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Bivalent peptides as PDZ domain ligands
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Abstract—A series of multivalent peptides, with the ability to simultaneously bind two separate PDZ domain proteins, has been
designed, synthesized, and tested by isothermal titration calorimetry (ITC). The monomer sequences, linked with succinate, varied
in length from five to nine residues. The thermodynamic binding parameters, in conjunction with results from mass spectrometry,
indicate that a ternary complex is formed in which each peptide arm binds two equivalents of the third PDZ domain (PDZ3) of the
neuronal protein PSD-95.
� 2007 Elsevier Ltd. All rights reserved.
Multivalency is a recurring theme in biological molecu-
lar recognition, and has, like many concepts appropri-
ated from Nature, availed itself to an array of
chemical applications.1 Exploiting multivalent character
in the pursuit of cellular probes and therapeutic agents
has preoccupied the thinking of chemists for awhile
now, and for familiar reasons: to generate binding com-
pounds with high affinity and enhanced selectivity for a
given biomolecular receptor.2 In this current study, our
objective is to invoke this design sensibility as we devel-
op a new class of minimally-sized ligands to target the
PDZ domain family of signaling proteins.

PDZ domains are ripe for investigating multivalency.
Many mammalian proteins, particularly those situated
at neuronal synapses, possess this domain, which is fre-
quently present in multiple, albeit non-identical, copies.
The result is a single polypeptide that can serve as a cel-
lular hub for a variety of endogenous protein binding
partners. Canvassing the biological consequences of
PDZ domain multivalency is still a nascent research
activity, but studies are beginning to appear. Two nota-
ble examples are those of neuronal nitric oxide synthase
(nNOS)3 and the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein.4

The potential exists, then, to apply multivalent ligand
design principles to the PDZ domain to further both
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biophysical and biological understanding. Our prior ef-
forts have yielded monovalent linear5 and cyclic6 pep-
tides that have provided insight into the
thermodynamic nature of protein–ligand interactions.
These have led to validation of a PDZ domain-directed
molecular probe that functions within human cells.7 The
added dimension of multivalency enhances the prospects
for fashioning cell-permeable ligands that can selectively
inhibit or uncouple PDZ domain-based assemblies, or—
perhaps more intriguingly—can promote complex for-
mation by co-localizing separate signaling proteins
in vivo (as in (2) of Fig. 1).

As a simple and direct entry into this design challenge,
we elected for a bivalent strategy. Figure 1 outlines the
basic combinations involving a two-binding site archi-
Figure 1. Protein domain-ligand combinations for bivalent

interactions.
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Scheme 1. Solid-phase peptide synthesis of homobivalent pentapeptide

KQTSV (1). Peptides 2–5 were prepared in corresponding fashion.
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tecture, from which we chose case (2), with a homobiv-
alent peptide (A = B) and a single protein domain
(X = Y). Bivalent peptides designed to recognize two
discrete binding sites have been used to target important
cellular proteins, including dual SH2–SH3 domain8 and
SH2 domain-tyrosine kinase9 constructs, and G-protein-
coupled receptors (GPCRs).10

The specific PDZ domain selected for this study was
PDZ3, the third PDZ domain of the neuronal protein
postsynaptic density-95 (PSD-95). PDZ3 is well charac-
terized and has been the object of our prior ligand de-
sign efforts, which have demonstrated the facility with
which PDZ3 can bind to relatively short stretches of
peptide with dissociation constants in the low micromo-
lar range.5,6 As with our previous work, the analytical
method chosen was isothermal titration calorimetry
(ITC), a solution technique that provides not only the
thermodynamic binding parameters (i.e., DG, DH, and
DS), but also the binding stoichiometry (n)—the ratio
of ligand to host equivalents.11

To date the most thorough inquiries into binding multi-
valency using ITC have focused on protein–carbohy-
drate interactions.12 In the realm of protein–
(poly)peptide interactions, calorimetric investigations
have figured prominently in multivalent studies of the
erythropoietin (EPO) receptor,13 the SH2 domain,14

and of heterobivalent peptides that bind both the SH2
and SH3 domains in an Abelson kinase construct.15

Although multivalency introduces additional complexity
in binding analysis, there is ongoing calorimetric meth-
od development in the area.16 Multivalent ligand design
principles in concert with calorimetry have only recently
been applied to PDZ domains.17

As a compromise between simplicity, size, and synthetic
convenience, we chose the diacid succinate as linker. We
prepared a series of homobivalent peptides (Fig. 2)
based on the C-terminus of the protein CRIPT, from
which an isolated hexapeptide (YKQTSV) was derived
that we previously demonstrated to possess good affinity
for PDZ3 (Kd = 0.8 lM).5b This series comprised pep-
tides bearing five to nine residues of the CRIPT se-
quence (1–5), where ligand 5 bears a potentially more
accommodating Gly in lieu of the native Thr.

Bivalent ligand preparation utilized standard Fmoc so-
lid-phase peptide synthesis procedures (Scheme 1). The
C-termini are resin bound, leaving the amino termini
of the completed sequences accessible for double cou-
pling with succinate as the ultimate step before the final
cleavage.18 An exposed C-terminus is required for pep-
tide binding to most PDZ domains, which includes
PDZ3; this is conveniently provided by TFA-induced
Figure 2. Structures of PDZ3-binding bivalent peptides.
global deprotection and release from resin to yield the
bivalent peptide with free carboxylate ends.

Calorimetric binding analysis was performed in the same
manner as our earlier work,5 with bivalent peptide solu-
tions injected into the PDZ3 sample. The use of symmet-
ric homobivalent ligands was intended to simplify the
ensuing data interpretation, yet this form of multivalent
interaction is still considerably more difficult to analyze
than a standard 1:1 host–ligand titration. Binding of
two PDZ3 would lead to a ternary complex, and an
appropriate mathematical model with which to treat
the calorimetric data is required. We applied each of three
models: the One Set of Sites (OSS), the Sequential Bind-
ing Sites (SBS), and the Two Sets of Sites (TSS) models
(each as implemented in the Origin program). In addition
to assessing whether the assumptions of each model made
biochemical sense, the chi-squared (v2) value was used as
the primary criterion for the goodness of fit.

The OSS model assumes that only one binding event is
taking place during an ITC experiment. Consequently,
each of the multiple identical binding events would be re-
ported as the same set of thermodynamic parameters, and
the n value would be a positive integer equal to the multi-
plicity. Considering the homobivalent nature of the li-
gands used in this study, this model is appropriate and
was applied to directly determine the stoichiometry of
the interaction. The resulting data from OSS model fitting
are shown in Table 1. The stoichiometries obtained from
titrations with every one of the bivalent peptides equaled
or closely approximated the value of two. This strongly
supports a binding mode that involves two PDZ domains
in association with a single bivalent ligand. Further evi-
dence for the binding mode of the bivalent ligands to
two PDZ domains came from a reverse ITC experiment.



Table 1. Thermodynamic binding parameters for CRIPT-derived homobivalent peptides and PDZ3 using the OSS modela

Compound Kd (lM) DG (kcal/mol) DH (kcal/mol) TDS (kcal/mol) n

1 23.2 (±0.5) �6.3 (±0.1) �6.4 (±0.1) �0.1 (±0.1) 2.0 (±0.1)

2 6.7 (±0.1) �7.1 (±0.1) �4.1 (±0.1) 3.0 (±0.1) 2.2 (±0.1)

3 6.6 (±0.1) �7.1 (±0.1) �5.3 (±0.2) 1.8 (±0.2) 2.0 (±0.1)

4 5.5 (±0.2) �7.2 (±0.1) �5.5 (±0.2) 1.7 (±0.2) 2.1 (±0.1)

5 4.3 (±0.1) �7.3 (±0.1) �5.7 (±0.2) 1.6 (±0.2) 2.1 (±0.1)

a Values are the arithmetic mean of at least two independent experiments (error shown beside each value reflects the range).
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Here PDZ3 is injected into the sample cell containing li-
gand 2. The n = 1.8 obtained from this titration provides
independent evidence that binding involves one equiva-
lent of bivalent ligand to two PDZ3.

When viewing these thermodynamic binding parame-
ters, it is apparent that enthalpy is the predominant con-
tributor to the free energy of association. Within the
series, the transition from five to six residues (1! 2)
marks the largest improvement in DG, which thereafter
remains relatively constant as additional residues are
added. This behavior has also been seen with the corre-
sponding CRIPT ‘monovalent’ peptide series and
PDZ3.5b It appears that six residues per strand is neces-
sary and sufficient to capture the bulk of binding affinity
for this bivalent peptide series, which was likewise the
case with the monovalent ligands.

Since this type of binding system is not well docu-
mented, in order to avoid any bias in our analysis we
also examined alternative fitting methods. The SBS
model provided a good fit for the experimental data
and with smaller v2 values than observed with OSS
treatment. The main assumption of the SBS model is
that association is sequential and yields a data set in
which the binding sites are allowed to vary. This model,
however, does not furnish the stoichiometry of the inter-
action, so the n value determined from the OSS model
was used for initialization. Lastly, we also applied the
TSS model, but of the three fitting methods it produced
the poorest curve fits and was not pursued further.

Table 2 presents the thermodynamic parameters for
each of the two sites determined by SBS fitting. Here,
the bivalent ligands bind with one high affinity and
one lower affinity interaction. The difference in the bind-
ing strength for PDZ3 between the two sites varies from
10-fold with ligand 1 to as little as a 1.5-fold increase
with ligand 5. There are no clear and prominent trends
in the thermodynamic parameters, other than the
enthalpically-driven nature of the associations. This,
and the affinity improvement marking the pentapeptide
Table 2. Thermodynamic binding parameters for CRIPT-derived homobiva

Compound 1st binding siteb

Kd (lM) DG (kcal/mol) DH (kcal/mol) TDS (kcal/mo

1 9.7 (±1.0) �6.8 (±0.1) �6.1 (±0.1) 0.7 (±0.2)

2 6.3 (±1.3) �7.1 (±0.1) �3.9 (±0.2) 3.2 (±0.1)

3 3.7 (±0.4) �7.4 (±0.1) �5.2 (±0.2) 2.2 (±0.2)

4 5.0 (±1.7) �7.3 (±0.2) �5.5 (±0.1) 1.8 (±0.3)

5 5.8 (±3.3) �7.3 (±0.4) �5.3 (±0.4) 2.0 (±0.1)

a Values are the arithmetic mean of at least two independent experiments (er
b Ordinals do not necessarily reflect the order of binding.
to hexapeptide sequence transition, are reminiscent of
the results from the OSS data treatment.

If the values in Table 2 are biochemically meaningful,
they do not, however, speak to the mechanism. This pre-
sumably proceeds through a stepwise process and not an
entropically improbable event in which the three compo-
nents assemble simultaneously. In a sequential process,
it is possible that the first binding event could be that
with either the lower or higher affinity value, and the
second association would then be of higher or lower
binding strength, respectively. This would then reflect
a cooperative process, either in the positive or negative
sense, again respectively.

The origin of this cooperativity might be an adventitious
favorable or unfavorable interaction that may occur be-
tween the two units of PDZ3 attached to the bivalent li-
gand. If beneficial protein–protein contact took place,
then there may exist a degree of positive cooperativity
in which binding of the first PDZ3 to the ligand is fol-
lowed by an enhanced affinity for the second PDZ3.
Conversely, an unfavorable PDZ3–PDZ3 interaction
would behave in opposite fashion, presumably reducing
the overall apparent DG for ternary complex formation.
In either case, fitting the data to yield an appropriate
biochemical explanation will be made more difficult.
This is, in the absence of more concrete structural data,
admittedly speculation, but it is one plausible interpreta-
tion of the calorimetric results.

To further characterize the binding interaction, addi-
tional temperature-dependent ITC experiments were
performed to determine the change in heat capacity
(DCp) upon binding PDZ3 (see Supporting Informa-
tion). The heat capacity change for ligand 1 is a positive
73 cal/mol K, a value significantly different from that of
�163 cal/mol K determined for the monovalent hexa-
peptide YKQTSV in our prior work.5b In the context
of protein–ligand interactions, DCp has been correlated
with the change in solvent-exposed surface upon com-
plex formation, and so can partially illumine the nature
lent peptides and PDZ3 using the SBS modela

2nd binding siteb

l) Kd (lM) DG (kcal/mol) DH (kcal/mol) TDS (kcal/mol)

107 (±50) �5.8 (±0.3) �10.3 (±2.8) �4.5 (±3.1)

11.7 (±1.2) �6.7 (±0.1) �5.1 (±0.3) 1.6 (±0.3)

13.5 (±0. 8) �6.7 (±0.1) �5.7 (±0.4) 1.0 (±0.4)

9.2 (±0.6) �6.9 (±0.1) �5.6 (±0.7) 1.3 (±0.6)

8.6 (±1.1) �6.9 (±0.1) �7.2 (±0.4) �0.3 (±0.4)

ror shown beside each value reflects the range).
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of the binding interaction in the absence of structural
data.19 Heat capacity changes have been estimated using
empirically-derived equations, such as (1).20

DCcalc
p ¼ �0:32DAnp þ 0:14DAp ð1Þ

If this is correct, a positive value of DCp is predominately a
consequence of burial of polar surface area (DAp) in a pro-
tein-mediated association. Our previous studies suggest
nonpolar hydrophobic area is lost upon monovalent li-
gand binding to PDZ3.5b Here, though, this contribution
could be offset by a more significant burial of polar surface
area upon complex formation as a result of two proximal
PDZ3 proteins bound to a single, short bivalent peptide.
Based on the fact that the protein surface is mostly polar
this explanation is not unreasonable, but additional
experimental evidence would be required before strongly
asserting such a hypothesis.

While the ITC data are unambiguous, independent con-
firmatory evidence for ternary complex formation was
sought through electrospray ionization mass spectrome-
try (ESI-MS). The association of PDZ3 domain with li-
gand 2 was probed under mild ionization conditions so
as to hinder dissociation of the complex, given the pos-
sibility that the noncovalent forces involved could be
prone to disruption. Control experiments with PDZ3
alone and incubated with the corresponding monovalent
peptide, YKQTSV, were also recorded under the same
experimental conditions (see Supporting Information).
The ESI-MS data reinforce the existence of a ternary
complex. Formation of a species between two PDZ3
and the bivalent ligand yields an expected mass of
24,918 Da, and is verified by the presence of peaks rep-
resenting different m/z ratios for this complex. In con-
trast, when PDZ3 is incubated with monomeric
YKQTSV, the spectrum contains m/z peaks characteris-
tic of the expected 1:1 PDZ3–YKQTSV complex.

To recapitulate, this study demonstrates that bivalent li-
gands consisting of short peptide strands can simulta-
neously recognize two PDZ domains. Future
expansions of this approach could include the develop-
ment of heterodimeric peptides, in which each arm tar-
gets a different protein domain (PDZ or otherwise).
Multivalency at the level of n = 3 and beyond, up
through to dendrimers, is also a possible extension.
Additionally, one can then consider the preparation of
cellular probes by dedicating one strand for a mem-
brane-permeating peptide sequence.
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