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ABSTRACT. The thermodynamic parameters associated with the binding of several series of linear peptides
to the third PDZ domain (PDZ3) of the postsynaptic density 95 protein (PSD-95) have been measured
using isothermal titration calorimetry (ITC). Two strategies were pursued in developing these binding
ligands: (1) systematic N-terminal truncation of sequences derived from the C-terminal regions of identified
PDZ3-binding proteins (CRIPT, neuroligin-1, and citron) and (2) selective mutation of specific positions
within a consensus hexapeptide (KKETEV) known to bind PDZ3. Each synthetically prepared peptide
was used to titrate PDZ3, which yielded the changes in Gibbs free enaAfg)y énthalpy AH), and
entropy TAS) for the binding event. Selected peptides were subjected to additional analysis, which entailed
(1) measuring the change in heat capacif{) upon association, to assess the character of the binding
interface, and (2) constructing thermodynamic double mutant cycles, to determine the presence of
cooperative effects. From the first series, the CRIPT protein proved to be the better source for higher
affinity sequences. From the second series, enhanced binding was associated with peptides that closely
adhered to the established motif for class | PDZ domain C-terixi(ii/S)-X-(V/I/L), and more specifically

to a narrower motif oX-T-X-V. Further, in both series a length of six residues was necessary and sufficient
to capture maximal affinity. In addition, there were significant influences upon binding by modifying the
abutting ‘X" positions. The cumulative results provide greater detail into the specific nature of ligand
binding to PDZ3 and will assist in the development of selective molecular probes for the study of this
and structurally homologous PDZ domains.

PDZ domains embody a genetically thrifty approach by SH3, and GK domains. Viewed panoramically, PSD-95
which a variety of coexisting proteins can adopt specific yet appears to serve as an active scaffolding agent, fostering the
parallel molecular recognition properties within densely assembly of transiently formed protein complexes at the
populated cells i, 2). As with other adaptor or scaffold postsynaptic plasma membrane and the extracellular matrix
protein domainsg, 4), the PDZ domain facilitates protein (1). PSD-95 can affect clustering of NMDA receptod, (
protein interactions reliant upon discrete molecular patterns AMPA receptor recruitment 8), synaptic organization,
displayed by their endogenous binding partners. Often transmission, and plasticitp{11), and regulation of activity
considered structurally and functionally semiautonomous in and trafficking of serotonin receptor$?). There may also
temperament, PDZ domains are modular structures of aboutexist therapeutic benefits to interfering with the normal
100 amino acids that are singly or multiply present within binding activities of PSD-95 pertaining to ischemic brain
longer polypeptides. One of the paradigmatic examples of damage 13), addiction (4), and pain managemerit, 16).
the multidomain class is the mammalian neuronal postsyn- Given these varied biological entanglements involving PSD-
aptic density protein, 95 kDa, or PSD19%). 95, membrane-permeable ligands selective for the PDZ

PSD-95, also known as SAP90, is the marquee memberdomains of this protein could assist in deciphering their
of the membrane-associated guanylate kinase (MAGUK) respective cellular roles.

family (6), among the most scrutinized of the PDZ domain-  geyond that applied objective, there is also a biophysical
containing proteins. While the full repertoire of its cellular jyterest in learning more about how protein structures like
functions has yet to be revealed, PSD-95 is already recog-thne ppz domain recognize their molecular targets. In
nlzgd as a hub.for numerous protejorotein associations,  previous work, we reported both linedr7j and cyclic (8,
variously involving one or more of its five domains, which 1) heptide ligands for PDZ3, in which isothermal titration
consist of three nonidentical PDZ (PDZ1, PDZ2, PDZ3), caorimetry (ITC) was used to unearth the thermodynamic
" This research was supported by the National Institutes of Health ll:ggtjsirg:ntehnetspor??gzk?:llgg;g?nse\l/iﬁgt;b;ge V[Iri]t(f)ldtehsetirb[;?g(l:l?g
Grant GM63021). ’ B
( *To whom cor)respondence should be addressed: phone, 401-863-lection for relatively short sequences at the C-terminal region
2946; e-mail, mspaller@brown.edu. of protein partners, make them amenable to study with

Abbreviations: CD, circular dichroism; DTT, dithiothreitol; ESI- ~ gma)jer ligands. PDZ3 has also been the subject of structural
MS, electrospray ionization mass spectrometry; GST, glutathione

Stransferase; ITC, isothermal titration calorimetry; MAGUK, membrane- (20) and kinetic analysis21). Collectively, inquiries such
associated guanylate kinase; PSD-95, postsynaptic density 95 kDa. as these that seek to understand the fundamentals of
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molecular recognition can directly support the more utilitarian GST-PDZ3. A 1:50 (w/w) protease:fusion protein ratio was
goal of cellular probe design and development. Our prior used for the thrombin cleavage reaction. The thrombin
thermodynamic investigation with peptide macrocycles led working solution was prepared by mixing reaction buffer
to the discovery of a ligand with the ability to inhibita PDZ  [50 mM Tris-HCI (pH 8.0), 10% glycerol] with thrombin to
domain-mediated interaction within human cel)( obtain a 0.5g/mL final thrombin concentration. Thrombin

In this present study, we examine the binding behavior of working buffer (50 mM Tris-HCI, 150 mM NaCl, 2.5 mM
PDZz3 with linear peptide ligands derived from two distinct CaCl) was used to bring the final protein concentration to
sources: sequences from the C-terminal regions of proteins0.4 mg/mL. The cleavage reaction was allowed to proceed
assigned as endogenous partners of PDZ3 and positionafor 4 h atroom temperature, after which time the solution
analogues of a consensus peptide sequence with knowrwas placed in dialysis tubing (3500 MWCO; Pierce) and
affinity for PDZ3. In the first case, we selected the proteins equilibrated with the ITC buffer (20 mM MES pH 6.0,
CRIPT @3), neuroligin-1 24), and citron 25) and prepared 10 mM NaCl, 1 mM DTT).
peptides of varying length by removing residues from the  For trypsin-mediated cleavage a preliminary screen, to
N-terminal region. For the second series the hexapeptidedetermine optimized conditions, was designed in which small
KKETEV, which we had earlier reported as a good binding quantities of GST-PDZ3 were treated with varying amounts
ligand for PDZ3 (7), was subjected to residue replacement of the protease [trypsin:fusion (w/w) ratios ranging from
at different positions. The binding to PDZ3 of each peptide 1:350 to 1:35000] and incubated at room temperature for
from both series was measured by ITC to determine the basicperiods ranging from 30 min to 5 h; the digests were then
thermodynamic parameters. These “standard” titrations, atanalyzed by SDSPAGE. Optimized conditions (in which
fixed temperature under the same pH and buffer conditions, complete processing was observed without noticeable PDZ3

provided the values foKy (and thusAG), AH, and TAS.

degradation) were found to be a 1:700 (w/w) trypsin:fusion

Selected peptides were then subjected to more advancegbrotein ratio wih a 2 hincubation. Trypsin working buffer

calorimetric titrations in which the temperature was modified,

(20 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA, pH 7.4)

in order to extract values for the change in heat capacity, was used to bring the final protease concentration tm/l

AC,.
EXPERIMENTAL PROCEDURES

Materials.Plasmid encoding for GST-PDZ3 was provided
by R. MacKinnon (Rockefeller University). The following
reagents were obtained from commercial sourdescheri-
chia coli BLR-Gold (Stratagene); Coomassie Plus-200

mL. A stock trypsin solution (1 mg/mL) was added to the
fusion protein sample. To halt the trypsin cleavage reaction,
immobilized soybean trypsin inhibitor on beaded agarose was
added [2 mg, 50:50 (v/v) slurry for each 4.5 mg equivalent
of trypsin used, twice the theoretical amount of inhibitor
required]. After being mixed for 1 min and allowed to stand
at room temperature for 5 min, each cleavage reaction

protein assay (Pierce); human thrombin (Haematologic mixture was filtered (0.4xm nylon syringe filter) to remove

Technologies); TPCK trypsin and immobilized soybean

the immobilized inhibitor and then dialyzed into ITC buffer.

trypsin inhibitor (Pierce); glutathione-bound agarose beads The dialyzed cleavage mixture was loaded onto an ion-

(Sigma).

GST-PDZ3 Fusion Protein Expression, Purification, and
Quantitation The PDZ3 domain from PSD-95 (residues
302-402) was expressed ig. coli BLR-Gold as a glu-
tathione Stransferase (GST) fusion protein (the PDZ3 is
fused, with an intervening thrombin recognition site, to the
C-terminus of GST). Incubation of the cells took place in
TB media at 37°C until an ODQyy of 1.2 was reached; this
was followed by induction with IPTG (0.8 mM) and
incubation at 30C for 5 h. After centrifugation the cell pellet
was either stored at80 °C for later use or immediately
resuspended in ice-cold PBS (with 1% Triton, 10 mM

exchange column (Hi-Trap Q; Amersham) attached to a
peristaltic pump operating at 5 mL/min. The protein was
eluted by continually washing with five column volumes of

start buffer (20 mM MES, pH 6.0, 10 mM NaCl, 1 mM

DTT), followed by three column volumes each of increasing
ionic strength buffer (25, 50, 75, 80, 85, 90, 95, 100, and
110 mM NaCl). The eluted fractions were collected accord-
ing to their ionic strength, placed on ice, and then analyzed
by SDS-PAGE (20% gel). Elution fractions containing

PDZ3 (usually between 80 and 85 mM NaCl) were combined
and concentrated using a centrifugal filter device (MWCO
5000; Millipore). PDZ3 protein concentration was determined

B-mercaptoethanol) and then lysed by sonication (Bransonby advanced protein assay and UV measuremenis=at
250 sonifier). The supernatant was removed from the pelleted280 nm [zg0 = 2560 Mt cm™ for the PDZ3 domain was

cellular debris after centrifugation of the lysed suspension calculated 26) on the basis of the protein sequence for the
and maintained at 4C. Using a peristaltic pump (5 mL/  following conditions: 6.0 M guanidine hydrochloride,
min flow rate), the cellular lysate was loaded onto a glass 0.02 M phosphate buffer, pH 6.5]. An SBPAGE gel
column containing resuspended glutathione agarose beadslepicting each stage of isolation and purification confirmed
in cold PBS buffer. After extensive column washing with expected size and purity characteristics of each protein isolate
ice-cold PBS buffer, GST-PDZ3 protein was eluted with (Figure 1).

Tris-HCI (50 mM, pH 8.0) containing reduced glutathione PDZz3 Domain CharacterizatiorPDZ3 protein samples

(5 mM). The extraction procedure was repeated until all of from trypsin or thrombin cleavage reactions were character-
the fusion protein was isolated from the cell lysate as ized by both mass spectrometry and circular dichroism (CD).
determined by SDSPAGE. The fusion protein samples were PDZ3 was dialyzed into deionized water and 0.01% TFA
stored at 4°C, and the concentration was determined by and analyzed by electrospray ionization mass spectrometry

Coomassie assay.
PDz3 Domain Purification and QuantitationEither

(ESI-MS). PDZ3 solution conformation was examined by
CD spectroscopy at room temperature [Jasco J-600 spec-

human thrombin or TPCK trypsin was used to cleave the tropolarimeter, wavelength range 20860 nm; protein
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Ficure 1: SDS-PAGE (20%) of expression and purification steps
for PDZ3. Lane identification: 1, soluble bacterial lysate; 2, GST-
PDZ3 fusion protein after affinity chromatography; 3, trypsin-
cleaved GST-PDZ3; 4, thrombin-cleaved GST-PDZ3 fusion; 5,

trypsin-cleaved PDZ3 (11.7 kDa) after ion-exchange chromatog-

Saro et al.

Heats of dilution were initially measured in blank titrations
by injecting the peptides into the buffer used in the particular
experiment and subtracted from the observed “raw heat”
values. It was found that these values were comparable to
those obtained from the final injections at the end of an actual
peptide-into-protein titration, after saturation; this latter
approach was used for the majority of the reported ITC
experiments. Control experiments were also performed by
injecting buffer into buffer and the PDZ3 protein into buffer,
but these titrations afforded insignificant heats of dilution
effects. The data from each titration experiment were
collected by ORIGIN software (version 5.0; Microcal), which
was also used to determine thermodynamic parameters

raphy; 6, thrombin-cleaved PDZ3 (12.7 kDa) after ion-exchange through nonlinear least-squares fitting (assuming a single-

chromatography; 7, molecular mass markers (from top) 100, 75
50, 35, 25, and 15 kDa.

dialyzed into 5 mM MES (pH 6.0), 2.5 mM NaCl, 0.25 mM
DTT buffer prior to the experiment]. The CD spectrum of

the dialysis buffer was also obtained and used to correct that

of the protein.
Peptide Synthesis and PurificatioReptide ligands were

» site binding model). All thermodynamic parameters reported
in this paper are the average values of at least two
independent titration experiments, unless otherwise stated.
Subsequent graphing and curve fitting of data (for change
in heat capacity experiments) were performed with Delta-
Graph (version 5; Red Rock Software).

Competition ITC experiment28) were performed by tit-
rating either one of two higher affinity peptides (KNYKQTSV

prepared manually using standard Fmoc-based solid-phase,,4 KNYKETSV, 1.2 mM) into the PDZ3 solution prein-

peptide synthesis protocols, in a manner commensurate with

our previous synthetic workl{). Sequences for the partner

cubated with the lower affinity peptide being tested (at a
concentration of 5 mM). In these titrations, PDZ3 concentra-

proteins were based on the C-terminal region of the following +tion, varied from 65 to 85(M.

proteins (with RefSeq protein accession numbers): CRIPT

Reverse titration experiments involved protein (1 mM)

(NP 054890), neuroligin-l (NP 055747), and citron (NP being injected into peptlde (?(:DOILLM), all other aSpeCtS

009105). Peptides were purified to single peak homogeneity
using reverse-phase HPLC and product masses confirme
e

by ESI-MS. Unless otherwise specified, all peptides wer
prepared with a free (nonacetylated) amino terminus.

Isothermal Titration Calorimetry (ITE Calorimetry ex-
periments were performed with a VP-ITC microcalorimeter
(Microcal, Inc.). With one exception, all ITC experiments
involved direct titration of the peptide ligand into protein

solution. PDZ3 samples were dialyzed for at least 24 h in

the ITC buffer prior to titrations. Peptides were dissolved in

the same dialysis buffer as that of the protein samples in
each experiment. The pH values for the separate solution
of PDZ3 and peptide were measured at room temperature
and the pH of the peptide sample was adjusted when

necessary to match that of the protein to within 0.02 pH unit.
The ITC buffer for the calorimetry experiments was 20 mM
MES, pH 6.0, and 10 mM NaCl. No DTT was used in the
buffers for calorimetry experiments with the isolated PDZ3
but was included for experiments with the PDZ3-GST fusion
protein. The standard experimental temperature wal225
additional experiments to determinéC, were performed at
15 and 35°C. Solutions were degassed for-130 min under

vacuum, without stirring, at a temperature a few degrees

below that of the actual experiment.

For a standard titration experiment, PDZ3 {810 uM)
in the ITC buffer was placed in the reaction cell (ca.
1.4 mL) while the peptide solution (8.0 mM) was loaded

ere identical to the protocols described above for standard
irect titration ITC.

RESULTS

PDZ3 Preparation and Characterizatioiihe overexpres-
sion and subsequent processing of GST-PDZ3 provided
ample quantities of pure PDZ3 protein for the ITC experi-
ments (Figure 1). The molecular mass of GST-PDZ3 was
calculated as 39520 Da based on sequence; this was verified
by ESI-MS (39520.85+ 4.20 Da). Yields of the fusion
protein ranging from 100 to 150 mg/L of bacterial culture
Jvere typically achieved. Employed separately, thrombin and
trypsin cleavage reactions of GST-PDZ3 generated two
'distinct forms of isolated PDZ3, with molecular masses of
12725.64+ 0.98 and 11695.84 0.43 Da, respectively, as
determined by ESI-MS. In both forms of PDZ3 the N-
terminal sequence comprised GSPEF, residues derived from
the initial subcloning of PDZ3 into the pGEX vector. This
was explicitly confirmed for the trypsin-generated PDZ3 by
N-terminal protein sequencing of all five residues. From the
combined data, it was calculated that PDZ3 processed by
trypsin experienced an additional cleavage of ten residues
from its carboxy terminus.

To determine whether the two forms of PDZ3 were
functionally and structurally interchangeable, ITC and CD
experiments were conducted. When each PDZ3 preparation
was separately titrated with the C-terminal CRIPT pentapep-
tide KQTSV, the resulting thermodynamic parameters were

into the 25QuL injection syringe. Experiments were designed comparable (PDZgpsn havingKg = 18.5+ 2.7uM, AH =
such that the protein and peptide concentrations used yielded_4 74 g 5 kcal/mo? andAS= 2.0+ 0.6 kcal/mc;l Versus

c values 27) between 1 and 380. Each titration comprised
an initial, single 1 or 2L injection (not used in data fitting)
followed by 5 or 10uL injections performed at 180 s

PDZ3nrombin With Kg = 15.9uM, AH = —3.9 kcal/mol, and
TAS = 2.6 kcal/mol). CD did not indicate any significant
difference between the spectra taken of both forms of PDZ3

intervals. The stirring speed used was 270 rpm, and the ata not shown). Given this similarity in structure and bind-

reference power was l@cal/s.
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Table 1: Thermodynamic Binding Parameters for PDZ3 and CRIPT-Based Peptides Determined by ITC

peptide Ka (uM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)

1 QTSV

2 KQTSV 18+ 3 —6.7+0.1 —-4.7+ 0.5 2.0+ 0.6
3 YKQTSV 0.76+ 0.04 —-8.4+0.0 —6.3+0.2 2.1+0.1
4 NYKQTSV 21+01 —-7.8+0.1 —7.1+0.1 0.7£0.1
5 KNYKQTSV 0.47+0.01 —8.6+0.1 —6.6+0.1 2.0+0.1
6 TKNYKQTSV 0.80+ 0.05 —8.3+0.1 —6.6+0.1 1.7+0.1
7 DTKNYKQTSV 2.0+0.1 -7.8+0.1 —6.4+0.1 1.4+0.1

aValues are the arithmetic mean of at least two independent experimenisvallies ranged between 5 and 162. Stoichiomettjovélues
ranged from 0.90 to 1.06.Insufficient heat detected to determine binding parameters.

Table 2: Thermodynamic Binding Parameters for PDZ3 and Neuroligin-1-Based Peptides Determined by ITC

peptide Ka (uM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)

1 TTRVW

2 STTR\* 152+ 3 —-5.0+0.2 —-3.2+0.1 1.8+0.2
3 HSTTRV 21+1 —6.4+0.1 —6.5+0.1 —-0.1+0.1
4 SHSTTRV 18+ 1 —6.5+0.1 -7.1+£0.2 —0.6+0.2
5 HSHSTTRV 15+ 1 —6.6+0.1 —6.9+0.1 —-0.3+0.1
6 PHSHSTTRV 11 —6.8+0.1 -7.4+0.1 —0.6+0.1
7 HPHSHSTTRV 16t 1 —6.8+0.1 —-8.9+0.1 —2.14+0.1

aValues are the arithmetic mean of at least two independent experimentsvallles were measured between 1 and 9. Stoichiomedriafues
ranged from 0.92 to 1.18.Insufficient heat detected to determine binding parameters. Purified QTSV was found to spontaneously form N-terminal
side chain-cyclized product, which was present in the titrati®iBC was conducted as a competition experiment in which the displacement of

preincubated STTRV was measured.

Table 3: Thermodynamic Binding Parameters for PDZ3 and N-Acetylated CRIPT- and Neuroligin-Based Peptides Determinéd by ITC

peptide Kg (uM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)
1 Ac-YKQTSV 3.3+0.1 -75+0.1 —7.4+0.2 0.1+ 0.2
2 Ac-NYKQTSV 99+14 —6.8+0.1 —-7.3+0.1 —-0.5+0.1
3 Ac-HSTTRV 55+ 7 —5.8+0.1 —454+0.3 1.3+ 04
4 Ac-SHSTTRV 70+ 1 —5.7+0.5 —454+0.5 1.2+ 0.1

aValues are the arithmetic mean of at least two independent experimentsvAllies were measured between 5 and 65. Stoichiomeiyic (

values ranged from 0.91 to 1.12.

ing, all of the reported ITC experiments used PDZ3 produced derived YKQTSYV, vyielded dataKy = 0.62 uM; AG =
by trypsin treatment. Further, CD spectra were obtained for —8.5 kcal/mol;AH = —6.9 kcal/mol;TAS = 1.6 kcal/mol;
trypsin-prepared PDZ3 at variable temperatures, starting fromn = 1.2) that approximated that of the corresponding forward

4 to 65°C, in increments of 10C, then decreasing in the
same intervals. The results of monitoring the ellipticity signal

titration experiment (entry 3, Table 1).

Standard ITC of Neuroligin-Based Peptid&even pep-

versus wavelength demonstrated that the PDZ3 maintainediides composed of four to ten of the C-terminal residues of

essentially unchanged structure throughout the range.

Standard ITC of CRIPT-Based Peptid&even peptides
comprising four to ten of the C-terminal residues of CRIPT

neuroligin-1 were prepared and tested (Table 2). Whereas

the tetrapeptide TTRYV did not yield binding values, STTRV

did, albeit with low affinity Kq ~152 uM). STTRV was

were prepared and tested (Table 1). While insufficient heat also the only peptide of the neuroligin-1 series that was

from titration of PDZ3 with the tetrapeptide precluded the
reliable determination of binding parameters, the addition
of a single N-terminal residue led to modest bindirg (
~18 uM). At the level of the corresponding hexapeptide, a
dissociation constant of 0.76V was measured; thereafter,
affinity values remained relatively consistent with the longer

performed as a competition; that is, the higher affinity
KNYKQTSV (Kgq ~0.5 uM) was titrated into the PDZ3
solution preincubated with STTRV (5 mM). A further
improvement in binding constant was observed with the
hexapeptide K4 ~18 uM), but thereafter affinity values
remained relatively constant with additional elongation.

peptides. While in all cases changes in enthalpy and entropyExcept for the pentapeptide, in which both enthalpy and
favored association, the former parameter was the dominantentropy make significant contributions, all of the peptides

contributor. Two N-acetylated CRIPT derivatives were also
prepared and tested (Table 3), which exhibited lower affinity

values than their corresponding nonacetylated sequences.

Except for a single instance, all titrations in this report
were conducted in a “forward” manner, wherein the smaller
peptide ligand is injected into the protein sample until

are driven by favorablA\H and most experience either a
negligible or small unfavorabl& AS. Two N-acetylated
neuroligin-1 derivatives were also prepared and tested (Table
3), which exhibited lower affinity values than their corre-
sponding nonacetylated sequences.

Standard ITC of Citron-Based PeptideéSeven peptides

saturation is reached. The single reverse titration (protein consisting of four to ten of the C-terminal residues of citron
injected into peptide) was performed as added confirmation were prepared and tested (Table 4). No meaningful binding
that the correct model was used for data fitting, since the was observed for peptides with six or fewer residues; the
binding parameters should be the same irrespective of theligand with seven residues bound PDZ3 with an affinity of

direction of titration. This experiment, using the CRIPT-

Kg ~70uM. The longer peptides, from eight to ten residues,
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Table 4: Thermodynamic Binding Parameters for PDZ3 and Citron-Based Peptides Determined by ITC

peptide Ka (uM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)

1 QSSV

2 DQSSV

3 WDQSSV

4 VWDQSSV 701+ 3 —574+0.1 —5.14+0.1 0.6+ 0.1
5 KVWDQSSV 30+1 —6.24+0.1 —-544+04 0.8+ 0.4
6 NKVWDQSSV 30+ 1 —6.24+0.1 —5.8+0.2 0.4+0.1
7 VNKVWDQSSV 36+ 1 —-5.8+0.3 —-6.1+0.3 —-0.3+0.

aValues are the arithmetic mean of at least two independent experimentsvallles were measured between 1 and 5. Stoichiomedriafues
ranged from 0.92 to 1.1%.Insufficient heat detected to determine binding parameters.

Table 5: ITC-Determined Thermodynamic Binding Parameters for PDZ3 and KKETEV-Derived Péptides

peptidé Kg (uM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)
1 KETEV 18+1 —6.5+£0.1 —4.3+0.3 2.2+0.3
2 KKETEV 1.9+0.1 -7.8+0.1 —-6.2+0.1 1.6+0.1
3 KKKETEV 1.3+0.1 —-8.0+0.1 —-5.9+0.3 2.1+ 0.2
4 KKETEA 91+ 2 —55+0.1 —4.6+0.2 0.9+ 0.2
5 KKETEL 79+13 —-7.0+£0.1 —4.1+0.3 2.9+ 0.2
6 KKETEI 7.7+1.2 —7.0+£0.1 —4.3+0.2 2.7+ 0.1
7 KKETEM 21+2 —-6.4+0.1 —-6.8+0.2 -0.4+0.1
8 KKETEF® 57+2 -5.8+0.1 —44+04 14+ 04
9 KKETET 105+ 6 -54+0.1 —-5.9+0.2 —0.5+0.2
10 KKESEV 6.6+ 0.9 —-7.1+£0.1 —-4.8+0.1 2.3+0.2
11 KKECEV 72+7 —-5.7+£0.1 —-1.7+0.1 4.0+ 0.2
12 KKESH 33+2 —-6.1+0.1 —-4.0+0.1 2.1+ 0.1
13 KKESH 24+ 6 —-6.3+0.2 —-5.0+0.2 1.3+ 04
14 KKESHE® 98+ 16 —55+0.1 —-3.1+0.1 24+0.1
15 KKETGV 2.4+ 0.0 -7.7+£0.1 —5.7+0.2 2.0+ 0.2
16 KKETAV 0.45+0.10 —8.7+0.1 —53+04 34+ 04
17 KKETVV 1.3+0.2 —-8.1+0.1 -5.9+0.1 2.2+0.1
18 KKETLV 1.8+0.3 -7.8+0.1 —-37+04 4.1+0.3
19 KKETPV 0.95+ 0.15 —8.2+0.1 —4.3+0.1 3.9+ 0.2
20 KKETWV 28+04 -7.6+0.1 —-3.5+0.2 4.1+0.1
21 KKETDV 20+ 2 —6.4+0.1 —4.1+0.3 2.3+£0.3
22 KKETKV 1.2+0.0 —-8.1+0.1 —-5.6+0.6 2.5+ 0.6
23 KKGTEV 80+ 3 —-5.6+0.1 —-27+01 2.9+ 0.1
24 KKATEV 21+4 —6.4+0.1 —244+0.1 4.0+ 0.2
25 KKQTEV 4.0+ 0.0 -7.4+0.1 —4.94+0.3 2.5+ 0.3
26 KKDTEV 85+ 12 —5.6+0.1 —-3.9+0.3 1.7+ 0.2
27 KKKTEV 27+ 4 —-6.2+0.1 —-27+03 3.5+ 04
28 KKGTGV® 273+ 30 —-49+0.1 —-2.6+0.3 2.3+ 0.2
29 KKATAV 83+15 —-6.9+0.1 -3.0+01 3.9+ 0.2
30 YKETEV 1.2+0.1 —-8.1+0.1 —-6.9+0.1 1.2+ 0.2

aValues are the arithmetic mean of at least two independent experimentsvallies were measured between 1 and 237. Stoichiomejric (
values ranged from 0.85 to 1.29The underlined residues indicate changes with respect to the parent peptide, KKETEMvas conducted as
a competitive experiment.

all possessed improved affinity but with binding constants asnazs . ("3") neaz

of about half that of the heptapeptide. Ser339 ---- 20 _NHy /| Fhwoan || iGwast
Standard ITC of Consensus Sequence Peptidibaty E i {N

peptides comprising the parent sequence KKETEV and

0 e, : '0" Leu 323
itionall ituted anal were individually prepar H ! .
positionally substituted analogues were individually prepared, EN%N N\)J\ N L9

H
0
o

and binding to PDZ3 analyzed by ITC (Table 5; positions e E
denoted according to Figure 2). In all but three cases, a suf- - o
ficient heat signal was detected that allowed for direct binding

measurement and the construction of a titration curve, which His 372
together provide for the determination of the remaining Fure 2: Binding interactions and labeling of a PBPeptide
thermodynamic parameters (Figures 3 and 4). For the threecomplex. This figure is based on structural data from the X-ray
recalcitrant peptides it was necessary to use competitioncrystallographic study of PDZ3 with a CRIPT-derived peptide
binding experiments, as the affinity of the interaction was réported by Doyle et al.20). Shaded are the “0” (Val, at the

. h C-terminus) or “B" and “—2" (Thr) or “P_,", residues, the core
too low to be detected directly. With respect to the parent positions that largely define the class | PDZ domains. Dashed lines

peptide KKETEV K4 values were larger for the majority of  denote assigned hydrogen bonds derived from the crystal structure.
derivatives; the most notable exception is that of KKETAV, Of note is that the peptide structure was not fully resolved at, and

which ranked as the highest affinity ligand of all the peptides beyond, the P, position.

in this study. The observed values for the thermodynamic

parameters for each ligand varied, but aside from a few KKETEV was also tested against the uncleaved fusion
exceptions, they generally exhibited favorable changes in protein, GST-PDZ3, using peptide and protein concentrations
enthalpy and entropy, with the former often dominating comparable to those of the experiments with isolated PDZ3.
(Figures 6-9). Without DTT present, the values obtained wefe =
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Ficure 3: ITC data for the higher affinity peptide ligand. Raw Moar Ratio

thermogram (top) and integrated titration curve (bottom) for FIGURE 4. ITC data for the lower affinity peptide ligand. Raw
KKETAV and PDZ3 at 25°C. thermogram (top) and integrated titration curve (bottom) for

KKATEV and PDZ3 at 25°C.

4.5 uM, AH = —5.8 kcal/mol, andTAS = 1.5 kcal/mol; 4000

with DTT (1 mM), the parameters measured differed only A B

slightly, with K4 = 3.9 uM, AH = —5.9 kcal/mol, and -5000 w.\

TAS = 1.4 kcal/mol. In both instances a cloudy appearance

of the sample was noted after removal upon completion of

the titration. N \'
Temperature-Dependent ITC and Change in Heat Capac- X

ity (AC,). Two peptides from the CRIPT series and two from

the neuroligin-1 series were used to directly titrate PDZ3 at ' N4

two additional temperatures (15 and 35) under the same B A o N N NN

experimental conditions as initially conducted at°25 The Temp (°C) Temp (°C)

AH values for each were plotted against all three temperatureFicure 5: Determination ofAC, for the binding of four peptides

points, which were then fit with linear curves 1o PDZ3. Temperature-dependent valuesXbrwere fit with linear

i i curves, where the value for the slopeA€,. (A) CRIPT-derived
(Figure 5). The slopes from each were extracted to yield peptides: YKQTSV @), y — —163 — 2497: DTKNYKQTSV

-}
8
IS]
14

AH (cal/mol)
: 4

8

o

the AG, values for YKQTSV (163 cal mol* K7, (4)'y =" 160« - 3154. (B) Neuroligin-derived peptides: HST-
DTKNYKQTSV (—160 cal mot! K71), HSTTRV (—131 TRV (@), y = —131x — 3235; HPHSHSTTRV4), y = —128 —
cal molt K1), and HPHSHSTTRV 128 cal mot! K™1). 5221. Error ranges, when graphed, are about the dimension of the

Double Mutant Cycles and Ligand Residue Coupling data point symbols; for visual clarity, error bars are not shown.
Using the existing data from the standard ITC determinations,
three different double-mutant cycles constructed from four DISCUSSION
peptide-PDZ3 interactions apiece were assembled to probe A Calorimetric Approach to PDZ Binding Analysidany
for coupling effects between specific positions within the experimental methods are available for the quantitative
consensus hexapeptide. Thg/M2, pair of positions was  evaluation of proteirligand interactions, each with its
examined with peptides that reflect the sequential mutation attendant strengths and weaknes@8. (Approaches taken
of Val and Thr in KKETEV into Leu/lle and Ser, respectively to examine the binding properties of varying members of
(Figure 10). The P/P_3 pair relationship employed KKETEV, the PDZ domain family have included surface plasmon
in which each Glu was similarly replaced with Ala resonance 30, 31), fluorescence perturbation3%, 33),
(Figure 11). In each case the observed free energy offluorescence anisotropy/polarizatio2b( 34—36), chemilu-
coupling, AG,, was negligible, with values well below 0.5 minescence37), NMR titration 36, 38), and ELISA 39).
kcal/mol. The values for enthalpy of couplingH., how- While these investigations have provided insights into ligand
ever, were energetically significant, ranging from 1 to 2 binding behavior of PDZ domains, fewer are the studies that
kcal/mol. plumb the depths of enthalpy and entropy contributions,
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parameters necessary to fully characterize the noncova-what weaker than for PDZ3. This provides a degree of

lent molecular interactions involved in any molecular as-
sociation.

validation for the design of future non-ITC-based, higher
throughput assays that might utilize the more easily acces-

To reliably access these thermodynamic values in practicesible GST-PDZ3.

demands the use of calorimetry as the analytical techrfique.

With ITC, a single titration experiment of peptide into protein
(or vice versa) immediately affords not only the binding
constant but the individual contributionsAds made byAH
andAS (40—42). The key parameters are all interconnected
through the expression:

AG=RTInK;=AH — TAS @)

The application of ITC to characterize ligand binding to
PDZ domains is now still in a stage of infancy. In addition
to our calorimetric explorations of PSD-95 PDZ3 binding
properties {7—19), others have utilized this technique to
study the PDZ domains of synteni3 44), Erbin @45), and
DegS protease4().

Characterization of PDZ3.Given the larger material

Developing Ligands for PDZ3Strategies to generate
peptide ligands for PDZ domains can be roughly divided
into two camps: identification of putative binding sequences
from partner proteins known to associate with the desired
domain or target-based affinity selection of peptides from
libraries of biological 89) or chemical 80) origin. In this
report, ligand design was based on both approaches, using
identified protein partners and sequence information provided
by an oriented peptide librandq).

PDZz3-Binding Partner Peptides: Standard ITThree
proteins identified as endogenous binding partners for PDZ3
were selected for the ligand design: cysteine-rich interactor
of PDZ3, or CRIPT 23); neuroligin-1 @4); and citron 25).

All three are designated as class | PDZ domains, with a
C-terminus that adheres to the X-(Ser/Thr)-X-(Val)40
sequence49, 50). The exact C-terminal sequences from each

requirements of ITC when compared to other assay tech-\yere used to prepare the corresponding peptides in varying
niques, optimization efforts were undertaken to increase the|ength, and each was used in ITC experiments with PDZ3.

bacterial expression of soluble GST fusion protein and

CRIPT, a postsynaptic protein and cytosolic protein, was

recover an ample amount of functional PDZ3. The efficiency selected as a sequence source on the basis of evidence that
of the step connecting those processes, the proteolyticit js a cellular binding partner of PDZ3. Yeast two-hybrid
cleavage of GST-PDZ3, was considerably enhanced by gata showed that CRIPT binds strongly to PDZ3 with weak

identifying conditions for using the more rapid and economi-
cal trypsin over thrombin, which facilitated the processing
of large quantities of the fusion protein.

or no association to PDZ1 or PDZ2 of PSD-933)
Fluorescence polarization experiments measured the affinity
of a C-terminal CRIPT-derived nine-residue peptide for

Temperature-dependent CD spectra demonstrated thappz3 atky ~1 uM (23), and the binding of a CRIPT peptide
PDZ3 maintained its structural characteristics throughoutthe (o ppz3 has also been characterized by X-ray crystal-

range from 4 to 65C, the upper value being much higher

than that employed in any of the ITC experiments. Since

the titrations performed to determieC, require different

lography @0).
On a per-residue basis, the CRIPT C-terminal sequences
possessed the highest affinities of the partner-derived pep-

temperatures, it was useful to confirm that PDZ3 would tiges, and the binding of all ligands were favored both
maintain a stable conformation when heated. The CD enthalpically and entropically (Table 1). While no parameters
experiments themselves, however, were more of an addedcoy|d be calorimetrically determined for the tetrapeptide,
confirmation and not strictly necessary, since ITC can serve KQTSV did exhibit reasonable affinity withg = 18 «M.

as its own internal quality control check by way of the
stoichiometry valuery). In the case of PDZ3, which has an
established 1:1 binding stoichiometry with peptides,nan
value of unity indicates that the protein sample is fully folded
and functional. Although deviations of up to 20% froms

1 were occasionally observed, the majority of titrations
resulted in stochiometry values that varied well within a
range of 10%.

Extension to the hexapeptide resulted in a jump in binding
strength by over an order of magnitude, with ~0.8 uM.
Further elongation was relatively inconsequential to affinity,
with dissociation constant values fluctuating slightly about
a mean of approximately AM. This slight bobbling ofAG
could be attributable to the “floating” amino terminus; the
positively charged unit might therefore experience different
binding interactions than a noncharged amide moiety oc-

The isolated PDZ domain was used rather than the fusion cyrring at the same location. When viewing the PBZ3
protein to avoid possible thermodynamic effects associatedpeptide structure determined by X-ray crystallography, the

with the dimerization of GST47, 48) or the potential for
fusion protein precipitation. This latter point is a particular

Lys at P4 is only partially resolved, and the remaining
N-terminal residues are completely abse@f)( Taken

concern with ITC since protein concentrations are relatively together, all of the preceding suggests that PDZ3 reserves
high compared to other assay formats. We were curious, the greater share of its recognition powers for canonical
however, to determine to what extent the GST fusion might \inging at six residues; longer sequences carry residues that
alter the binding behavior, and a single example using the 5re not favorably (nor unfavorably) accommodated by the

CRIPT-derived peptide KKETEV (discussed below) against ppz3 surface, while a shorter sequence of five captures only

section, affinity of KKETEV for GST-PDZ3 is only some-

With a nonmodified amino terminus, these ligands will
have an additional site of protonation under the buffer condi-

2 Another approach to determining thermodynamic parameters is the tions used. From an experimental perspective, this can be

van't Hoff analysis of temperature-depend&gtvalues obtained from

noncalorimetric assays. There has been debate as to what extent this i

appropriate [see Mizoue and Tellinghuiseit)(and references cited
therein].

?eneficial by improving aqueous solubility, an important con-

sideration since the peptides are at high concentration in the
injecting syringe prior to titration. After the binding profile
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of the CRIPT peptides had been established, the two peptidegproteins. Alternatively, the C-terminus of the PDZ3 binding
that represent the major transition points in affinity were protein might be part of a larger molecular recognition motif,
prepared with N-terminal acetylation, so as to more closely in which additional residues on the surface of either the
mimic the corresponding protein sequence. For both of the partner or PDZ3 participate in supplementary binding
resultant peptides, Ac-KQTSV and Ac-YKQTSYV, the affinity interactions.
was approximately four times weaker than the corresponding Even if the values of their affinities differ from their
nonacetylated peptides (Table 3). This demonstrated that thecorresponding peptide models, one wonders whether the
positively charged terminal amine group actually contributes parent proteins would themselves exhibit a parallel pattern
favorably to the binding free energy of association. of differential binding strengths. That is, would the preferred
Neuroligin-1 was the source for the second series of order for PDZ3 association, CRIPT neuroligin-1> citron,
peptides tested against PDZ3. Neuroligins are proteinsas seen with the peptides in vitro likewise be observed with
embodied in the membrane of neuronal cells that expose anthe actual partner proteins in vivo?
extracellular N-terminal domain on the outside and project The previous speculations inevitably lead to one that
a highly conserved C-terminal tail within the cei) and guestions the biological significance of such thermodynamic
are involved in synapse development and functi@d. (Yeast values, and that is whether they ultimately correlate with
two-hybrid data indicate that the neuroligin-1 cytosolic the biological services provided by these associations within
C-terminal region, which displays the canonical class | PDZ the cell. Since PDZ domains are generally believed to form
domain residues, binds tightly to PDZ3 of PSD-23l)( transient complexes, many considered regulatory in nature,
The neuroligin-1 peptides exhibited a similar profile as variability in the strength with which PDZ3 binds to
the CRIPT series, although values for the free energy changesndogenous partners may be a function of its cellular roles.
were close to an order of magnitude weaker. This, despite A spectrum of binding affinity values might therefore be
the fact that both series possess the same optimal Thr/Valreasonably expected between a given PDZ domain, such as
pair at P,/Py, indicates the importance of proximal residues. PDZ3, and its partners.
The large 7-fold binding enhancement from penta- to PDZ3-Binding Partner Peptides: Change in Heat Capac-
hexapeptide is, as before, followed by a tapering off of the ity (AC,). The change in heat capacity is considered a

affinity, here settling at a mode&ly of ~10 uM. As with fundamental thermodynamic parameter, and its specific value
the CRIPT-derived peptides, in addition to the large affinity places a limit on the magnitude of the changes in enthalpy
enhancement, the most significant favorald\H (of and entropy:

—3.3 kcal/mol) occurs with the transition from five to six

residues. These last few observations reinforce the notion AC. = d(AH) - d(AS @

that a minimally ideal ligand length for PDZ3 comprises six P dT dT

residues. Neuroligin-1 penta- and hexapeptides acetylated at
the N-terminus for this series show, as with the CRIPT-  The value forAC, may also be temperature dependent if
derived ligands, a reduction of binding affinity by at least a it is not a truly “rigid body” binding event. Additionally,
factor of 3 (Table 3). and particularly relevant to fostering insight into the structural
Citron provided the sequence for the third and last series nature of the interactiofAC, may be correlated with the
of peptides replicating the C-terminal end of an assigned surface area buried upon complex formatié8, 59), With
protein partner of PDZ3. Cytosolic citron was first identified this type of interpretation comes the monition that other
in a yeast two-hybrid screen for proteins that interact with molecular behaviors may influence theC, value, such as
the activated form of Rho GTPas&5. In GABAergic changes in protein conformation or solvation patterns that
neurons from the hippocampus, citron associates with PSD-are not part of the demarcated binding interface.
95 through its PDZ3 domain and is concentrated at the One of the open questions regarding the in vivo binding
postsynaptic side of glutamatergic synap&&s. (The binding of PDZ domains to their endogenous protein partners is how
pattern for the citron peptides differed markedly from the much of the latter is involved. Many in vitro appraisals of
other two protein partner series, exhibiting the lowest affinity PDZ domain function have demonstrated that relatively short
when compared to equal-length ligands from CRIPT and peptides can bind them with moderate to high affinity, but
neuroligin-1 (Table 4). Association was only detectable with it is not clear whether the actual cellular event is marked
sequences of seven residues or longer, and binding strengtlwith additional points of contact involving regions of the
did not improve beyondy ~30 uM. partner protein distal to its C-terminus. One way to address
Reviewing the data from all of the proteipartner this using simple peptide models is to inquire into the
peptides prompts the first of several questions: how would magnitude of the correspondingC, values and whether a
the PDZ domain-binding behavior of these peptides comparelength dependence is observed. Simply measuring affinity
with that of thewhole partner proteins from which they  would, a priori, not be sufficient, since it is possible through
derive? Since such PDZ3rotein interactions have notyet enthalpy-entropy compensation for ligands of differing
been measured, this is currently a matter of conjecture. It islengths to possess comparable binding strengths.
conceivable that the C-terminal region of the partner protein  In our studies AC, values were determined for peptide
is in some way conformationally biased or restricted, without ligands of six and ten residues in length from both the
the full flexibility and pliancy of the linear peptide models, CRIPT- and neuroligin-derived series (Tables 1 and 2). The
and thus preorganized for association. This argument isAC, values for the peptides were modest (betweet?7
especially important for neuroligin proteins, which are and—163 cal mot! K1) (Figure 5), which advocates a rigid
membrane associated and perhaps more restricted, and locallipody type of interaction that does not involve any substantial
more concentrated, than the cytosolic CRIPT and citron conformational changes in the protein upon bindibg)(
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These results are consistent with structural studies of PDZ3positions, substitutions were initially made to those residues,
in the free and complexed forms that show very limited both as single (Table 54—11) and double modifications
conformational changes between the two. T, values (Table 5,12—14). A similar approach was taken to study
were almost identical for the peptides of each series with the vicinal P; and P sites, singly (Table 515—27) and
six and ten residues, implying that the addition of residues in tandem (Table 528 and 29), followed by an isolated
beyond those that fit into the canonical PDZ3 binding pocket example of a Ps substitution (Table 530).
does not affect the heat capacity changes. This seems to be At P,, PDZ3 optimally accommodates the hydrophobic
the case for the CRIPT-derived ligands, whose binding is Val side chain, and adjustments to decrease<FAla) or
also characterized at the structural level, and for which the increase (P= Leu, lle, Phe) the side chain by increasing
AAH value of the six- to ten-residue transition is negligible, the hydrocarbon content resulted in diminished affinity
within experimental error. For the neuroligin-1-derived series (Figure 6). With its lone methyl side chain a§ Rlanine is
of ligands the situation is different, since theAH value a violation of the class | PDZ motif and understandably loses
calculated for the transition from hexa- to decapeptideds3 affinity through suboptimal occupancy of the larger hydro-
kcal/mol, suggestive of net bond formation. These new bondsphobic pocket. But there is measurable if weak binding, and
might be formed with polar residues on the surface of the perhaps even more notably (and inexplicably),At¢value
PDZ3 domain. If this is correct, then it will affect th&C, of —4.6 kcal/mol compares to that of the Leu and lle
values in an opposite direction and less significantly com- analogues. Those two isosteric peptides gain a binding edge
pared with the burial of nonpolar surface area that is over the Ala derivative withTAAS values that approach
characteristic of a short peptide binding event. ~2 kcal/mol; if pressed for a rationale, this might be due to
Consensus Sequence Peptides: StandardOrGhe basis  an entropically favored dehydration that accompanies binding
of the established class | binding motif, coupled to reported of those larger alkyl moieties atyPver that of Ala. The
information on residue preferences for assorted PDZ domainsLeu and lle ligands display values only 4-fold weaker
determined by an oriented peptide libraB), a consensus than that of Val, and with Phe, an upper limit to allowable
sequence, KKETEV, was posited as a potential ligand for size appears to be reached and affinity weaken¥d{o
PDZ3. This hexapeptide was prepared and tested in a study~57 uM. This is in keeping with the outcome of our earlier
reported earlierX7) and shown to exhibit good affinity for  report that included residues ag ®Rith nonproteinogenic
PDZz3 with K4 = 1.9 uM (Table 5). Further truncation to  alkyl side chains17).
KETEV vyielded a binding constant almost an order of  Placing methionine atd?esulted in a lower affinity peptide
magnitude weaker. Elongation to form the KKKETEV only  with K4 ~21 uM. With a more polarizable sulfur in lieu of
improved affinity for PDZ3 marginally. On the basis of the carbon, a useful comparison can be made with the isosteric
preceding results, KKETEV was chosen as the parent peptideanalogue [where S- CH,, using Ahx (2-aminohexanoic acid
for further residue substitution studies. The hexapeptide or norleucine) in place of Met]. A hexapeptide with a
length was also the smallest that embodied near-peak affinitynonstandard residue ag ®e had reported earlier, KKETE-
for the ligands derived from CRIPT and neuroligin. (Ahx) has moderate affinity witky ~7 uM for PDZ3 (17).
After establishing KKETEV as a benchmark consensus Both the Met and Ahx derivatives possess valuesTias
ligand, we subdivided the analogues to be prepared intothat are close to zero, the lowest among all of the consensus
categories based on which residues would be replaced (i.e.sequence peptides. The major structural commonality is a
Po, P-1, etc; Figure 2). The approach was to minimize the linear, flexible side chain, a feature associated with low or
magnitude of the changes, starting first with single mutations unfavorable changes in entropy in other related analogues
and then moving to double substitutions, such that the that employed nonstandard amino acids at the C-terminal
binding contribution of specific positions within a sequence residue 17).
of fixed residue length can be evaluated. In this manner, any Finally, an isosteric threonine replacement for the preferred
thermodynamic comparisons to be made are on firmer valine at B to yield KKETET resulted in, unsurprisingly,
footing, since the structural changes are conservative in scopeveak affinity, with K4 ~105uM. And yet, perhaps some
and set within the context of unvarying neighbors. Juxtapos- surprise is warranted, considering that such a violent
ing such data for analysis can be especially fruitful when departure from the canonical class | binding sequence does
relatively small, controlled structural changes are accompa-not completely abolish association. The thermodynamic
nied by dramatically altered thermodynamic parameters. Thisreason is not simply a worsening in enthalpy, the value of
lays the groundwork for constructing binding hypotheses that AH actually equals that of KKKETEV and bests those of
rely on comparisons between ligands exhibiting energetically the other KKETEX derivatives, but rather a dramatic shift
significant differences in their thermodynamic parameters in TAAS of ~—2 kcal/mol with respect to the parent
[=1 kcal/mol forAAG or AAH and =2 kcal/mol forTAAS KKETEV. It may follow from an interpretation that the
(41)]. Although the possible structural and conformation desolvation of the isopropyl group of Val is entropically quite
changes resulting from replacing a residue side chain mightfavorable, whereas this is not so with the Thr side chain.
be notable, they are fewer in number and magnitude thanThe uncomplexed Thr may also lose hydrogen-bonding
those that result from more dramatic alterations, such as thepartners that are not replaced when bound @at/¥th the
addition or deletion of entire residues as performed on the barnase protein, it has been reported that the burial of the
protein partner series of ligands described earlier. Thr hydroxyl moiety in a site intended for themethyl group
The order and priority of substitutions were based on the of Val costs 2.5 kcal/mol, in the range expected for the loss
canonical residues that define a class | PDZ domain such aof two hydrogen bonds6Q). With PDZ3, the Val— Thr
PDZ3. Since the definition of this category is predicated on change in the ligand yields a similar value, witfAG
the near-invariant nature of the, RC-terminus) and B ~2.4 kcal/mol.
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TAS s plotted as the negative value. covalently imposing a bridging unit to form macrocyclic

ligands (L8, 19). Here, both glutamates of the KKETEV
The next substitutions considered were those of the P consensus sequence were replaced, singly and in tandem,
position. Although class | PDZ domains recognize both Thr with either alanine or glycine. Interestingly, the GluAla
and Ser at B,, there is an approximate-3!-fold preference mutation at P; resulted in the ligand with the highest affinity
for the more branched residue by PDZ3 (Figure 7). This may for PDZ3 of the entire consensus-modified collection, with
be the consequence of a strengthened hydrogen bond tdy = 0.45x4M. The submicromolar affinity of KKETAV is
His372 of PDZ3, in which the methyl of the Thr side chain attributable to its favorable entropic mcreas'éﬁ(ks =
restricts the rotation of the hydroxyl group in an optimal 1.8 kcal/mol), since the enthalpy change was in fact
orientation. The methyl group might additionally impart a unfavorable AAH = 1.0 kcal/mol).
small amount of favorable van der Waals interaction. In  In general, the P, position of PDZ3 appears quite tolerant
keeping with this observed residue preference, both theto substitution, with most derivatives maintainikg values
CRIPT and neuroligin-1 sequences have Thr_at Place- in the range of +3 uM (Figure 8). With respect to

ment of cysteine at B results in aky of ~73 uM. The 10- hydrocarbon size, accommodated residues span the gamut
fold drop in affinity when converting Ser— Cys is from the minimalist Gly, to Ala, Val, Leu, and Pro, and up
characterized by a sizable loss in binding enthalpy, wittH to the very large Trp. From the standpoint of conformation,

= 3.2 kcal/mol, although this is softened somewhat by an the glycine and proline derivatives represent the two ends
entropic improvement ofTAAS = 1.8 kcal/mol. One of flexibility and constraint, respectively. Even the cationic
hypothetical scenario to explain this is a weakened or Lys is accepted, but the line is drawn when negatively
ineffectual hydrogen bond of the thiol group to His372 when charged aspartate is introduced, and affinity drops by an order
compared to the hydroxyl side chain of serine. But this type of magnitude. The development of certain PDZ domain-
of assessment has to also consider the strength of the thiokelective molecular probes might take advantage of this
hydrogen bond to water when the peptide is in the uncom- observation. Further derivitization at this position, for
plexed state, as compared to the parallel interaction with theexample, might allow the production of ligands that maintain
serine analogue. affinity for PDZ3 of PSD-95, budisfavor binding to the
Although the B and P, subsites have generally been PDZ3 domains of other MAGUK proteins.

considered the primary determinants for PDZ3 binding, we  Moving further out to the other relatively solvent-exposed
also examined the contributions of the neighboring &d position, P, the consensus residue Glu was replaced with
P_s positions. Previously, we exploited the exposed nature a few select amino acids (Figure 9). In the crystal structure
of these residues by modifying both side chains and of PDZ3 with a peptide bearing glutamine ats;Pthere
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appears to be a protein surface-mediated hydrogen bond witk +0.82

the amide side chain. Replacing Glu with GIn resulted in a KKETEV 2. KKETEI
2-fold reduction in affinity, and significant toward that was — +0.72 | xgg =-0.07 kcalimol | +0.65
an enthalpic drop aAAH = 1.3 kcal/mol. This could reflect ~ *"4°| Ao =-210kealimol |-0.70
an improved hydrogen bond of the Glu carboxylate over that

of the GIn amide or, viewed from the perspective of KKESEV 075 KKESE'
glutamine, correlates with the loss of one or two H-bonds &
with PDZ3 0).

A Glu — Ala mutation at P3 resulted in an opposing effect
to that seen when the same change was effectedat P KKETEV
KKATEV experiences a near 10-fold drop in affinity with
respect to KKETEV. Glycine at R fares poorly as well, as
do the analogues with oppositely charged Asp and Lys
residues. The tolerance of Pstands in contrast to the more KKESEV eV KKESEL
restrictive requirements of the_pposition, although this +0.87

+0.83

=211 kKETEL
+0.85
+0.16

+0.72

AGg = +0.13 keal/mol
+1.40

AHp = -1.24 keal/mol
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AGc = (AGty - AGT) - (AGgy - AGg))
AGg = AGry - AGT - AGgy + AGg)
AGg = (-7.80) - (-6.98) - (-7.08) + (-6.33)

AHg = (AHp, - AHp) - (AHg), - AHgy)
AHg = AHpy - AHp - AHgy, + AHg,
AHg = (-6.23) - (-4.31) - (-4.83) + (-5.01)

AGg = (AGry - AGq) - (AGgy - AGg))
AGg = AGyy - AGy - AGgy + AGg
AGg =(-7.80) - (-6.97) - (-7.08) + (-6.12)

AHg = (AHpy - AHp) - (AHgy - AHg;)
AHg = AHyy - AHp - AHgy + AHg
AHp = (-6.23) - (-4.12) - (-4.83) + (-3.96)

cannot be stated definitely since fewer analogues were testediGURE 10: Double mutant cycles for analysis of Bnd P

for the latter. Doubly substituted ligands were prepared at Positions in peptide ligands.
P-, and PR3 with alanine (KKATAV) and glycine (KKGT- w141

GV). Both displayed a decrease in the binding affinity KKETEV 2384, KKATEV
compared to the parent KKETEV, with widely divergétt
values of 8.3 and 272M, respectively.

A single exchange at B concluded the standard ITC

-0.55
-0.62

-0.86

AGg = +0.31 kcal/mol
+0.96

AHe = -1.58 kcal/mol

AGg = (AGgg - AGag) - (AGgp - AGpa)
AGg = AGEg - AGpg - AGgp + AGpp
AGg = (-7.80) - (-6.39) - (-8.66) + (-6.94)

AHg = (AHgg - AHpg) - (AHEs - AHgp)
AHg = AHpg - AHpg - AHgg + AH,

EA AA
investigation of the consensus peptide. Looking at the CRIPT KKETAV 7z~ KKATAV - (629259 - (527 + (01

hexapeptide YKQTSV from the protein partner series, the +2.26 _

Tyr residue represents a distinctly different character than FIGURE 11: Double mutant cycles for analysis of Pand P
the Lys found in the corresponding position of KKETEV. positions in peptide ligands.

The transfer of that aromatic residue in place of the positively
charged one led to YKETEV, which was only marginally
improved in affinity over the original consensus peptide an
which exhibited a similar thermodynamic enthal@ntropy
profile. The ability to accept two functionally distinct side
chains implies a possible opening for exploring diverse
substitution patterns that may also display equal or enhance Lnergy of couplingAG., and the free enthalpy of coupling,

affinity, as was seen with theJP.posmon. ) ~_ AHc. In such an analysis, IAG; is negative, then the two
Consensus Sequence Peptides: Residue Coupling iryesidues are positively coupled (the binding of the first amino
Ligand Binding. Considering structural, conformational, 5cid favors binding of the second); XG. is positive, the
electronic, and solvation effects, that proximal residues in o positions are negatively coupled (the presence of the
proteins are coupled and interact cooperatively, favorably first amino acid disfavors binding of the second). A value
or unfavorably, would seem probable. It has been stated thatof zero forAG, indicates that the there is no cross-interaction

for proteins, in general, residues separated by less than 7 Auf the two residues upon binding. A corresponding inter-
interact cooperatively; at greater separations the effects ofpretation applies ta\H..

mutation are additive, and the energetics of the interactions  The analysis in this case indicates that there is no

are independent of each oth&l). To the extent that this  gypstantialAG, between the Pand P, residues when
holds for intermolecular binding events as well as intramo- ransforming from either a Val/Thr to lle/Ser or a Val/Thr
lecular _folding behavior requires empirical thermodynamic g [ eu/Ser state (Figure 10). However, there appears to be a
evaluation. significant coupling effect at the level ehthalpy the first
PDZ domains have to date been insufficiently examined residue is coupled to the second witt\&l, = —2.1 kcal/
as to whether there are cooperative effects within the binding mol for the lle/Ser cycle andH, = —1.2 kcal/mol for the
ligand upon protein association. To address this question,Leu/Ser cycle. The finding of significarAH. values in
we employed the tactic of a double mutant cycle analysis protein interactions has been reported in prior studé&s (
(61—63). This method has been used to calculate the degree68, 69). In these investigations, the residues exhibited
of energetic coupling or cooperativity between different significant enthalpic coupling energetics wh&, remained
mutants. Cooperative interactions between amino acids aresmall or insignificant. In the case of another modular protein
thought to be important in determining the specificity of the domain, that of SH285), the values ofAH. are very similar
macromolecular interaction64) and might be a widespread to that observed for our PDZ3eptide interactions. The
phenomenon in molecular recognition events as supportedmagnitude of this value is arguably comparable with the
by different investigations65—67). To probe whether one  worth of a single hydrogen bond, but what does enthalpic
residue influences the binding propensity of another within coupling signify if it is masked via enthalpyentropy
the same ligand, single and double mutations at the desiredcompensation such that the free energy change itself is
positions are prepared, necessitating the synthesis and bindingominal? A clear mechanistic rationale is not evident.
evaluation of a total of four constructs, and then closure of Certainly some form of interaction between residuesgat P

the thermodynamic cycle with double mutants at the same
d positions.

Here, the two main binding determinant positions of the
PDZ3 binding sequencegRnd P, were first examined.
To test the level of cooperativity between these two positions,
Jve assembled double mutant cycles to calculate the free
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and R, is anticipated since these sites are linchpins for PDZ 8.

domain recognition. What function or purpose, if any, is
served by enthalpically coupled residues is an open question.

The presence of enthalpic coupling may represent a way in 9.

which PDZ domains bias their recognition of residues on
their binding partners. Perhaps it is a mode whereby binding
affinities are maintained at a certain level, not too tight, not
too weak, as befitting a transient, regulatory function, even
as the PDZ domains and their protein partners evolve and
undergo residue mutations that promote new binding selec-
tivities (that is, eliminating old, or creating new, PDZ
domain-mediated partnerships).

Similarly, we examined the vicinal R and P.; sites for
evidence of cooperativity (Figure 11). As seen forand
P_,, the results indicate that whilAG; is not significant,
these two positions experience a meaninghi;. Thus,
while the B and P, residues still dictate the fundamental
class or mode of PDZ domain recognition, the occupants of
the vicinal P, and PR3 positions may be fundamentally
important in how PDZ domains evolve over time to form
transient in vivo partnerships. From a structural perspective,
this is particularly interesting since those residues are
apparently more surface-oriented and not involved in deeply
buried, extensive interactions with the PDZ3 domain.

In conclusion, our accumulated results from an array of
calorimetrically based experiments with distinctly different
series of peptide ligands have revealed a number of features
pertaining to the molecular recognition of a well-character-
ized and reasonably representative PDZ domain. The analysis

of thermodynamic binding parameters is made all the more 19

meaningful by comparing between a variety of analogues in
which modifications are made systematically and at fixed
points. In addition, the determination of specific, short
sequences with good affinity for PDZ3 of PSD-95 provides
a foundation for the development of cellular probes to
investigate the biological consequences of disrupting the
endogenous proteirprotein interactions mediated by this
PDZ domain.

22.
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