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Abstract

PDZ domains play crucial roles in cell signaling processes and are therefore attractive targets for
the development of therapeutic inhibitors. In many cases, C-terminal peptides are the
physiological binding partners of PDZ domains. To identify both native ligands and potential
inhibitors we thus have screened arrays synthesized by the process of inverted peptides (PIPE), a
variant of SPOT synthesis that generates peptides with free C-termini. Here, we present the
development of a new functionalized cellulose membrane as solid support along with the
optimized PIPEPLYS technology. Improved resolution and accuracy of the synthesis were shown
with peptide arrays containing both natural and non-natural amino acids. These new screening
possibilities will advance the development of active, selective and metabolically stable PDZ
interactors.
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While small molecules have traditionally dominated medicinal chemistry!, peptides have
gained interest and are now broadly used as therapeutic or diagnostic tools2. Compared to

"Corresponding author: Tel.: +33-434-359-526; fax: +33-434-359-510; prisca.boisguerin@crbm.cnrs.fr.

Supplementary Material
Supplementary data associated with this article can be found in the online version.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Seisel et al.

Page 2

small molecules, peptides display high selectivity and potency; they often exhibit good
tolerability and predictable metabolism3. In particular, peptides show promise as inhibitors
of protein-protein interactions (PPIs) that regulate a variety of cell signaling processes®. A
common class of PPIs is mediated by PDZ domains, which are named after the proteins in
which they were first discovered: post-synaptic density 95 (PSD-95), disc large tumor
suppressor (DIgA), and zonula occludens 1 (ZO-1)°. These domains are found in many
human proteins. They are composed of 80-90 amino acids and most commonly recognize
the C-terminal carboxylate and four to seven residues of peptide ligands®’. PDZ domain-
mediated interactions (PDMIs) are involved in the transient assembly and localization of
macromolecular complexes associated with fundamental cellular functions such as
polarization, protein trafficking, tight-junction formation, and intercellular
communication®-10, In addition, individual PDZ domains have been implicated in many
human diseases (e.g. cystic fibrosis!, glioblastomal?) and are attractive therapeutic targets
for the development of peptidyl inhibitors.

Yeast two-hybrid!3, phage-display4, and SPOT synthesis!® approaches have been used to
screen PPIs and develop putative peptidyl inhibitors. SPOT synthesis, which has
progressively gained interest due to its accuracy and versatility, allows for the rapid
synthesis of arrays of peptides grafted onto a cellulose support (Figure 1A)8. A synthesized
peptide array can be incubated with any desired protein, followed by immunoblotting to
reveal novel PPI sequences.

However, in standard SPOT synthesis, the resulting peptides are C-terminally attached to the
membrane, making this technique unsuitable for the screening of PDZ domain ligands.
Therefore, methods for generating peptides with free carboxyl functions have been
developed and improved over the years1”:18:19 |n the latest version, known as the “process
of inverted peptides” (PIPE), peptide orientation is inverted in three steps (Figure 1B): 1)
synthesis of the peptide with the incorporation of p hydroxymethylphenoxyacetic acid
(HMPA) as an acid-labile linker; 2) cyclization of the peptide chain involving an N-terminal
bromoacetyl function; and 3) hydrolysis of the acid-labile bond with concomitant side-chain
deprotection.

Within this PIPE protocol, several steps are crucial in determining peptide quality, which in
turn governs the signal-to-noise ratio and the probability of false-positive or false-negative
results. In this study, we present: 1) the development of a new amino-functionalized
cellulose membrane; 2) optimization of the PIPE protocol and 3) proof-of-principle for the
identification of PDZ-binding peptides containing non-natural amino acids.

To date, N-modified cellulose-amino-hydroxypropyl ether (N-CAPE) membranes!819 have
been used as supports for PDZ peptide arrays generated by the PIPE protocol!. On N-
CAPE membranes, the required amine functionalization is provided by a stable ether bond
between the hydroxyl groups of the cellulose and the free amine anchors on which the
peptide chain will be elongated. However, the epibromohydrin moiety used to attach the
diamine functional group is light-sensitive and very hygroscopic, complicating the
preparation. Hence, one of our goals was to develop a more facile synthesis of amino-
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functionalized membranes that would be compatible both with standard SPOT synthesis and
the PIPE variant.

Along with ether formation, cellulose hydroxyl groups can also be functionalized via
carbamate synthesis. Based on the work of StdlIner et al.2, we activated the hydroxyl
function of the cellulose membrane with 1,1-carbonyldiimidazole (CDI, 45 pmol.cm™2) in
acetone, followed by an overnight incubation with 1,3-diaminopropane (DAP, 1 M) in
carbonate buffer, leading to the propylamine urethane cellulose (PUC) membrane, as shown
in Figure 2. The PUC membrane exhibited an amine density of 900-1,000 nmol.cm™2, a
value comparable with the amine density observed for N-CAPE membranes (200-1,200
nmol.cm™2; ref. 16).

The stability of the amino functionalization was assessed by coupling Fmoc-pAla-OPfp (0.3
M, 2x coupling) to a PUC membrane (1,000 nmol.cm™=2), which was subsequently incubated
with the different chemical solvents/conditions used during the PIPE process. Titration of
the Fmoc group revealed no significant difference in the stability of the B-alanine linkage
compared to untreated membranes (still approximately 1,000 nmol.cm™2, data not shown).
As expected, no impairment of the PUC amine functionality is observed upon treatment with
the conditions used during the SPOT or PIPE synthesis.

Because peptide density on the cellulose membrane has an impact on the downstream
protein screen (e.g., via steric hindrance), it was important to determine and control the
parameters that influence the yield of amino-functionalization. Replacing the acetone by a
less polar solvent such as 1,4-dioxane substantially reduced efficiency, as no amino-
functionalization was observed.

We next studied the influence of the concentrations of CDI and DAP on amine density.
Decreasing the CDI concentration to as little as 5 pmol.cm™2 did not substantially reduce
amino-functionalization (Figure 2B). However, 20 pmol.cm=2 CDI yielded the most
consistent amine densities both within and between membranes (Table S1), so this value was
used for all subsequent experiments. In contrast to the experiments with CDI, amine density
quantification revealed a clear dose-dependent effect of initial DAP concentration on amine
density (Figure 2C). As for the CDI-concentration experiments, we observed that the
measured amine densities were highly reproducible at each of the DAP concentrations
tested. Finally, we show that shorter DAP incubation periods (=3h, 20 mM) are enough to
obtain an amine density of 200 nmol.cm=2 (S3).

These findings implied that PUC membranes can be synthesized in a reproducible and
controlled fashion at amine densities ranging from 100 to 1,000 nmol.cm~2. More
importantly, this membrane functionalization does not require the anhydrous conditions that
are critical for epibromhydrin coupling during N-CAPE preparation?L. For the following
experiments designed to optimize the PIPE protocol, we selected a DAP concentration of 20
mM, which results in PUC membranes with a loading capacity of 200 nmol.cm=2. This
value is comparable to the loading yields of the commercially available Amino-PEGsgqg-
UC540 (400 nmol.cm™2, AIMS Scientific Products GmbH) and to previously used N-CAPE
membranes. Additionally, in our experience, starting the synthesis with a membrane loading
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capacity of 200 nmol.cm™2 has been used successfully for screening a wide range of PDZ
domains 18:19.22,23

During the PIPE protocol, macrocycle formation is one of the most critical steps.
Cyclization is a prerequisite for the inversion of the peptide at the cellulose membrane, and
the efficiency of the reaction is controlled by both the reagent and conditions. Typically 2,4-
dinitrophenyl bromoacetate (BrAc-DNP) and cesium carbonate are used. However, neither is
ideal. BrAc-DNP is not commercially available, and cesium ions can over-activate the
cyclizing cysteine (referred to as the cesium effect?4). Therefore, we decided to optimize the
coupling method with respect to both of these reagents.

To address cyclization conditions, we compared the standard solvent mixture
(Cs,C0O3/H,O/DMF 0.05/0.5/0.5 [w//AA) to several milder conditions such as 2x-
concentrated tris-buffered saline (TBS-2X)2° and aqueous sodium bicarbonate (ag. NaHCO3
0.1 M)26 (Table 1). For this purpose, short peptides were synthesized on a PUC membrane
modified with HMPA-BAla-Cys(Trt)-BAla (HMPA-BCB), onto which we coupled N-
hydroxysuccinimidyl bromoacetate (BrAc-OSu) as a cyclization agent. Coupling efficiency
of BrAc-OSu was confirmed by mass spectrometry (Figure S1). After peptide cyclization,
residual uncyclized peptide was released by TFA cleavage (Figure S2). The amount of
released peptide was determined by UV spectroscopy (Azgg) (see details in the
Supplementary Material). To calibrate the results, Fmoc-pAla-OPfp was coupled to peptides
instead of the cyclization agent, such that after TFA cleavage the obtained peptide amount
was defined as the 100% value. Cyclization yields (%) for each condition were determined
as a fraction of the value obtained with the linear pAla-peptide (see also assay scheme in
Figure S2). This indirect quantification method was performed instead of mass spectrometry,
as linear soluble peptides spontaneously cyclize in aqueous conditions, preventing accurate
calculation of the cyclization ratio (data not shown). The results are shown in Table 1. They
confirm a substantial improvement in yield with the bicarbonate-based conditions, which
were used in the following experiments.

To determine the choice of cyclization reagent, we next tested a variety of compounds in the
synthesis of peptides with different lengths (3-, 6- and 10-mer) and measured cyclization
yields for each reagent as described above. First attempts using bromoacetyl bromide (BrAc-
Br) or bromoacetic acid (BrAc-OH) activated with A-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ) failed (data not shown). Other thiophilic reagents, including
BrAc-0Su, chloroacetic acid (CIAc-OH), BrAc-OH, 3-maleimidopropionic acid (MalC3),
and 4-maleimidobutyric acid (MalC4), each activated with 0.5 eq. N, -
diisopropylcarbodiimide (DIC), were evaluated as more promising (Table 1). For all three
peptide lengths, BrAc-OSu showed the highest cyclization yield. It was also more efficient
than the standard reagent BrAc-DNP when compared directly in the synthesis of 6-mer or
10-mer peptides. Finally, we confirmed the result obtained with BrAc-OSu by mass
spectrometry, which revealed the expected mass of the intact macrocyclic compounds (Table
S2). These findings indicate that the peptides are not affected by possible side reactions,
such as tryptophan bromoacetylation.
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Taken together, these experiments allowed us to develop an improved PIPE process, defined
as PIPEPLYS, in which BrAc-OSu serves as a cyclization reagent in the presence of aq.
NaHCO3. Using this method, we synthesized peptide arrays on a PUC membrane, at a
density of 200 nmol.cm™2. To assess the quality of the protocol with a more diverse set of
sequences, we synthesized a substitutional analysis (SubAna) array for a peptide
(ANSRWPTSII, also called iCAL36) that has been extensively studied by our group?’~30,
This peptide has been shown to modulate the trafficking of the cystic fibrosis transmembrane
conductance regulator (CFTR), by inhibiting its interaction with the PDZ domain of the
CFTR-associated ligand (CALP). In brief, each residue of the iCAL36 sequence was
individually replaced with each of the 20 naturally occurring L-amino acids to determine the
key positions that contribute to CALP binding?’. A PIPEPLYS SubAna array was incubated
with the CALP domain and washed to remove unbound protein. The interactions between
the PDZ domain and the peptides in each spot were revealed using an HRP-based antibody
sandwich system (see Supplementary Material).

As shown in Figure 3A, the SubAna signals revealed a homogeneous signal for the wild-
type (wt) column. To visualize the amino-acid preferences of iCAL36, signal intensities
obtained for each spot were quantified and normalized relatively to the mean values of the
wt spots (Figure 3B). To evaluate the effects of single point mutations, the following
thresholds were set for sequences with significantly higher, equal, or lower levels of bound
CALP than the wt-sequence: >1.6, 1.6 to 0.4, and < 0.4. CALP displayed strong preferences
for I/L/V and S/T at position 0 (P%) and position =2 (P~2), respectively, where P is defined
as the most C-terminal residue. These preferences are in excellent agreement with the
assignment of CALP as a bona fide class | PDZ domain3L, and with our previous
studies?7:30:32_ At positions P8 through P9, the wt amino acids can be replaced by any
other, which is typical of the relatively non-specific interactions of N-terminal residues with
the PDZ domain®4.

As a reference, we synthesized three iCAL36 SubAna arrays using standard PIPE
synthesis?’. These were independently incubated with CALP and analyzed in the same way
as described above (Figure S3). Comparison of the measured values showed overall good
agreement with the PIPEPLYS results. In particular, there is excellent concordance at
positions P~ and P=2. However, while the patterns are broadly consistent, there are some
differences. In particular, the PIPEPLYS method reveals more stringent amino-acid
preferences at PO (I/L/V). Furthermore, significantly stronger binding signals could be
observed for replacements of Trp with a number of side chains at P~>, while those did not
appear as strong in previous analyses. However, the signal intensities measured on cellulose
membrane only allow relative comparison, and binding constants should be measured by
other methods such as surface plasmon resonance (SPR), fluorescence polarization (FP) or
isothermal titration calorimetry (ITC).

As a further refinement, we tested the compatibility of the PIPEPLYS protocol with non-
natural amino acids (NNAA). Such residues expand the range of chemical space available
for peptide screening. They can also modulate properties, such as peptide affinity or stability
that are relevant for the development of therapeutic peptides. First of all, we analyzed the
coupling efficiency of 11 Fmoc-NNAA-OH activated with CDI on the HMPA linker. Results
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of the Fmoc titration assays showed coupling efficiencies between 650 nmol.cm~2 for 2-
aminobutyric acid (t) and 140 nmol.cm™2 for tert-butylglycine (a) (Figure 4A). All tested
Fmoc-NNAA-OH reagents thus exceeded a coupling efficiency of 100 nmol.cm=2, which is
the minimum concentration required for PIPE-related SPOT synthesis33. After this
preliminary coupling of each NNAA, the sequence WKL was synthetically appended. The
resulting spots were punched out, transferred into Eppendorf tubes, and treated with TFA for
peptide release and side-chain deprotection. Crude product analyses of the precipitated
peptides by RP-HPLC revealed excellent purity, with values ranging from 70% to 95%
(Figure S4).

Finally, we incorporated these NNAA in a substitution analysis of the iCAL36 peptide using
the PIPEPLYS method. After CALP incubation and antibody detection, we observed robust
binding at several spots, and wt signals with similar baseline intensities in each row in the
array (0.7 — 1.2) (Figure 4B and 4C). Using the same signal thresholds as described for
Figure 3B, we found that the key residue serine at P2 could not be replaced by any of the
NNAA that were tested. Interestingly, the P isoleucine appeared to be successfully replaced
by hydrophobic amino acids such as norleucine (), cyclohexylglycine (v), norvaline (p), or
aminobutyric acid (t). These results are in agreement with the structure of the CAL PDZ
domain, which bears a hydrophobic pocket for the C-terminal amino acids2®. Quantification
and comparison of the spot intensities allowed also the identification of peptide sequences
with higher or equal binding signals compared to the wt-sequence. Interesting sequences
could be selected such as ANSpWPTSII [norvaline (1.7)] to inhibit arginine cleavage by
endopeptidases or ANSRWPTSI< [2-aminobutyric acid (3.1)] to inhibit exopeptidase-
mediated degradation. Crystallographic evidence shows that CAL PDZ has additional space
for binding at P> that is not fully occupied by tryptophan30. Thus, replacement with the
voluminous 1-naphthylalanine (which has the highest binding signal: 4.5) could generate a
ligand with more potency for CAL and higher specificity versus other PDZ domains.

Finally, the purity of the peptides synthesized by PIPEPLYS was estimated by HPLC to be
between 60% and 90% as exemplified in Figure S5.

In conclusion, the optimized process of inverted peptides (PIPEPLYS) is a powerful SPOT
synthesis variant allowing the preparation of rationally-designed peptide arrays for the
screening of PDMIs as exemplified here for the CAL PDZ domain. Three aspects of the
synthesis were optimized with respect to yield and synthetic accessibility: the amino
functionalization of the cellulose membrane, the cyclization conditions, and the cyclization
reagent. The PIPEPLYS protocol is now more widely accessible to the scientific community.
All required compounds are commercially available, and the method is user-friendly and
easily adaptable to any research laboratory using SPOT synthesis. PIPEPLYS arrays show an
improved sensitivity, reproducibility and signal-to-noise ratio compared to previous
described methods. As exemplified by the substitutional analysis of the iCAL36 sequence,
both natural and non-natural amino acids can be included in the synthesis, expanding the
scope of peptide sequence optimization for any biological application. Looking forward, the
improved chemistry of our protocol means that peptide substitution screening can potentially
be extended to a wide variety of amino acid-like building blocks, including B-, y- or -
amino acids. These improvements and modifications will likely accelerate the speed and
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fidelity by which potent and selective peptide inhibitors of PDMIs are identified and
developed.
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Synthesis and characterization of the PUC membrane. (A) Schematic representation of the
PUC membrane functionalization. (a) CDI: 1,1-carbonyldiimidazole (5-40 pmol.cm™2) in
acetone, 4 h at room temperature. (b) DAP: 1,3-diaminopropane (5-1,000 mM) pH 9.6, 3—
24 h at room temperature. (B) CDI concentration modestly affects amine density (means +
SD, n=3). (C) DAP concentration influences the amine density of the PUC membrane (mean
with ranges, n=2). The extent of membrane amino-functionalization was quantified via
Fmoc titration (see Materials and Methods).
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Substitution analysis of the iCAL36 peptide with all natural L-amino acids. Every spot is
labeled with the position of the mutation in the iCAL36 sequence (rows) and the identity of
the amino-acid replacement (columns). All spots in the left-hand columns are identical and
represent the wild-type (wt) peptide. (A) Chemiluminescence signals obtained after antibody

incubation of the CAL PDZ incubated peptide array. (B) Quantification of the spot

intensities was performed with ImageJ. Mean values of the wild-type (wt) sequences [first
column and within the SubAna (written in red)] were used to normalize all values. Squares
are color-coded to reflect normalized binding: green, values > 1.6; white, values between 1.6
and 0.4; and orange, values < 0.4.
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Implementation of non-natural amino acids in the PIPEPLYS protocol. (A) Determination of
the coupling efficiency for the 11 C-terminal non-natural amino acids. Fmoc-NNAA-OH
(0.2 M) were activated in DMF with CDI and coupled 4-times on a HMPA-BCB

functionalized membrane. Graphical representation of the coupling yields (means with

ranges) achieved by titration of the Fmoc-piperidine adduct cleaved from one spot (n = 2).

The minimal coupling efficiency for SPOT synthesis (100 nmol.cm~2) is shown as a

horizontal line as reported in 33, (B) Substitution analysis of the iCAL36 peptide using the
11 NNAAs. Chemiluminescence signals obtained after antibody incubation of the CAL PDZ
incubated peptide array. (C) Quantification of the spot intensities with ImageJ. All values
were normalized relative to the mean signal intensities of the wild-type (wt) spots (written in
red). Green: values > 1.6, white: values between 1.6 and 0.4 and orange: values < 0.4. a.:
tert-butylglycine, &: 3-nitrotyrosine, ¢: ornithine, y: norleucine, y: p-thienylalanine, -v:
cyclohexylglycine, 6: piperidine-4-carboxylic acid, p: norvaline, t: 2-aminobutyric acid, w:

p-biphenylalanine, w: 1-naphthylalanine.
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Table 1

Yields obtained with different cyclization conditions.

Peptide length b Cydlization conditions  Cyclization reagent  Cyclization yield %

ag. Cs,COs/DMF4 BrAc-OSu 25
TBS-2X BrAc-OSu Not observed
BrAc-OSu 56
3-mer ¢ BrAc-DNP nd.
ClAc-OH 46
ag. NaHCO30.1M
BrAc-OH 50
MalC3 n.d.
MalC4 n.d.
BrAc-OSu 50
BrAc-DNP 24
ClAc-OH n.d.
6-mer ¢ aq. NaHCO3 0.1 M
BrAc-OH n.d.
MalC3 20
MalC4 35
BrAc-OSu 44
BrAc-DNP 33
ClAc-OH n.d.
10-mer ¢ ag. NaHCO3 0.1 M
BrAc-OH n.d.
MalC3 17
MalC4 22

%506 Cs2CO3/H2O/DMF (W)

b . o
Spotted sequences: Z-[AAIn-HMPA-BCB-PUC, with Z = cyclization reagent.

CB—mer: WKL; 6-mer: GLSWKL; 10-mer: GALSGLSWKL. n.d. = not determined.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 July 15.
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