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Protein—protein interaction domains (PPIDs) are key ele-
ments in assembling functional protein complexes and con-
trolling cellular activities. A major class of PPIDs is mediated
by PDZ (for PSD-95, Dlg, ZO-1) domains,'™* widespread
scaffolding modules essential for the localization and activity
of numerous cellular effector proteins. Among the diverse
protein interaction domains, PDZ domains are highly con-
served in organisms from bacteria to humans.! They usually
bind the C-terminus of their ligands.

Consistent with their structural homology, PDZ domains
exhibit overlapping recognition sequences, meaning that a
given partner typically can interact with multiple domains.
Some years ago, we proposed a general and efficient
procedure for profiling PDZ—peptide interactions that pro-
vides a picture of specificity and selectivity covering the
complete PDZ-ligand sequence space by combining SPOT
synthesis and K prediction.”! As expected, among the three
PDZ domains that were analyzed (AF6, ERBIN, and SNA1),
the overlap of ligand sequences recognized at K, values
between 50-100 um was substantial. Recent studies have
suggested that there is more diversity among PDZ sequence
preferences than originally thought.*” Nevertheless, the set
of PDZ domains interacting with a given protein necessarily
shares overlapping binding motifs, and it remains challenging
to develop a canonical peptide that will inhibit only a single
PDZ domain out of this set.
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To address this issue, we focused on a set of five PDZ
domains known to interact with the cystic fibrosis (CF)
transmembrane conductance regulator (CFTR). The PDZ-
containing proteins CAL (CFTR-associated ligand)® and its
antagonists NHERF1 and NHERF2 (Na*/H" exchanger
regulatory factors 1 and 2),*!% compete for binding to
CFTR. CAL contains one (CALP) and each NHERF protein
two PDZ domains (N1P1, N1P2, N2P1 and N2P2) which
control both the activity and the cell surface abundance of
CFTR. NHEREF family members increase CFTR activity at
the apical membrane, whereas CAL promotes its lysosomal
degradation. Thus, to explore novel therapeutic strategies for
increasing the cell-surface abundance of CFTR, our goal was
to design a selective inhibitor of the CFTR-CAL interaction
that does not affect the biologically relevant PDZ competitors
NHERF1 and NHERF2."!

Here, we present a strategy for the parallel evolution of
inhibitor affinity and selectivity, optimizing binding determi-
nants distributed along the length of a decameric sequence.
Because the individual contributions can be modest, our
challenge is to survey them efficiently and with high accuracy.
Peptide libraries provide the necessary throughput, while
fluorescence polarization (FP) measurements provide precise
estimates of affinity for all five domains.

The general approach (Figure 1) involves the synthesis of
a variety of different cellulose-bound peptide libraries with
the method of inverted peptides!'! based on SPOT technol-
ogy'"?—a simple but robust technique for the parallel syn-
thesis of up to 6000 peptides with free C-termini.l’® As
promising extensions or sequence modifications are identi-
fied, FP['l assays are used to determine binding constants for
all five PDZ domains of the CFTR trafficking system. Each
modification is then evaluated for its contribution to the
affinity for CAL and to the loss of affinity for the individual
NHERF domains. (For details see Experimental Section in
Supporting Information).

To initiate the project, arrays encoding a human C-
terminal peptide library (6223HumLib)™"! were synthesized
and probed with each of the five PDZ domains (Figure 1).
The binding sequences that were detected included published
interactions such as the platelet-derived growth factor,!™” the
B2-adrenergic receptor,'® and CFTR!" for N1P1, as well as
the N2P2 partner B-catenin'® (see Supporting Information,
Table S2).

The 80 best binding sequences of the HumLib incubations
were analyzed using the WebLogo algorithm,'”) revealing
clear C-terminal binding motifs (Figure 2A and Tables S1-
S5). Consistent with their shared affinity for the CFTR C-
terminus, the resulting consensus motifs are very similar,
especially for ligand positions 0 (P°: ligand positions are
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Figure 1. Engineering selective PDZ inhibitors. To find a C-terminal “core”, HumLib arrays were incubated with individual PDZ domains and
immunoblotted with antibody to detect bound PDZ protein as a function of peptide sequence. Top binding sequences were aligned (WebLogo)
(F=frequency), and arrays of individual side-chain substitutions were synthesized (SubAna) to establish C-terminal sequence motifs with affinity
for CALP, but not for the NHERF PDZ domains. Candidate peptides were synthesized and tested by FP inhibition assay for binding to all five PDZ
domains. Once a selective C-terminal sequence was established for positions P>~P° CombLibs were synthesized. Pairs of amino acids were
selected based on strong binding to the CALP and weak or reduced binding to the NHERF domains. FP inhibition was used for validation. Once a
residue pair was added to the core sequence, the pairwise N-terminal extension process was iterated.

numbered in reverse from the C-terminal ligand residue,
which is denoted as 0) and P2 requiring L and S/T,
respectively. Importantly, we also found distinctions in the
alternative side-chain preferences at P, with CAL sequences
containing I or V, and NHERF sequences containing F. A
similar N1P1 binding motif corresponding to x-S/T-R-F was
reported by Joo and Pei.?"!

To investigate the context dependence of the amino acid
preferences, we performed substitutional analyses (SubAna)
on a series of peptides from the 80 best HumLib peptides,
including the C-terminus of the somatostatin receptor type 5
(SSR5,y) which has the highest affinity for CALP among a
series of known binding sequences™*! (Figure 1, 2B, and S1-
S2). The SubAnas confirm the difference in the amino acid
preferences at P’ between the five PDZ domains, and show a
clear tolerance of CALP for I at P°. In contrast, NHERF PDZ
domains show weak or absent binding for I at these positions
(Figure S1, S2). As determined by FP measurements, the
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single P’ L/I substitution generates a ca. 7-fold increase in the
selectivity index for CALP compared to the NHERF PDZ
domains (0.4 for SSR5¢ vs. 2.7 for iCALOS, Table 1).
SubAna data also show a modest preference of CALP for
I at P!, (Figures S1, S2). With the double substitution at P°
and P! we increase the selectivity index ca. 25-fold (SSR5; vs.
iCALO6g, Table 1). Although the motif and SubAna data on
P~¥~* were ambiguous, previous FP measurements had shown
that the T/S sequence provided ca. 5-fold more selectivity
versus N1P2 compared to the S/T sequence (data not shown).
Beyond the P~ position, classical motif analysis reveals no
meaningful preferences for any of the five PDZ domains
(Figure 2B and S1, S2). However, other studies have shown
that upstream residues can contribute to PDZ binding
affinity.""! Our hypothesis was that different C-terminal
anchor sequences might have distinct upstream preferences,
washing out signals in a global motif analysis. To detect
context-dependent preferences, we generated combinatorial
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Figure 2. Consensus motifs of the five PDZ domains involved in CFTR binding. A) Five 6223-HumLibs were synthesized, each containing 6223
human C-terminal peptides, which were incubated with the CALP and the four NHERF PDZ domains, respectively. The most frequent amino acids
were plotted for the four C-terminal residues using WebLogo analysis of the 80 best binding sequences. Sequences are listed in the Supporting
Information. B) Substitutional analyses (SubAna) of the C-terminal SSR5 sequence demonstrate the interaction determinants of the CALP and the
NHERF PDZ domains. C) FP measurements comparing SSR5¢ with iCALO6¢ and with iCALO5, clearly revealed that | at P° does not disturb the
interaction with CALP, but increases the K; values of the NHERF PDZ domains. Values shown are mean £SD, N=3.

libraries (CombLib). Due to chemical restriction, the core  since it can potentially identify cross-talk between adjacent
sequence at least has to be a 4-mer to allow cyclization for the ~ positions. As the starting point for our investigations, we
inversion during peptide synthesis. The double permutation  selected P~**V—P~®_TSIT (P~**V, P~®: simultaneous permu-
provides information beyond that available through SubAnas,  tation with the 20 L-amino acids, other positions were held
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Table 1: Evaluation of K; values (in um) for peptide engineering.

Angewandte

inemationaldiion. CEMi@

Peptide Sequence CALP N1P1 N1P2 N2P1 N2P2 Selectivity
CFTRyo TEEEVQDTRL 390420 0.45 +0.02 1.9+0.1 1.1+0.1 0.10£0.02 0.00026
SSR5,, ANGLMQTSKL 21.4+1.7 245+1.9 130+48 38.6+7.7 19.8+2.7 0.93
SSR54 MQTSKL 253+3.4 19.3£5.6 50.249.1 31.7£8.9 10.0:£0.6 0.40
iCALOS,"! MQTSKI 40.8+10.3 914+186 17001300 806 =+ 84 109+10 2.7
iCALO6,"! MQTSII 16.9+1.6 245471 24001400 245426 166104 9.8
iCAL35 WQTSlI 16.34+2.1 430109 > 5000 496+ 151 2464186 15
iCAL36," WPTSII 32.8+03 >5000 > 5000 >5000 >5000 150
iCAL36, SRWPTSII 20.3+2.6 > 5000 > 5000 516+183 433 +154 21
iCAL36,, ANSRWPTSI| 173443 > 5000 > 5000 > 5000 >3000 170

[a] Selectivity index=min(K;N1P1,K;N1P2,K;N2P1,K;N2P2)/K,CAL. [b] Peptides include an N-terminal cysteine to permit labeling. N=3 for all

experiments.

constant, Figure 1) to elucidate P~¥~° preferences. With this
peptide library, we were able to determine that Q/P at P~* as
well as W at P~° gave the highest signal intensities for CALP
(Figure 3A). To establish the affinity contribution of the
single substitutions rigorously, we analyzed the sequences
WQTSII (iCAL35,) and WPTSII (iCAL364) compared to
MQTSII (iCALO6s) by FP measurements (Figure 3B-F;
Table 1).
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Figure 3. Enhancing CAL PDZ selectivity by amino acid substitution.
A) The recognition pattern of the CombLib incubation shows a clear
preference for the combination of Q/P and W at P™* and P~*. BF) FP
binding isotherms for the three peptides iCALO6,, iCAL35, and iCAL36,
were measured with the five different PDZ domains.
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The substitution of W for M at P> (iCAL35;) has only a
minimal effect on CALP affinity, but further weakens peptide
interactions with all of the NHERF domains, increasing the
selectivity index from 9.8 to 15. The additional substitution of
P for Q at P (iCAL36,) abolished interactions with the
NHERF PDZ domains (all >5000 um), consistent with
CombLib data showing that NHERF domains bind poorly
to peptides containing proline at P~* in multiple sequence
contexts (Figure S4). The ability to visualize negative con-
tributions to peptide affinity represents another important
advantage of the CombLib approach over WebLogo-based
motif analysis. Even though affinity for CALP is also reduced
by nearly two-fold, the resulting peptide has a selectivity
index of 150 (Table 1).

Based on our knowledge about the importance of the C-
terminal peptide length on CALP affinity, we decided to
elongate the iCAL364 sequence N-terminally, in an effort to
further optimize both elements. CombLibs of the type P~'-
P*-WQTSII and P '-P-WPTSII were incubated with
CALP determine the amino acid preferences at P~® and P,
but reflected little specificity at either position (Figure S3).
This was confirmed by SubAna incubations, which revealed
no specificity upstream of P~° (Figure S1). Nevertheless, P~"-
P °~-WPSTRV CombLib incubated with CALP demonstrates
a slight preference for R at P~ (Figure S3). Addition of an SR
pair at P~7/P~° enhanced CALP affinity, but also reduced
selectivity vs. NHERF2 PDZ domains. Selectivity was
restored without loss of CAL affinity by a further addition
of an AN pair at P~%/P~®. As the CombLibs also did not reveal
any clear side-chain preference at these positions (Figure S3),
these affinity effects are presumably mediated primarily by
peptide main-chain interactions. These extensions of the
peptide sequences resulted in the peptide sequence iCAL36,,
(ANSRWPTSII). Retrospective sequence analysis using a
SubAna library shows a similar binding pattern for CALP
with P°, P2, and P~ as key residues (Figure 4).

Our final modification involved the N-terminal attach-
ment of fluorescein to a decamer sequence, which previous
studies had shown to enhance CALP binding more than
NHERF1 binding."¥ As expected, the resulting F*-iCAL36
sequence  (F*-ANRSWPTSII) exhibits  substantially
improved affinity for the CAL PDZ domain (K;=13+
0.1 um). This is comparable to the affinity of other reported
PDZ inhibitors.*??
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Figure 4. Substitutional analyses of iCAL36 incubated with the CAL
PDZ domain.

Titrations with NHERF PDZ domains did not reveal
significant binding at concentrations as high as 100 pM,
indicative of K, values of more than 1 mm. As a result, the
selectivity index for F*iCAL36 exceeds 750. Compared to
the non-selective SSRS sequence, F*-iICAL36,, has 16-fold
higher affinity for CALP and a more than 800-fold higher
selectivity index. Compared to the CFTR C-terminus, which
competes for binding, F*iCAL36,, has 300-fold higher
affinity for CAL and a circa 3 x 10%fold increase in selectivity.
A key aspect of our approach was the combination of multiple
affinity determinants along the length of the peptide. By
themselves, C-terminal motif-driven changes yielded a selec-
tivity index of only 14 (iCALOS5). The rest was contributed by
optimization of upstream elements. As has been seen
previously in other PPID systems, optimization also required
alternating tradeoffs between affinity and selectivity.”
Sequence-activity studies and/or structure determination
followed by rational peptidomimetic approaches may be
required to enhance affinity, selectivity and stability.

Overall, we have clearly achieved both our positive and
negative design goals: F*-iCAL36 has robust affinity for the
CAL PDZ domain, but strong selectivity against the four
NHERF1 and NHERF2 domains, despite shared sequence
specificity of the domains. This provides proof-of-principle for
selective PDZ inhibition. Since our strategy (Figure 1) can be
easily adapted to other PDZ domain networks (e.g., neuronal
PDZ scaffolds), it represents a milestone in the development
of peptidic inhibitors of this common class of PPIDs. In
principle, this approach could be also adapted to other PPIDs
having a pronounced peptide-binding pocket.

Selective CAL inhibitors also represent a potentially
novel class of CFTR modulators. As described in the
accompanying report,”! these peptides enable us to analyze
the effects of CAL inhibition on the cell-surface abundance of
CFTR in bronchial epithelial cells. They also allow us to
explore the possibility of cooperative rescue in conjunction
with correctors of the primary folding defect of the most
common disease-associated allele, AF508-CFTR.
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