 5-8 to PDZ1-2 was explored
by NMR chemical-shift perturbation (CSP) analysis based on
'H,®N HSQC NMR titration experiments. NMR titration of
peptide controls 1 and 3 to PDZ1-2 showed obvious chemical
shifts indicating their interaction with PDZ1-2 (Figure S5A, B, E).
The slow exchange between the ligand-bound and ligand-free
PDZ1-2 in the titration is consistent with the high potency of
compound 3 (Figure S5B). Multiple peaks of PDZ1-2 underwent
fast exchange upon the binding of fragment 5, 8 and 9
(Figure 3A-C), indicating their interaction with PDZ1-2. Frag-
ments 6 and 7 only gave negligible chemical shifts (Figure S5C,
D). However, 6 was found unstable under the conditions of the
NMR experiments and 7 was hampered by low solubility
preventing testing at high excess of ligand. Mapping of
binding-induced chemical shift changes to the structure of
PDZ1-2 suggested that fragment 8 binds to PDZ1-2 by showing
fast exchange of chemical shifts specifically at the canonical
GLGF loops and hydrophobic P° pockets of the 3B-aB grooves
of PDZ1-2 with PDZ2 showing the strongest signals (Figure 3B,
D). This correlated with the suggested binding pose of 8 by
molecular docking (Figure 3E). Docking of 5-7 and 9 suggested
that these were also interacting with PDZ1-2 at these motifs
(Figure S6).

A series of 20 analogues of fragment 8 (10-29) were
purchased or synthesized (Scheme S1) and tested by SPR to
gain structural insight of the binding mode of 8 within the
PDZ1-2 pockets. From this it became clear that the cyclopentyl
group was important for binding as removing it (10), increasing
or decreasing the alkyl ring (11 and 12), or opening (13-15) or
aromatizing (16 and 17) it resulted in weaker compounds
(Table 2). In the suggested docking pose (Figure 3E), the cyclo-
pentyl group of 8 binds into the P° hydrophobic pocket, which
is normally occupied by a Val side chain from the native peptide
ligand (Figure 1). Apparently, for the small fragment 8, the
cyclopentyl group provides stronger binding than this branched
alkyl group. Esterification or amidation of the carboxylic acid of
8, as in 18-19, led to basically inactive compounds. This
correlates with the docking of 8 where the carboxylic acid
group forms essential hydrogen bonds to the GLGF motif
similar to peptide ligands.”? Interestingly, the hydroxyl group
of 8 also engages in hydrogen bonding to the PDZ GLGF motif
according to docking (Figure 3E) - similar to the first amide NH
group of the peptide ligand (Figure 1). Accordingly, removing
the hydroxyl group led to a much weaker compound (20), and
so did changes of the central C—OH group into amides or
sulfonamides as in 21-24 (Table 2). Finally, ortho or para

951 © 2020 Wiley-VCH GmbH
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Figure 3. A)-C) NMR-based titrations of PDZ1-2 with increasing concentrations of fragment hits 5 and 8 and control fragment 9. 'H,""N HSQC spectra of "*N-

labelled PDZ1-2 (150 uM) without or with the respective compounds are shown. D) Mapping of binding-induced chemical-shift changes to PDZ1-2 by 8
illustrates that 8 binds to the GLGF loop and P° pocket of the conserved fB-aB PDZ binding groove in both PDZ domains. PDZ1 and PDZ2 of PDZ1-2 are
presented separately for clarity. The combined 'H and N chemical-shift changes are defined as Appm = [(Adyn)* -+ (Ady X a)?1"% where Ad,y and Ady
represent the chemical shift difference. The scaling factor ay to normalize the 'H and "°N chemical shifts is 0.17. E) Fragment hit 8 (green sticks) docked into
PDZ2 of PSD-95. The highest-ranking pose of (R)-8 is shown. Polar contacts are shown as yellow dashes, and a suggested m-cation interaction between 8 and

K233 is shown as orange dashes.

substitutions of the phenyl ring of 8 with electron-withdrawing
or -donating groups resulted in 25-28 showing clear binding to
PDZ1-2 only slightly weaker than 8. Also, 29 was equipotent to
8, thus demonstrating that thiophene could replace the phenyl
ring (Table 2). In docking, the phenyl ring points towards the
aB’ helix and forms a m—-cation interaction with Lys233 (Fig-
ure 3E). This part of the ligand and corresponding protein area
could be focus of future optimizations.

In conclusion, we have reported a screening campaign
testing 2500 fragments against the PDZ1-2 domain of PSD-95
using FP and SPR as screening and main validation methods.
This included counter-tests in which PDZ1-2 was omitted from
the FP assay to identify fluorescence artefacts, and an SPR step
in which the target was blocked by a high-affinity ligand. This
strategy facilitated the identification of the most promising hits,
which were also confirmed and further characterized by dose-
response SPR. Four fragments (5-8) bound PDZ1-2 with K|
values of 2-8 mM. Although these affinities are low, they are in
the same range as the native peptide-derived fragment N-
acetyl-.-Val (9), and the ligand efficiencies are reasonable to
good and comparable to 9. This indicates a good fit into the
binding pocket, and suggests that 5-8 could provide starting
points for further ligand design. Also, fragments 5-8 are novel
in structure in relation to PDZ domain drug discovery, and can
be docked to show binding into the P° pockets of the PSD-95
PDZ1-2 domain. The location of the fragments into P° was

ChemMedChem 2021, 16, 949 -954 www.chemmedchem.org
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confirmed for 5, 8, and 9 by 'H,’°N HSQC NMR. Several
derivatives of 8 were made, which gave insight into the
structural requirements for affinity, confirmed the suggested
docking pose, and provided equipotent analogues thereby
guiding future optimizations.

This work is one of the rare examples of successful fragment
screening studies related to a PDZ domain target® and, to the
best of our knowledge, the only one related to PSD-95. We
show that indeed it is possible to find ligand efficient fragments
against PDZ1-2 of PSD-95 by screening a commercial fragment
library using a well-optimized biochemical assay followed by
thorough counter-tests and biophysical assessments. The
nature of the target — especially the small size of the main
hydrophobic pockets and the lack of closely related secondary
pockets — makes optimization very challenging. However,
combining peptidomimetic strategies with the insight and
results obtained from this study could perhaps facilitate the
development of more-potent PSD-95 inhibitors with useful
drug-like properties.
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Table 2. SPR activity of analogues of 8.
F# Structure Ky (SPR) [mM] F# Structure Ky (SPR) [mM] F# Structure Ky (SPR) [mM]
H S\ [N> "/COOH
10 COOH very weak 17 very weak 24 é:o very weak
LocooH ©/ Y

%0 S

11 18 no binding 25 COOH 7.0
COOMe
OH COOH OH
F
L H o
12 no binding 19 N no binding 26 9.6
COOH ~N H
OH OH OH COO
F

13 COOH very weak 20 very weak 27 COOH 8.4
OH COOH OH
H
{P~coon
14 very weak 21 no binding 28 8.6
COOH (¢] o COOH
OH <

:N: ""/COOH
15 COOH very weak 22 no binding 29 6.1
OH o = COOH
\ s OH

16 very weak 23 S=0 no binding
Lrcoon ©/ P

[a] Compounds were tested by dose-response multicycle injections (MCI) in twofold serial dilutions (125 uM-2 mM; n=1). A confirmatory OneStep injection
(1 mM) experiment was also conducted (n=1, not shown). K; values were determined from steady-state affinity analysis by fitting to a 1:1 model and by
fixing R...x to the value of control peptide 3. K, values were determined for compounds showing dose-dependent responses across all tested concentrations.
Compounds for which only 1 or 2 of the highest concentrations led to responses >2 RU are designated “very weak”; those only showing responses <2 RU
are termed “no binding”.
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