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ABSTRACT. Formation of proteir-protein assemblies is essential in maintaining cell structure and function.
Conservation of structural motifs and binding sites is the result of evolutionary pressure for solutions
compatible with both molecular economy and regulation. PDZ domains are a typical example: A conserved
fold governs specificity toward recognition of C-terminal protein sequences by small sequential and/or
structural deviations within a canonical binding mode. The energetic principles underlying the strength
and specificity of PDZ protein interactions are practically unknown. We use the second PDZ domain
(PDZ2) of the human protein tyrosine phosphatase (hPTP1E) as a model to study the energetics of peptide
binding to a class | PDZ domain. Calorimetric experiments reveal the enthalpy, entropy, and heat capacity
changes accompanying PDZ2 binding to the C-terminal pentadecapeptide derived from the guanine
nucleotide exchange factor RA-GEF2. Association is driven by favorable enthalpy and entropy changes
below 18°C. Above that temperature the entropy change opposes complex formation. Structure-based
predictions poorly reproduce the observed thermodynamic profile of the-dpBpgtide complex. On the

basis of MD simulations and experimental findings by others we suggest that changes in the dynamics of
the PDZ domain upon peptide binding make a large contribution to the observed thermodynamic parameters.
Possible impacts of subtle, ligand-induced structural “stiffening” of PDZ domains are discussed. In our
hands, the C-terminal segment of the tumor suppressor APC binds much less tightly to PDZ2 than what
has been proposed earlier from surface plasmon resonance experiments.

PDZ domains are a family of small, evolutionary well- complement the hydrophobic core. PDZ domains recognize
represented protein binding modules. Usually they are internal sequences of partner proteins in some cases, yet the
arranged in tandems and facilitate formation of multiprotein typical binding mode is recognition of C-terminal segments.
networks involved in signaling, cytoskeletal organization, and Binding takes place in a groove between strdBcénd helix
subcellular transportlj. Next to being “passive” scaffolds, «2. The peptide is fixed in an extended conformation,
PDZ domains can also modulate the function of partner essentially complementing tifiesheet structure. The known
proteins such as ion channels and membrane receptors (refDz/peptide structures show a conserved, canonical binding
2 and 3 and references cited therein). Mutations in genes motif. The main anchoring point is the very C-terminal
encoding PDZ-containing proteins are linked to human residue, which is invariantly hydrophobic. The apolar side
diseases4-7). chain fills the hydrophobic pocket formed between strands

Despite low overall sequential homology the known high- 52 and 53 and a-helix a2. The terminal carboxylate is
resolution structures of PDZ domains exhibit only little coordinated by amide hydrogen bonds within a unique
structural variation (¢ RMSD on the order of 1.5 A). Six  glycine-rich loop. Four upstream residues of the peptide
p-strands form g-sandwich with nonparallel planes. Two ligand are typically involved in interactions with the protein.
short a-helices pack on the edges of tifesandwich to  (Conventionally, sequence position 0 is assigned to the
C-terminal residue of the peptide ligand and the sequence
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protein; ASA, solvent-accessible surface (in ,&)Cp, heat capacity - . . . - .
change; DSC, differential scanning calorimety, free energy change; Thr —2 and His 71. An apolar contact in this critical site

AH, enthalpy change; ITC, isothermal titration calorimeti, defines class Il PDZ. Aspartic acid or glutamic acid occupies
equilibrium dissociation constant; PDZ, postsynaptic density protein- position —2 in class Ill PDZ ligands. The preference is

95; PDZ2, the second PDZ domain of the human protein tyrosine ; ihili i
phosphatase 1E (hPTP1E); RA-GEF2, guanine nucleotide exchangegulded by the possibility of a hydrogen bond being formed

factor 2;AS, entropy change; RG, synthetic pentadecapeptide compris- between the side Chain carboxylate.and.the h_ydroxy| group
ing the C-terminus of RA-GEF2. of tyrosine from helixa2. Examples violating this paradigm
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are documented, and some PDZ domains exhibit degenerat®©verexpression of PDZ2 was achieved by growksgheri-
specificity @). Positions—1 and —3 are more solvent chia colistrain BL21(DE3) transformed with the expression
exposed, exhibit no preference for specific side chains, andvector in LB medium in the presence of ampicillin at 37
are thought to fine-tune the specificity and possibly the °C. Expression was induced with 1 mM isoprop${p-
affinity of interactions. In some cases the PDZ domain thiogalactopyranoside (IPTG) ,and the cultures were grown
provides anchoring sites for residues located as far as positiorfor an additional 4 h. Cells were harvested by centrifugation,
—7 in the peptide ligand9—13). resuspended in 50 mM sodium acetate and 10 mM EDTA,
Although the structural determinants governing binding PH 5.0, and stored at80 °C. The resuspended cells were
of C-terminal peptides to PDZ domains are now well lyzed by sonification. The supernatant was loaded on a
established, much less is known about the energetics ofHiTrap SP HP cation-exchange column in buffer A (50 mM
association. Solid-phase methods such as surface plasmogodium acetate, 10 mM EDTA, pH 5.0), and the PDZ2
resonance and ELISA yield dissociation constants typically domain was eluted with buffer B (50 mM sodium acetate,
in the range 200 nM (14—16). Differently, solution =~ 10 mM EDTA, 1 M NaCl, pH 5.0). The protein was further
methods (ITC, fluorescence, NMR) suggest that the typical purified by reversed-phase HPLC in binary acetonitrile/water

binding affinity may be lower, in the micromolar rander¢- gradients containing 0.1% and 0.085% trifluoroacetic acid
20), although aKy of 270 nM was measured recently by 0On a C8 column and lyophilized. The protein which was
ITC for a RIM1o. PDZ domain with unusual specificit@ (). refolded from the lyophilized state was fully native as judged

We select the second PDZ domain (PDZ2) of the human PY SPectroscopy and scanning calorimetry. The binding
tyrosine phosphatase (hPTP1E) as a model to study theParameters obtained with material after cation exchange or
energetics of peptide binding to a class | PDZ domain. HPLC as the final purification step were identical. The mass
hPTP1E (alternatively known as PTPbas and PTPL1) is Was verified b_y ESI mass spectrc;metr}g. Concer_ltration was
involved in maintaining the balance of tyrosine phosphory- calculated usingego = 2125 M™ cm determined by
lation and is thus implicated in the regulation of diverse duantitative amino acid analysis. _
receptor-mediated signal transduction pathways, among them Peptide Synthesis and PurificatiorReptide Ac-NH-
the regulation of cell growth and apoptosis in breast cancer Y ADSEADENEQVSAV-OH (RG) corresponding to the 15
(22, 23). The protein contains five PDZ domains. The second C-terminal amino acids of guanine nucleotide exchange
domain, PDZ2, is known to interact with the human Fas/ factor RA-GEF-2 and peptide Ac-NH-SSGTQSPKRHSG-
CD95 receptor 24), the zyxin-related protein ZRP-2F), SYI__VTS\_/-OH (APC) corresponding to the 19 C-terminal
the tumor supressor adenomatous polyposis coli protein@Mino acids of tumor suppressor APC were custom synthe-
(APC), and the guanine nucleotide exchange factor RA-GEF2Sized using the NFmoc protection strategy. The naturally
(26). C-Terminal peptides derived from the latter two proteins ©€curring phenylalanine in RG (N-terminal residue in the
were reported to bind to PDZ witg = 8 nM [APC (14)] pentadeca_peptlde) was _replaced by tyrosine to faC|_I|tate
andKq = 10-30 uM [RA-GEF2 (10, 18)], respectively. concentration determination by UV. The N-terminal residue

The energetics of binding of C-terminal sequences derived was acetylated by reaction of the resin-bound and side chain

from RA-GEF2 and APC proteins was characterized by prohtegtgdd pe%tldeS\;ng a }O-fold mola; gxceshs IOf acetic
isothermal titration calorimetry (ITC) and differential scan- Zir;ngthr ' If?) r?:ama} de- c,)AfteTc(;:r r(ce))t(;?t?gnoartlrc;r?leet:a%/:rglr;fo:g
ning calorimetry (DSC). The measurements confirm the low th y d ) tid P i q ﬁ q
micromolar dissociation constant of the RA-GEF2-derived . c 'S5 cfude peplde preparations were desatted on a

peptide (henceforth abbreviated as RG). Surprisingly, we Sephadex G-25 column il M acetic acid. Final purification
found that the affinity of PDZ2 for the APC peptide is much was achieved by reversed-phase HPLC on a semipreparative

lower than what has been suggested previously. To OurcCc?ntCaci)LuirTnoeil;/tet(:if\ll:ljlg;oggeatri)c/: :(c::i((ajto_lr_\;;tgle/l;/\r/stecr)fgr:dtlie(:jr::
knowledge, we report here for the first time the complete g b2 : purity of pep

energetic profile of a PDZpeptide complex. Analysis of was controlled by ESI mass spectrometry. The concentration

i 1 1% = 1
the experimental thermodynamic parameters with respect towaidetermlned by UV absorption usiago = 1280 M"

the predictions of semiempirical methods identifies energetic
contributions from subtle structural changes in the PDZ
domain induced by peptide binding.

Buffer.All experiments were conducted in standard buffer
composed of 50 mM sodium phosphate and 150 mM NacCl,
pH 6.8. The pH of samples containing urea was adjusted
EXPERIMENTAL PROCEDURES after addition of the denaturant. Urea concentrations were

determined by measuring the refraction index. All chemicals

Protein Cloning, Expression, and PurificatioRDZ2 was were of analytical grade and were used without further
PCR amplified from a human brain cDNA library by use of purification.
oligonucleotide primers designed from the DNA sequence Differential Scanning Calorimetry (DQCDSC experi-
(Genbank no. XM_172831). The primers PDZup@AAT- ments were performed on a VP-DSC calorimeter (MicroCal
TcatatgCCTAAGCCTGGAGATATCTTTGAG-3and PDZ- Inc.) equipped with twin coin-shaped cells of 0.52 mL
do-1 (B-GCCggatccTCATGTTGGAGATTGTCCCTTTTC-  volume. Details on the instrument’s performance are given
TAATAACAG-3') containNdd and BanH]I sites, respec-  elsewhereZ7). The heating rate was IC min~t. Samples
tively. A stop codon was engineered into the PDZdo primer containing protein and peptide (in isolation or as a mixture)
preceding thd&anHI site, so that a 96 amino acid fragment were dialyzed for 1824 h against the same batch of buffer
containing PDZ2 would be expressed. The PCR product wasused to establish the instrumental bufféuffer baseline.
cloned between théldd and BanH]I sites of the pET21b  Reversibility was checked by two to three cycles of heating
bacterial expression vector and verified by sequencing. and cooling. The raw experimental data were corrected for
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the instrumental baseline and transformed to partial molar experiments were performed at 5, 15, 25, and°’G5The
or partial specific heat capacity using partial specific volumes data were analyzed following the linear extrapolation model
of 0.724, 0.684, and 0.718 émy~* for PDZ2, RG, and the  (LEM) as detailed elsewher82). The AG, values measured
PDZ2/RG mixture, respectively, calculated from the amino at different temperatures define the stability curve of the
acid composition. The analysis of heat capacity traces of theprotein according to the Gibbsdelmholtz equation:
protein—peptide complex followed the formalism detailed
elsewhereZ8—30). Briefly, considering the unfolding ofa  , 5 (T) = AH (1 — T iaclt—1. —1inlE )
monomeric protein, the temperature dependence of the™ Y R T P R T
measured heat capacity is expressed as

Conveniently,Tr is selected as the temperature where the

dfy protein is half unfoldedf(; = 0.5 andAHy = AHg). For
CP(T) =Con T fUACp + AHmﬁ =Con T fUACp * monomeric proteins, iffg is known from an independent
K AH.2 experiment (thermal unfolding\G(Tg) = —RT In[fu/(1 —
v m (1) fu)] = 0 can be included in the data set to reduce the
a1+ KU)2 RT uncertainty when three parameters are being optimized based
on (usually) few experimental points collected at low
whereKy is the equilibrium unfolding constarit; = Ky/(1 temperatures.
+ Ky) is the fraction of unfolded proteinAH,, is the Binding SimulationsTo simulate the temperature depen-
unfolding enthalpy afl,, the temperature whetfig = 0.5 dence of the excess heat capacity function of a mixture of

(i.e.,Ky = 1), andAC, = C,u — Cyn is the unfolding heat  protein and peptide, the theoretical framework developed by
capacity change. The heat capacity of the folded pro@ix, Brandts and Lin was used3d). We assume that a 1:1
was modeled with a linear function. As shown before, the complex between protein and peptide is formed; the peptide
heat capacity of the unfolded statg,, can be calculated  binds only to folded protein. The relevant equilibria to be
with good precision from the amino acid composition of the considered are

protein and is well approximated by a second-order poly- ‘

nomial function of the general for@,y = a + bT + cT?, =

wherea, b, andc are coefficients31). In eq 1, it is implicitly PDZ +RG PDZ/RG

assumed thaKy depends on the temperature according to

K
eq 6 below. Regression analysis according to eq 1 returns PDZF<——U’ PDZ,
an optimized value foAHn,, which is in fact the geometric
mean of the model-independent calorimetric enthal{iyca, The equilibrium association constal,, and the equilibrium
and the model-dependent van't Hoff enthalgyiy, i.e., unfolding constant are defined in the usual way as
AHnm = (AHaAHyW)Y2 For a two-state transitiomy\Hceg =
AH,4. The calorimetric enthalpy is obtained by integration [PDZ/RG]
of the Cy(T) function above the intrinsic heat capacity change AT [PDZFW 3)
function, which is defined by the first two terms on the right-
hand side of eq 1. The van't Hoff enthalpy can be calculated [PDZ,]

as AHyy = 2TR[R(Cpmax — ACH2)]*2, where Cymax is the

heat capacity af,. Data handling and analysis were carried

out using the program CpCalc 2.1 (Applied Thermodynam- o o )

ics), subroutines for Origin provided by MicroCal, and in- The brackets |nd|cat¢ the equilibrium concentrations of

house written scripts for NLREG (Phillip H. Sherrod). folded unbound protein (PR¥ unfolded protein (PD4),
Isothermal Titration Calorimetry (ITCYTC experiments ~ unbound peptide (RG), and the complex (RI¥G). The

were performed on a VP-ITC instrument (MicroCal Inc.). temperature dependencieskf andKy are given by

The calorimeter was calibrated according to the manufac- AH AC

turer’s instruction. Samples of protein and peptide were Ka(T) = Ka g exp{ A,R(l 1) p’A(Inl—i—

V" [PDZ] ()

prepared in, and thoroughly dialyzed against, the same batch R T

of buffer to minimize artifacts due to minor differences in Tx

buffer composition. The concentration was determined after T 1)] (5)

dialysis. The sample cell (1.4 mL) was loaded with-BD

uM protein; peptide concentration in the syringe was-400 m T .

1000uM. A titration experiment typically consisted of 25 Ky(T) = exg — ﬁ(l - T_) - ﬁ(T —Tn—

30 injections, each of 8 or 10L volume and 10 or 12 s

duration, wih a 5 min interval between additions. The stirring TIn l)] (6)

rate was 300 rpm. Raw data were integrated, corrected for Tn

nonspecific heats, normalized for concentration, and analyzed

according to a 1:1 binding model assuming a single set of Kar and AHar are the binding constant and the binding

identical binding sites. enthalpy change at the reference temperatgrevhich was
Circular Dichroism SpectroscogCD). CD measurements  taken as 298.15 K (28C), andAC,a = dAHA/dT is the

were carried out on a Jasco J-715 instrument equipped withheat capacity change of association. Parameters which

a computer-controlled water bath using jacketed cuvettes of characterize unfolding of the proteiniH,, ACp,, andTy, =

0.1 and 1.0 cm optical path. Isothermal urea unfolding 322.6 K (49.4°C)] are defined as in eq 2. At any temperature,
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the enthalpy and heat capacity changes can be calculated he integration step was 2 fs. Short-range electrostatics were

from calculated explicitly, and long-range electrostatic interactions
were calculated using the particle-mesh Ewald meti3&il (
AHp = AH, g T ACA(T = Tg) (7) A 10 A cutoff was used for van der Waals interactions. A
long-range correction for the energy and the pressure was
AHy =AH;, + ACp(T — T (8) applied. The system was coupled to a Berendsen temperature

) . ] o bath ¢; = 0.1 ps), separately for the protein and the solvent,
The mass conservation equations link the two equilibria. For gng to a Berendsen pressure bath=€ 0.1 ps) @0). The
the total protein (PD3) and peptide (R@ concentrationwe  gimulations were performed at 300 K. The simulation time
can write was 15 ns. Trajectory visualization and analyzing was made
_ _ with the visualization and analyzing software VMD.
[PDZy] = [PDZ{] + [PDZ] + [PDZJ/RG] = [PDZ¢] + Structural ParametrizationIn the following we briefly
Ku[PDZg] + KA[PDZH][RG] (9) describe the methods used for calculating of energetic terms
based on the structure of the PDZ2/RG complex. Detailed
[RG;] = [RG] + [PDZ/GR] = [RG] + KA[PDZ][RG] discussion can be found elsewherél,(42). Solvent-

(10) accessible surface (ASA) calculations were performed with
Since PDZ and RG are known, the combined egs-30 the program NACCESS using a probe radius of 1.4 A and

can be solved simultaneously to determine the concentrations? Slice width Of. 0.25 A, the default set of atomic radiBy.
of the relevant species at any temperature: From each trajectory, the average ASA was calculated as

the arithmetic mean over ASAs of equally distant snapshots

[PDZ] = [PDZ]/(1 + K, + K,[RG]) (11) (step 20 ps) taken in the last 10 ns of simulation. The
ensemble-averaged differences in ASA between the associ-

[PDZ,] = K [PDZ /(1 + K, + KA[RG])  (12) ated and dissociated stateASA) was partitioned into polar
(AASA) and apolar AASA.pe) components. The hydration

[PDZJ/RG] = K [RG][PDZ]/(1 + K, + K,[RG]) contribution to the binding heat capaci#,) is calculated
(azy
Taking the protein-peptide complex as the reference state, AC, = Z(Zp’iAASAi (15)

the excess enthalpy functiom\HL] is defined as
where the termaASA are in units of & and the coefficients

[PDZ] [PDZ] + [PDZ] C,; are the elementary contributions (in units of k3ol
[AHL= AHum - Al [PDZ,] (14) A~2) to the heat capacity of hydration of the corresponding
T T type of surface. The following,; values were usedC apol
The minus sign accounts for complex dissociation. Numerical = 1-82, Cppol = —1.09, andCyon = 0.71 (the last term
differentiation of eq 14 yields the temperature dependence accounts for the heat capauty_ contribution of buried hydroxyl
of the excess heat capacity function. groups of serine and threonine). In the absence of proton

Electrostatic Modeling.The free protein was modeled rélease/uptake upon complex formation, the generic binding
either with the structure extracted from the NMR ensemble €nthalpy at 60C can be calculated within an estimated error
of the complex or with the NMR ensembles of the free ange of 10% as (in kJ mol):
human PDZ2 (3PDZ) and the free mouse homologue (1GM1,; 60
94% sequence identity). Ten conformers of the corresponding AHcaie = 122AASA
NMR ensembles were used. The calculation was done with
the PoissorrBoltzmann model in the framework of the
continuum approximation, as implemented in the program
MEAD (34).

Molecular Dynamics Simulationg'he MD simulations
were carried out with the GROMACS simulation suite
(version 3.3.1) 85 using the OPLS all-atom force field.
Models 1 and 20 of the NMR ensemble (1D5G) were used
as the starting point for MD simulation. The clashes in the
structure were removed with the WHATIF program (http://
swift.cmbi.kun.nl/WIWWW]I/). The structure (complex, pro- AS=AS, 4+ AS. o+ AS, (17)
tein, or peptide) was solvated with TIP4 watg6), including
approximately 150 mM NaCl (plus additional ions to The change in hydration entropy is calculated by extrapola-
neutralize the total system). A cubic periodic box was chosen tion, usingAC, and the temperatures where the hydration
such that the minimum distance between the protein and theentropy of polar and apolar atoms is zero (335.15 and 385.15
end of the box was more the 15 A. After minimization using K, respectively):
the st('a&ep;est descent algorithm with a tolerance of 100 kJ -
mol~t A1, the system solvent was relaxed for 500 ps with — (—E)

a harmonic positionA restraint on all ,Catoms (force AShya = CoapoPASAgpalIN 385.15
constant: 10 kJ mot A~2). LINCS (37) and SETTLE 88) T
algorithms were applied for constraining the bond lengths. Copo A ASApal In(335.15} (18)

poli — 30.4AASA,,,  (16)
At any other temperature the binding enthalpy is determined
using AH%% and the calculatedC,,.

It has naturalized itself to partition the binding entropy
change into three terms describing (i) the entropy of water
reorganization caused by the change in molecular surface
(ASya), (ii) the loss of conformational entropy due to side
chain and backbone immobilizatio\&.n), and (iii) the
change of rotational/translational degrees of freedom when
two free kinetic units form the bimolecular complex%y):
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The calculation of theAS,n term of eq 17 poses a major
problem in estimating energetics from structural data. Ac-
cording to the method used here, the side chain entropy loss

can be estimated from the change in ASfson binding: *%\
AASA, i
A =) —A§ | i 19
S\Q:onf,SC IZASAAXAJ Sou ex,i ( ) g
O
I
=

ASAxxai is ASA of the corresponding side chain in the fully
exposed state (modeled as Ala-X-Ala), afv8,—.x; is the
entropy loss for a complete burial of the side chain of type
i. Residues immobilized in the binding pocket experience
loss of conformational entropy from backbone immaobiliza- Temperature (°C)

tion (ASy). An additional term AS.-,) represents the  Fgure 1: Thermal unfolding of PDZ2 observed by DSC. The
unfavorable change in entropy for side chains which are experimentally measured temperature dependence of the partial

solvent exposed but structured in the protgieptide molar heat capacity function is shown with symbols (average of

complex. The values of AS&ai, ASu-exiy ASh, aNdASex three _ind.ividual' scans). The intrinsic heat capacity change (chemical
were taken from refil. baseline; continuous line below the heat absorption peak) was

. . . . . calculated a£s, pase= (1 — fu)Cpn + fuCpu, whereCpn andCyy

The magnltude ofAS; is still uncertain (re4 and C”?d are the heat capacities of the native state and of the unfolded state,
work therein). We use her&S; = —35 J Kt mol™. This respectively, andy is the fractional amount of heat absorbed
number is numerically close to the “cratic entropy” and has between 30 and 75C. The heat capacity of the denatured state
been found to describe reasonably the loss of rotational/calcwated by summation of the heat capacities of the constituent

t lati | d f freed in di . ¢ Iamino acids is indicated by the dotted line. The straight line
ranslational degrees of ireedom In diverse experimental represents the heat capacity of an average native globular protein

systems 44—46). with the mass of PDZ2. The line associated with the symbols
visualizes the result of the nonlinear least-squares regression
RESULTS AND DISCUSSION analysis. Statistically indistinguishable fits were obtained assuming

. . a two-state transitionAHg = 256 4+ 10 kJ mof1) or non-two-

PDZ2 was expressed in soluble form in the cytoplasm of state transition&Hcea = 273+ 10 kJ mott, AHyy = 240+ 10 kJ
E. coli. The purified protein is monomeric at the concentra- mol™). AHs; is identical within error with the weighted enthalpy
tions and under the experimental conditions used in this estimate AHwa = 0.65AH; + 0.35AHcy = 2514 14 kJ mot ™.
study, as evidenced by light scattering experiments. The far- EXPeriments were performed with 132204M protein in 50 mM

. . sodium phosphate and 150 mM NacCl, pH 6.8.

UV CD spectrum has the spectral signature of proteins
containing predominantly-sheets. CD spectroscopy dem- acids B1). Hence, thermal unfolding results in a highly
onstrates that the two peptides used in this study adopt ahydrated state lacking residual tertiary interactions. Integra-
random coil conformation in solution (not shown). We first tion of the heat absorption peak above the chemical baseline
describe thermal and isothermal urea-induced unfolding connecting the pretransitional and posttransitional heat
experiments aimed at determination of the thermodynamic capacities in proportion to the extent of unfolding yields the
stability and clarification of the unfolding mechanism of model-independent, calorimetric parameters characterizing
PDZz2. This information is important in order to confine PDZ2 unfolding: Tmp = 49.4°C, AHca {Tm) = 273+ 10
binding experiments in the temperature range where PDZ2kJ mol, AS.4 {Tm) = 846+ 30 J K2 mol™?, andAC,p =
is fully native, as well as to interpret the results from thermal 4.454 0.40 kJ K'* mol™* (Table 1). From a pH-induced
melting of the proteir-peptide complex. ITC and DSC variation of AH,, in a limited range ofT,, Gianni et al.
experiments revealing the energetics of peptide binding to estimatedAC, = 5.0 + 0.6 kJ K* mol~* for the PDZ2
the protein are presented in the second part. In the third partY43W mutant 48). The specific unfolding parameters at 60
we search for correlations between the observed thermody-°C are AHgy {60) = 3.3 &= 2 kJ mol res?, ASyH60) =
namic parameters and the structural features of the PDZ2/10.3+ 0.5 J K'* mol res?, andACpp = 46 + 2 J K"t mol
RG complex. res ! and are well within the range of values determined for

Stability and Unfolding Energetics of PDZ2. (A) Thermal globular proteins49, 50). Altogether, the calorimetric data
Unfolding. The thermodynamic stability and unfolding imply that PDZ2 is a compact globular domain.
mechanism of PDZ2 were characterized by DSC (Figure 1).  Analysis of the molar heat capacity function indicates an
The partial molar heat capacity at 26 is 15.6+ 1.0 kJ apparent small deviation from the two-state unfolding
K~1 mol™1, corresponding to a partial specific heat capacity behavior. The temperature dependence of the excess heat
of 1.564 1.00 J K'* g~L. This value is typical for globular  capacity is best described by the model-dependent van't Hoff
proteins 47). Between 5 and 30C, the heat capacity enthalpy AHy = 240 £ 10 kJ mof!. Thus the ratio
increases linearly with a slopeCd/dT = 0.107+ 0.005 kJ AHynpsdAHca is 0.89 + 0.06. However, thermodynamic
K~2mol™1, corresponding to (10.# 0.5) x 103JK2g™L modeling failed to detect the presence of statistically robust
Although not extraordinarily steep in comparison with intermediates. We assume, therefore, that the apparent
compact globular proteing{), this increase indicates some deviation from the two-state model is caused by accumulation
degree of flexibility, possibly caused by thermal fluctuations of experimental errors. On the other hand, it has been
of the disordered N- and C-terminl@). The heat capacity = proposed that a substantial improvement in the accuracy of
at 75°C closely matches the predicted heat capacity basedAH at Ty, can be achieved using a weighted enthalpy average,
on summation of the heat capacities of the constituent aminowhich is calculated adHwa = 0.65AH,; + 0.35AH¢4 (51).
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Table 1: Thermodynamic Parameters Determining the Stability of PDZ2

T AH AS AC, AG Uz —Meq

5b 221+ 1.6 3.2+0.1 6.9+ 0.5
g° 21.7+2.1 2.F 10°
15 19.2+ 2.6 2.94+ 0.14 6.52+ 0.9
25 14.6+1.3 2.65+ 0.12 552+0.5
35 10.6+ 1.3 2.11+0.17 4.99+ 0.6
49.4 273+ 10 0.846+ 0.030 4.45+ 0.40 0+ 14

240+ 10

251+ 149

255+ 32 4.35+ 1.90

a All experiments in standard buffer, 50 mM sodium phosphate and 150 mM NaCl, ptAB.&nd AG in units of kJ mof?; ASandAGC; in
units of kJ Kt mol™%; Uy, in units of M; meq in units of kJ mot* M1, ® From urea-induced unfolding measured by circular dichrofsirom
GdmCl-induced unfolding measured by fluorescericd.(U1, andmeq are rough estimates taken from the corresponding plot in this papesm
DSC. ¢ Calorimetric estimate.van't Hoff estimate9 Calculated as 0.68H,4 + 0.35AH,. " Calculated as the fitting parameter in the Gibbs
Helmholtz equation.
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Ficure 3: Stability curve of PDZ2. The unfolding free energies
obtained by isothermal urea-induced unfolding between 5 and 35
°C were combined witAGy = 0 at 49.4°C (the midpoint of
thermal unfolding), and the GibbdHelmholtz equation was fit to
the data to optimize the values fdh,, AHm, and AC, The
continuous line represents the best fit obtained with the following

m-value (kJ mol" M)
»

4 ,B ——————————r parametersTy, = 49.5+ 1.0°C, AH, = 2554+ 30 kJ mot, and
5 10 15 20 25 30 35 AC, = 4.36+ 1.90 kJ K'* mol™t. The asterisks represeniGy
o obtained from GdmCl-induced unfolding followed by fluorescence
Temperature (°C) at 8°C (17)
Ficure 2: PDZ2 unfolding induced by urea-monitored CD
spectroscopy. (A) Fraction of unfolded protein &&(diamonds), (C) Stability Cuwe of PDZ2.The Gibbs-Helmholz

15 °C (triangles), 25°C (circles), and 35C (squares). The lines . - .
are the best fits from nonlinear regression analysis according to equation (eq 2) was fit to the combined data from thermal

the linear extrapolation model (LEM). (B) Temperature dependence 8nd urea-induced unfolding to calculate the PDZ2 stability
of the mvalues obtained from LEM analysis. The regression line curve (Figure 3). The best fit was obtained with the following
has a slope m/dT = 0.066+ 0.007 kJ mot* M~t K™% parametersT = 49.54 1.0°C, AHn i = 255+ 30 kJ
mol~, andAC, s = 4.35+ 1.90 kJ Kt mol™! (Table 1).
Indeed, as shown illustrated in FigureAlHwa simulates The correspondence between thC, and AH values
perfectly the experimental trace. obtained by considering data in a broad temperature range
(B) Urea-Induced UnfoldingThe stability of PDZ2 at 5, andAC, andAHwa measured directly by DSC is excellent.
15, 25, and 35C was assessed from isothermal urea-induced The only one previous estimate of PDZ2 stability is 2.7
unfolding experiments by following the change in ellipticity 2.1 kJ mot* at 8°C and was obtained by GdmCl-induced
at 219 nm. The data could be modeled with a two-state denaturation followed by the intrinsic changes in PDZ2
transition between native and unfolded protein (Figure 2). fluorescenceX7). As shown in Figure 3, the agreement of
Both the midpoints of transitiorl)1», and the equilibrium this value with the calculated stability curve is very good.
mrvalue,meq= —dAGyedd[urea], depend on the temperature The coincidence cAGy measured by three different methods

with slopes &;/dT = —0.040+ 0.008 M K1 and dney is a very strong argument that PDZ2 unfolding closely obeys
dT = 0.066+ 0.007 kJ mot! M~ K1, respectively. The  the two-state model. The fraction of unfolded protein is less

meanme, (~6 kJ mott M~1) corresponds very well with ~ than 1% between 5 and 3W. ITC experiments were

the prediction of statistical analysis correlating changes of performed in this temperature range.

solvent-accessible surface with the magnitude of the experi- Energetics of RG and APC Binding to PDZ2. (A)
mentalm-value 62). The unfolding free energy estimates Thermodynamic Parameters Deduced from IP@dition

at zero urea concentrationGy(W), calculated according  of aliquots of the RG peptide to PDZ2 in the calorimetric
to the linear extrapolation procedure are listed in Table 1. cell produces measurable heat effects, which saturate as the
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Ficure 4: ITC binding experiments. All experiments were
performed in 50 mM sodium phosphate and 150 mM NacCl, pH
6.8. The PDZ concentration in the cell was-3DuM; the peptide
concentration in the syringe was 400000uM. (A) Raw calori-
metric output from experiments with the RG peptide. Experiments
at 5, 18, and 30C are shown (top to bottom). The thermograms
were shifted on theY-axis for clarity. (B) Binding isotherms
describing formation of the PDZ2/RG complex at 5, 12, 18, 25,

Milev et al.

the dissociation constant of the PDZ2/RG complex as being
lower than 30uM based on chemical shifts and amide
exchange rates followed by NMR spectroscof, (18).
From the rates of association and dissociation of the
C-terminal RA-GEF2 pentapeptide to and from the PDZ2
Y43W mutant, aKq = 6.5+ 1.5uM was calculated53).
To our knowledge, there are three published studies in which
binding of C-terminal sequences to PDZ was characterized
by titration calorimetry 19, 21, 54). The third PDZ domain
(class 1) of the PSD-95 protein binds the hexapeptide
KKETEV with Kgq ~ 2 uM (54). Dissociation constants in
the range 200 nM to 5@M characterize binding of short
peptides to full-length syntenin or its PDZ tandeb®)( An
ELKS1b-derived peptide binds with high affinitiK{ = 270
nM) to the RIM1 PDZ domainZ3).

PDZ2 was reported to bind the C-terminal stretch of the
APC protein with low nanomolar affinityld). We performed
ITC experiments with a synthetic peptide encompassing the
last 19 amino acids of the APC protein. Figure 4C compares
experiments with RG and APC peptides at identical condi-
tions. Much to our surprise, the obtained isotherms with APC
are compatible with &4 above 5«M. The reason for this
striking discrepancy with the results of Erdmann et al. is
not clear at present. The vast majority of data indicating low
micromolar to nanomolar affinities of PDZ domains to other
proteins was collected by surface plasmon resonance experi-
ments, andKy's were calculated from the rates of association
and dissociation1(5, 16, 55). It has been demonstrated that
rebinding to the sensor surface might lead to understimates
of the genuine dissociation rate constant and might thus cause
an overestimation of the binding affinity5¢, 57). In
particular, next to high surface coverage, fast association rates
might make rebinding very effective. Fast association is
expected for ligands with relatively low steric requirements,
and this is possibly the case for peptide binding to PDZ
domains, since the intermolecular interface is relatively small.
On the other hand, the experiments reported by Erdmann et
al. were performed with a GST-PDZ2 at pH 7.4 in the
presence of small amounts of nonionic detergent, and direct
comparison between the two studies has to be done with
caution. Nevertheless, our data demonstrate that the RA-
GEF2-derived peptide binds much more strongly to isolated
PDZz2 than the APC-derived peptide under identical experi-
mental conditions. It remains to be seen in how far the
differences in affinity can be related to the sequential
differences at position-1 (Ala in RG versus Ser in APC)

and 30°C (top to bottom). Symbols represent the integrated heats and beyond position—3, where peptide library studies

after normalization for the molar concentration. Continuous lines
are nonlinear fits for a 1:1 binding model. (C) Comparison of the
binding isotherms obtained at 2& with peptide APC (top trace
and open symbols) and RG (bottom trace and filled symbols).

molar ratio of peptide to PDZ2 increases (Figure 4). From
the shape of the titration curve, the binding stoichiometry,
n, the association constaid,, and the apparent calorimetric
enthalpy of associatiom\Ha, were calculated. The stoichi-
ometry was 0.98t 0.10 (meant SD of 15 experiments),

in agreement with a 1:1 complex seen in the NMR structure.
The association constant at 26 is (1.944 0.17) x 1¢°
M~L. The corresponding dissociation constant is thégcM.
This first, direct, in-solution equilibrium measurement of the
binding affinity of PDZ2 for RG C-terminal sequences

indicated a preference for polar and (predominantly) nega-
tively charged side chaind ). This pattern is clearly evident

in RG while positions—4 and—5 are occupied by leucine
and tyrosine in APC. In the context of the cell, the strength
of the PDZ2/APC interaction may turn to be an important
issue, since APC binding to the hPTP1E protein appears to
modulate the steady-state levels of tyrosine phosphorylation
of proteins playing a role in the regulation of cell division,
migration, and cell adhesiori4).

The thermodynamic parameters characterizing the PDZ2/
RG interactions are summarized in Table 2 and are presented
in graphical form in Figure 5Ka exhibits a small but
statistically significant temperature variation, decreasing from
(4.70+ 0.84) x 1® Mt at 5°C to (1.80+ 0.23) x 10°

confirms the results of two previous studies, which estimated M~* at 30 °C. The free energy of association is almost
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Table 2: Thermodynamic Parameters Characterizing RG Binding to PDZ2 Measured by ITC

T(°C) Ka x 1075 (M) AG (kJ mol?) AH (kJ mol) TAS (kJ mol?) AS(J K-*mol-1)
5 4.70+ 0.84 —30.2+£0.2 —11.7+0.7 18.5+ 0.2 66.5+ 0.7
12 3.04+ 0.23 —29.940.1 —20.6+ 1.4 9.3+ 1.3 32.7+ 0.4
18 2.63+0.26 —-30.2+0.1 —20.1+ 1.6 1.1+ 16 3.8£5.0
25 1.94+ 1.69 —30.2+0.1 —39.6+0.9 ~9.4+0.9 ~31.6+3.0
25 1.63+ 0.30 —29.8+0.2 —40.2+ 3.0 ~10.5+ 3.0 —35.1+17.0
25 1.60+ 0.20 —29.74£0.2 —38.94 2.0 —9.242.0 ~30.9+ 6.7
30 1.80+ 0.23 —-30.5+0.1 —473+2.2 ~16.8+2.2 —55.4+ 7.0
55 0.18+ 0.4 —26.8+ 50 —80+ 40 ~53.2+ 30.0 —1624+ 100

2 All experiments were performed in 50 mM sodium phosphate and 150 mM NacCl, pH 6.8, unless otherwise intliiegpedment in MES
buffer. ¢ Experiment in Bis-Tris bufferd Deduced from DSC experiments as described in the text.
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Ficure 5: Energetics of RG binding to PDZ2 measured by ITC.
All numerical values are listed in Table 2. (A) Temperature
dependence of the association constpt,Symbols represent the
experimental data. The thick continuous line is the calculated
temperature dependenceky, calculated according to eq 9 using
as reference the data at 26: Ky = 1.94 x 10° M1, AH, =
—39.6 kJ mot?, and dC,o = —1.4 kJ K’ mol™L. The pairs of
lines illustrate the influence of the experimental uncertainty (as

o

60

also by Saro et al. for the PSD-95 protein PDZ3 domain,
another member of class 54). A pK, shift of ~1 pH unit
upon binding was reported earlier for His 71, which is located
at the PDZ2 binding site and forms a hydrogen bond with
the hydroxyl group of Ser-2 of a Fas-derived peptid& ).

This interaction is canonical for class | PDZ domains and,
not surprisingly, is seen also in the PDZ2/RG structure.
However, the measured lack @&Ha variation with the
buffering species implies that His 71 is deprotonated both
in free PDZ2 and in the PDZ2/RG complex. To further
clarify the problem, we calculated the&kgs of titratable
groups in the free and peptide-bound PDZ2. TKg @f His
—71is very low, 2.4+ 1.2, reflecting the almost complete
burial of the side chain upon peptide binding and the strong
interaction with the hydroxyl group of Ser2 of the
incoming peptide. However, theKp of His —71 is down-
shifted also in the free protein. Depending on the choice of
dielectric constant describing the dielectric properties of the
protein, the calculated Ky's of the unbound form vary
between~4 (¢ = 4) and~5 (¢ = 20). The downward shift

of the K, of the unbound form relative to the modeKp
(6.6 in this implementation) appears to be dominated by the
desolvation term and interactions with permanent charges
of the protein multipole and, to a lesser extent, by interactions
with other titratable sites. As a control, we checked tg9p

of the three other histidine side chains, which are not
involved in interactions with RG. They are all in the range
6—7 and, most importantly, are not influenced by the pres-
ence of the peptide in the binding pocket. The calculations
suggest that binding at pH 6.8 is not accompanied by proton
release, in accord with the available experimental evidence.

The entropy of complex formation is positive below about
18°C and negative at higher temperature (Figure 5). Hence,

upper and lower limits) on the calculated temperature variation of pinding is favored enthalpically at all temperatures, whereas

Ka. Key: thin continuous linesky + 1.69 x 10* M1 at fixed
AHp and AC; 4; dotted linesACp 4 £ 0.2 kJ K’ mol™ at fixed
Ka and AHa; dashed linesAHa + 2 kJ mol? at fixed K4 and
ACpa. (B) Temperature variation &G (squares)AHa (circles),
and TAS, (triangles). The continuous lines associated whtHa

it is opposed by entropy above I&. The temperature
variation of the binding enthalpy,AXHA/dT, represents the
heat capacity change of associatidiG, ». Linear regression
of the data shown in Figure 5 yieldsC, 5 of —1.44+ 0.20

andTAS, data points are linear regression lines. The line associated j K-1 mol-L.

with the AG, data points was calculated &5, = —RT In Ka
using the simulated temperature variatiorkaf(thick line in panel
A). The open symbols ardH, and TAS. derived from DSC
experiments at 58C.

(B) DSC Studied-urther details on the binding energetics
can be extracted from DSC experiments. The temperature-
induced conformational transition of the preformed PDZ2/

constant in the studied range of temperatures. The apparenRG complex is highly reversible. The partial molar heat
enthalpy changesAH,, and entropy change§AS,, of capacity function is shown in Figure 6 together with the
association vary with temperature. Complex formation is traces recorded for the isolated components. The heat
exothermic above OC. The sameAH, was measured in  capacity of the RG peptide changes negligibly upon heating
MES and Bis-Tris buffers having different heats of proto- and is very close to the heat capacity calculated for an
nation. It follows that there is no (net) proton release/uptake unstructured, completely hydrated peptide with the RG
accompanying binding. The same conclusion was reachedsequence. Melting of the complex produces a single heat
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A heat capacities of free PDZ2 and free RG; i@5M =
501 rozare C,°P22 + C,RS. Between 5 and 30C C,SUM is higher than
the heat capacity of the (partly) associated stafgP??/R¢
i(; 401 This reflects the negative heat capacity change accompanying
£ binding. The differenc€,"P?2/R¢ — C S is ~—1.6 4+ 0.15
T 301 kJ K- mol~t on average and is thus very close A€,
- obtained by ITC. However, the close correspondence of the
< 207 two numbers is perhaps a fortituous coincidence in view of
%:) the uncertainties in determination of the absolute heat
s 101 capacities at relatively low concentrations and the use of
R calculated partial specific volumes. Much more important
0 0 20 40 60 for the following discussion is the fact that the slopes of
. C,"PZ2IRG and C,SUM are very close to each other: 965
Temperature (*C) and 112+ 7 J K2 mol™?, respectively (Table 3). These
1.0 rozre B values imply, in principle, a temperature-depend&e, .
' However, the integraf+(C,FP??R¢ — C,SUM) dT is a small
S 0s- number, and the resulting deviation of thdddT plot from
B linearity is certainly lower than the accuracy of the measure-
_g_ 0.6- ments. It follows that the formation of the PDZ2/RG complex
S is not linked to detectable temperature-dependent structural
< 0.4 changes, or at least such changes contribute to the enthalpy
s of association but do not induce significant temperature
I 02'"%%%22 dependence oAC,,.
L 0.0 The apparent calorimetric enthalpy of complex melting
Bl . . . and dissociationAH¢a ppz2irg Can be obtained by integration
0 20 40 60 80 of the heat absorption peak above the chemical baseline
Temperature (°C) constructed in the usual way and amounts to 3760 kJ

Y . g
FIGURE 6: Heat capacity curves of the PDZ2/RG complex and the mol (mean:t_SD of three experiments). Integration in
isolated components. (A) Thermograms recorded in standard buffer,/€SPect to Il yields the apparent entropy of the process,
50 mM sodium phosphate and 150 mM NaCl, pH 6.8, at a heating ASa,pozzire = 1.07 £ 0.09 kJ K™ mol™. The apparent
rate of 1 deg min'. The labels associated with the heat capacity calorimetric heat capacity change of complex melting and
functions indicate experiments with the isolated RG peptide (trace dissociation,AC,ppzre COrresponds to the difference be-

RG; concentration was 256M), isolated protein (trace PDZ2; o . .
concentration was 222M), fnd)a mixture gf protei$1 and peptide  tWeen the pretransitional and posttransitional portions of the

(trace PDZ2/RG shown with symbols; concentrations were.22  trace linearly extrapolated at the apparent melting temper-
protein and 25(M peptide). For experimental reasons, the highest ature; it amounts to 6.8 0.8 kJ K mol~*. The difficulty
gz?grenr]‘_t;gtt'%z ”(‘)Pﬁfé e;(ge(;'lnleemﬁe‘g'?@égprgg,tmLfléangoﬁrico'se_ble in giving a straightforward interpretation of these parameter
| | SOlu Ity was SSI . : : :

However, the deviation from the predicted heat capacity was only numbers as repre_sentmg the sum of protein unf(_)ldl_ng ‘.fjmd
~0.5 kJ mot! K-L. The trace was therefore shifted as to match complex dissociation arises from the fact that the distribution
the calculated heat capacity at 76. The trace labeled SUM  of molecular species in the transition zone is not known a
(dashed line) is the. algebraic sum of the heat capacities of thepriori. To this end, the excess heat capacity function was
isolated components; i.e., SUMRG + PDZ2. This is the expected  anay7ed by a model which takes into account the temper-
heat capacity if the system was in the hypothetical dissociated state induced ch in th - £ db d
at all temperatures. The continuous line associated with experiment2turé-induced changes in the concentration of free and boun
PDZ2/RG visualizes the result of simulation according to eg$® native protein, unfolded protein, and free and bound peptide.
The curve is defined by the following parametei§a(25 °C) = This analysis combines the energetics of folding of PDZ2
2.2 x 10 M4, AHA(25°C) = —35.5 kI mof?, ACpa = —1.7kJ  wjith the energetics of complex formation described above.

K=t mol~%, AHmH(49.4°C) = 260 kJ mot?, andAC,p = 4.8 kJ . :
K- mol-L. (B) Calculated temperature-induced c¢hanges of the The deconvolution technique was developed more than 10

fractional population of unbound and native PDZ2, unbound Years ago33) and was applied to different types of protein
and unfolded PDZ2, unbound peptide RG, and the PDZ2/GR ligand interactions32, 58—62). Figure 6 presents the results

complex. of simulations according to the combined eqs13 as
outlined in Experimental Procedures. The experimental
absorption peak whose temperature of maximum heatexcess heat capacity profile of the PDZ2/RG mixture is
absorption (which can be regarded as the apparent transitiorfeproduced with parameters that are in good agreement with
temperature or melting temperatui@, o) is higher by~6 parameters describing melting of PDZ2 and PDZ2/RG
°C than the melting temperature of PDZ2 alone. Hence, complex formation at 28C. Figure 6B shows the calculated
PDZ2 is stabilized in the complex. The dissociation of the population of each molecular species. At the selected
complex and the concurrent unfolding of the protein are concentrations+250uM), the system is partly dissociated
taking place within a relatively narrow temperature interval. at low temperatures, and the concentration of the complex
What can be learned from the thermogram? Figure 6 showsgradually decreases upon heating. PDZ2 melting and com-
the expected heat capacity of the system in a hypotheticalplex dissociation are tightly coupled. In the transition region,
state without intermolecular interactions. This function, melting of the complex releases small amounts of free folded
C,SUM, was calculated by simple algebraic summation of the protein. This is in accord with a reaction order between 1



Peptide Binding to the hPTP1E PDZ2 Domain Biochemistry, Vol. 46, No. 4, 20071073

Table 3: Thermodynamic Parameters Describing Thermal Melting of PDZ2, RG, and the PDZ2/RG Complex Measured by DSC
Tm (°C)P AHca(kJ moi) ASa(J Kt mol™) AC, (kJ K~ mol™?) dCy/dT (J K2 mol™?)

PDZz2 49.4 273t 10 846+ 30 4.45+ 0.20 107+ 5
55.2 300+ 12 925+ 35°

RG 0 0 0 5+5

PDZ2/RG 55.2 376 30 1070+ 90 6.00+ 0.60 96+ 5

PDZ2+ RG 112+ 7

complex— components 55.2 78 32 145+ 95 1.55+ 0.65 —-16+8

complex dissociation 55.2 80 40 165+ 100 1.76+ 0.70 —-18+9

3 All experiments were performed in 50 mM sodium phosphate and 150 mM NaCl, pt @@responds to the maximum of ti&/T curve.
¢ Parameters calculated by extrapolation.

and 2. Indeed, the reaction order best describing the meltingformalism) and the deduced calorimetric enthalpy, entropy,
trace is 1.85 (not shown). and heat capacity changes indicate that the thermodynamic

of the temperature (Figure 6B), we can now deconvolute dynamics of RG binding to PDZ2 in a consistent way and
the total enthalpy changeAHeapozzrd, entropy change  that the procedure is a valuable alternative to obtain
(AS.apoz2ird, and heat capacity changA@,pozard Mea- thermodynamic information about pro_temgand binding
sured upon melting of the PDZ2/RG mixture. The contribu- at temperatures beyond the usually limited temperature range
tion of the peptide to any parameter can be neglected sincecovered by ITC experiments. More importantly, the proce-
temperature-induced conformational changes are calori-dure allows a reliable interpolation of the binding constant
metrically silent (see the essentially temperature-independent0 the physiologically relevant temperature of 3.

heat capacity function in Figure 6A). The following equations  Energetic Partitioning of the Binding Affinitythe driving

hold atTm ¢ force of RG binding to PDZ2 at 28 (and in physiologically
relevant temperature range) is the favorable enthalpy change.
AHea poz2iRe= AHIQLCP_ chHIQLCA The same is true for PDZ3 of PSD-95, which is also a class

| PDZ domain B4). In contrast, favorable entropy change
dominates the affinity of peptide binding to syntenin PDZ1

— AQTmc _ Ty
AScapozare™ ASlp ~ fcASAA and PDZ2 domains1@). The latter two domains exhibit
degenerate specificity and bind peptide ligands of classes I,
AC, ppzore= AC,p — fCACEjf [I, and Ill. Neither of them has a histidine (typical for class

I) or a hydrophobic residue (typical for class II) or a tyrosine

The first terms on the right-hand side are the parameters(typical for class Ill) at the beginning of helix2. With the
describing PDZ2 unfolding &Fnc and are calculated as limited _data av_a|lable, it is |mpOSS|bI(_a to interpret or
H;Tfp= AHeap + ACoo(Tmc — Tms) andA T;fp = ASap generz'alllze the different enthalpgntropy S|gnature of class

+ ACpp IN(Tmd/Tme); ACpp is a constant over the small I-specmc_ complexes, as compared to PB2eptide com-
temperature range of extrapolation. The second terms on thePlexes with degenerate specificity. From a structural perspec-
right-hand side are the energetic parameters of the PDZ/RGHIVe, the large spread of binding enthalpies2(to —40 kJ
complex. The minus sign accounts for complex dissociation. MOl * at 25°C) and the apparent effective enthalpy/entropy
The multiplierf represents the molar fraction of the complex COmpensation are surprising. First, the interactions anchoring
at 30°C, i.e., at the onset of the heat absorption peak, and the very C-terminal hydrophobic residue are ubiquitous and
equals 0.89. For the only unknowns in the above equations,conservative. Second, it appears that backbdrzekbone
one obtainsAH™, = —80 + 40 kJ mott, AS"c, = —165 hydrogen bonding contributes essentially to the binding
+ 100 kJ K1 m‘g‘iﬁ, andACps = —1.8+ 0.8 kj‘"f%l mol-L. affinity in a “nonspecific’ manner. Although progress has
The free energy change is tht26 kJ mot®. These are the  Peen made toward prediction of binding affinities and actual

thermodynamic parameters of association of the PDZ2/RG design of ligands capable of binding PDZ domai3, 64),
complex at 55C (open symbols in Figure 5). Although the the emergent_compgtlblllty of the PDZ binding site with
rules of error propagation place a large uncertainty of the /lgands that bind, driven by enthalpy or entropy, or both,
calculated numbers, the correspondence between the meafCU!d turn out to be an obstacle in the rational optimization
values of the thermodynamic functions obtained by ITC at Of lead compounds for high affinitgnd specificity 65).

lower temperatures and by DSC at%5is surprisingly good Structural Parametrization of Energetic Changétw-

in view of the crude approximations underlying the calcula- ever good the precision of measured thermodynamic param-
tions. First, any temperature dependencA®@f is neglected.  eters might be, they reflect the total energetic changes of
Second, both molecules are considered to be structurally andhe considered system. The challenging problem is indeed
energetically invariant in the entire temperature range. Third, to relate energy terms to structural features in order to
there is no robust way to justify the validity of the two-state understand the molecular basis of the binding affinity.
model, and any possible redistribution of binding modes in Starting from the early 1990s, different approaches have been
the transition region is ignored. Fourth, the implicit assump- followed @41, 66—70). Among different parametrization
tion is that there are no interactions taking place betweenschemes, we use here the one developed by Murphy and
the peptide and the protein in its denatured state. Neverthe-Freire, which has been extensively tested against experi-
less, the success of the modeling (based on van't Hoff mental data on unfolding and binding and enjoys com-
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mensurate popularity}l, 42, 69). For bre\_/ity we henceforth Table 4: Calculated and Experimental Energetics of RG Binding to
refer to the procedure as M&F (standing for Murphy and ppz

Freire; the contribution of numerous members of the Murphy

and Freire laboratories to the refinement of the calculation A O KImorD  —056 016 T065 —076 —14a

is implicitly acknowledged). AHpa(t >59C mol™) g -3 9 _15  —40
Since the M&F calculations rely on solvent accessibility (k3 mor?)

differences, the structures of the binary complex and its AH at60°C -11 -2 -31 —-41 88

components in their free state should be known at high (kJmol?)

NMRrbb NMRcon{: MDrbd MDconfe exp

resolution or should be carefully modeled. The NMR Asg‘t}gorgol,l) 15 nd 45 80 0
structure of the PDZ2/RG complex was solved [1D3G)| total dehydration part 185  —45 245 300

The NMR structure of PDZ2 in the unbound form is also total conformational —135 nd —165 —185
available [3PDZ 11)]. The five C-terminal residues of RG part _

are ordered in the binding site, yet free RG obtains a random rotation/translation  —35  nd —35 -3

coil conformation according to CD measurements, and 2In all calculations the MD ensemble of RG was used as the model
therefore, the RG structure extracted from the complex is of the unbound state of the peptidawvith the NMR ensemble extracted

. . from the human PDZ/GR complex (1D5G) as the model of the unbound
inadequate to model the free RG conformation. To OVErCOMe o voin e With the NMR ensemble of the free human PDZ2 (3PDZ)

the problem and, more importantly, to create a consistent as the model of the unbound protefrwith the MD ensemble of PDZ2
set of structures, we performed MD simulations of free extracted from the simulation of the PDZ2/GR compleWith the

PDZ2, free RG, and the PDZ2/RG complex in explicit water. MD ensemble of PDZ2 simulated in the unbound state.

According to the usual criteria (GRMSD, radius of gyration,

solute-solute and solutesolvent energy terms, intermo- and 60°C for AH, and at 18°C for ASx, where the total
lecular distances) the MD trajectories were well equilibrated entropy contribution is zero. Model NMR; predicts the

to serve as a model of the dynamic behavior of the complex binding enthalpy within the range of the other model's
and its components (not shown). The average NMR and MD ggtimates, yet all other terms are significantly different and
structures of the PDZ2/RG complex and its components areompletely contradict the experimental trend. As noted by
very close to each other, the; @MSD (secondary structure  \aima et al., the free PDZ2 structure suffers significant
elements) being between 0.87 and 1.36 A in cross- problems according to several established structure quality
comparisons. However, we noted a slight structure contrac-agtg 71). However, no improvement was achieved by using
tion of the complex during MD. The change in ASA iS ¢ NMR structure of the mouse, highly homologous PDZ2
relatively small but significant in comparison with the spread domain (1GM1). The failure of the NMBy model reiterates

of ASA within the NMR ensemble. Therefore, we tested the yo1 yhe quality of structures is critical in ASA-based
calgulatlons_agalnst both ensembles according to the fol- parametrization and warns against the use of homologous
lowing reaction schemes: structures. Since model NMRpredicts endothermic binding

free PDZ n free RG at 25°C, we focus the following discussion on the results
PDZypp; model NMRygy ™ RGyee iy Models NMR™ obtained with the MD ensembles.
PDZ oy Model MDD« RGee yp: Models MD  medels conf

Model MDcqtis closest to the experiment in terms/oifl

PDZ/RGlDPSZ:Zﬁc(JBdels NMR a_nd AC,, indicating that th_e trgnsition from the free to the_
PDZ/RG,p: models MD binding-competent state is likely to make an energetic
contribution to binding. Comparison of the numbers listed
“pinding-competent” PDZ free RG in Table 4 leads to the conclusion that the M&F model
PDZ,ps; Model NMR, + RGyeq iy Models NMR™ 5 underestimatesAC,» and AH, at all temperatures and
PDZygungmp Model MDy,  RGyq yp: Models MD modelst predicts a positiveAS, at 18 °C. The magnitude of the
PDZ/RG absolute deviations from the experiment).5-0.7 kJ K'*
PDZ/IRGpsg: models NMR — mg|-1 (AC, ), 30—35 kJ mot? (AH, at 25°C), and 46-
PDZ/RGyp: models MD 80 J K mol! (AS, at 18 °C), could be considered as

Reaction 1 represents the real process, taking into accounfepresenting the inherent inaccuracy of structure-based
the conformational changes of the protein domain ac- Predictions of the enthalpy and heat capacity changes in
companying binding, while reaction 2 is a hypothetical Protein unfolding (both large in comparison to binding
process, where binding is approximated as a rigid-body Parameters), when applied to a large set of data (experimental
association. In model NMR, ensemble 3PDZ (human PDZ2) values taken from re30). On the other hand, however, the
was used to represent the free protein, while the binding- enthalpy of binding of small ligands and proteiprotein
competent conformation was extracted from the structure of interactions could be predicted with very high precisié, (
the human PDZ2/RG complex (1D5G), which serves also 72, 73). Noteworthy, the parametrization scheme developed
as a model of the associated state of the system. In modeby Makhatadze and Privalow9) using different ideas and
MD, the structures of the free and binding-competent PDZ2 methodology yields essentially the same overall picture: it
were taken from the trajectories of the free protein and of predictsAC,a within 0.6—0.9 kJ K'* mol~* andAHa within
the complex, respectively. In both models, the free peptide —10 to —20 kJ mot? at 25°C and significantly overesti-
was modeled with the MD structure. The calculated surfaces mates the temperature whef&S, crosses zero. Hence, it
represent averages over the corresponding ensembles.  appears that the experimental parameters “in excess” over
The calculated parameters are listed in Table 4. The the structural prediction are caused by some physical process
comparison with the experimental parameters is done at 25intimately coupled to binding. Where could the observed



Peptide Binding to the hPTP1E PDZ2 Domain

discrepancies stem from? A couple of possibilities are

discussed below.
(A) Heat Capacity Changé&xperimentaAC, values more

negative than those predicted from surface burial have been

reported for a variety of systems. Apart from the “trivial”

case, where large refolding transitions accompanying binding

contribute to the appareniC, change, different explanations

have been forwarded with a common theme: The changes

in hydration are not the only physical source\df, decrease
concomitant with binding. Additional contributions have been
ascribed to (i) small structural perturbations leading to
redistribution of easily excitable vibrational mod&dl, (ii)
ligand-induced narrowing of the distribution of enthalpic
microstates{5), (iii) formation of highly cooperative arrays
of noncovalent bonds/), (iv) unusually large temperature
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FicurRe 7: Root mean square fluctuations (RMSF) of theafoms
around the average MD structures. Shown is RMSF of unbound

dependence of the intrinsic heat capacities of the associategpz2 (open symbols), bound PDZ2 (filled symbols), and bound

and dissociated states of the systém),(and (v) entrapment
of water at the binding interfac&@, 79). Propositionsiii
represent general concepts that are difficult to verify
experimentally. We find no experimental support for propo-

RG (triangles). Only RMSF of the six C-terminal residues of RG
(positions—5 to 0; left to right) are plotted. Secondary structure
elements are represented with filled ba#ssfrands) and open bars
(a-helices). The asterisks indicate secondary structure elements that
form the peptide binding site (strang® andj3 anda-helix 2;

sition iv because the heat capacity of the complex and the|eft to right).
sum of the heat capacities of RG and PDZ2 change almost

in parallel with temperature (Table 3 and Figure 6).
Significant contribution from water entrapment is also
unlikely since the contribution of a trapped water molecule
to AC, was estimated as being lower thad0 J K™ mol~*

in an nonpolar environmen?9, 80) and could probably not
exceed—75 J K1 mol™? (the heat capacity of bulk water).
One to three waters have been detected so far in-PDZ

tion of an exothermic process that is not related to the
formation of intermolecular contacts.

(C) Entropy ChangesAt 18° AS, is zero and, therefore,
the total dehydration contribution is precisely balanced by
the total conformational entropy change plus the loss of
rotational/translational degrees of freedom (eq 17). The latter
term is still a matter of much debate. Following M&F for

peptide complexes by crystallography, and the residence timeconsistency, we use here35 J KX mol2, which is close

of each individual water molecule observed in our MD
simulations was never longer than 3.5%ns.

to the cratic entropy and has been found to describe
reasonably the loss of rotational/translational degrees of

(B) Enthalpy ChangeWVe observe no measurable net heats freedom in diverse experimental system4-{46). The M&F

from protonation/dgprotonatipn events. Also,. no ions are model predicts “excess” positive entropy (favoring binding).
present at the proteifpeptide interface on the time scale of |y fact, the calculated conformational entropy (disfavoring
the MD simulations. The enthalpic effect of the water pinding) is perhaps an overestimate. In the calculation of
molecules found at or close to the interface (one on averageihe conformational contribution we have conservatively

over the 15 ns MD trajectory) cannot be sizal#d, (82).

assigned theAS,, and ASy—, terms to all five peptide

Hence, the structure-based prediction underestimates thgesiques that appear structured in the binding pocket. The

generic binding enthalpyl(q, 42). It should be noted that eq

entropy loss arising from backbone immaobilizationS,y)

16 relates the enthalpy (of unfolding) to the average packing (apyjated in re41 should possibly be reduced for all RG

density of proteins and assumes no residual enthalpy after
breakage of all relevant noncovalent bonds. We have
estimated the packing density by calculating the energy-

weighted distance average between at@tom pairs which

form the typical array of noncovalent bonds in proteins and

protein—protein complexes81). The obtained values are

much larger than those for the reference set analyzed in ref
81 and, hence, indicate substantially looser packing of the

PDZ2/RG interface in comparison with the interior of an

average protein. Furthermore, the hydrogen bonds at the

interface are not particularly short or geometrically optimized,

or networked, and visual inspection does not identify other
polar interactions that might explain a strong enthalpic effect.

We conclude that the experimentsiH, contains a contribu-

2 Usually, water molecules are involved in the coordination of the
C-terminal carboxylate of the incoming peptide within the carboxylate
binding loop. In our MD simulations the carboxylate of Val 0 is bonded
to the side chain of Asn 16 via a water bridge during 9 ns of the total

15 ns of simulation. For an additional 2 ns a water-mediated bridge is
seen with the backbone amide of Gly 19. Water occasionally bridges

also the carbonyl group of Ala-1 with the guanidine group of Arg
79.

residues, since packing at the binding site is looser than in
an average protein, and the thermal motions of the peptide
are not significantly restricted (Figure 7). The conclusion is
that there must be a source of negative entropy counterbal-
ancing the positive entropy of surface dehydration. Similarly
to AC, andAH, water entrapment is not the likely contribu-
tor.

Tightening of PDZ2 Possibly Contributes to the Energetic
Profile of the PDZ2/RG CompleRltogether, the comparison
between experiment and prediction could be interpreted with
the presence of a molecular process manifested by an
exothermic heat effect, which is linked to an entropy loss
and a negative heat capacity change. The energetic expen-
diture of the overall structural rearrangement of the free
components within the complex, where PDZ2 and RG are
in the binding-competent conformations, appears to be small
(compare the results of the rb and conf models). Qualita-
tively, the energetic picture might possibly indicate structural
tightening of the PDZ2 domain as the consequence of RG
binding. Closer packing intensifies enthalpic interactions, but
a more rigid and less fluctuating complex is disfavored
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