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ABSTRACT. The PDZ domain is one of the most common protginotein interaction domains in humans,

and it is found in all kingdoms of life. We will review recent progress in the understanding of biophysical
aspects of PDZ domains with emphasis on the folding and binding reactions. Finally, we discuss an
intriguing correlation between stability and binding of peptide for PDZ2 from PTP-BL.

The PDZ domain is a widespread protein module that
has been recruited to serve multiple functions during the
course of evolution. PDZ domains are thus found in various

specificity and promiscuity toward their different target
ligands. Their plasticity in terms of ligand preference is also
reflected in studies where PDZ domains were engineered to

proteins in humans, alone or in arrays, and in particular they display new ligand specificities( 9, 10).

play prominent roles in synapse formation in mammayjs (
The canonical structure consists of five to tstrands 1—

$6) and twoa-helices (11, a2) (Figure 1). Most commonly,
the C-terminus of the ligand protein binds to a groove in
the PDZ domain betwegt? anda2 to form a sheet together
with strand$32 and$3 from the domain. The PDZ domains

Two of the most well studied PDZ domains from a
biophysical point of view are PDZ3 from PSD-95 and PDZ2
from PTP-BL (also denoted PTPL1, PTP-BAS, and PTP1E),
and these two PDZ domains have been at the focus of
attention in our laboratories. We will first describe the folding
mechanism of PDZ domains, based on results from our

have been grouped into different classes based on their ligandaboratories. We will then discuss the binding reaction of

preferences?), but this classification only works to a certain
extent @). The specificity of PDZ domains toward different
peptides has been thoroughly studied (e.g., 4ef3) and
reviewed R). We will not go into detail on this issue but
merely conclude that these studies and others (e.g.3refs
and 8) suggest that PDZ domains display overlapping
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PDZ domains. Finally, we will address the question whether
these two events are coupled in any way, i.e., if there are
structure-reactivity relationships that apply to both folding
and binding.

FOLDING AND STABILITY

A crucial issue when characterizing the folding reaction
of any protein lies in identifying a good optical probe. In
the case of the PDZ domain family, we successfully tackled
this problem by engineering a tryptophan residue in position
43 of PTP-BL PDZ2 (numbering according to NMR struc-
ture, PDB code 1GM1)1(1, 12). Indeed, with the exception
of the nNOS PDZ domain, mutation to Trp at the homolo-
gous position of other PDZ domains yielded an excellent
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Ficure 1: 3D structures of (A) PTP-BL PDZ2 solved by NMR
(with bound peptide in red3g) and (B) PSD-95 PDZ3 solved by
X-ray crystallography4). The structures are rainbow colored from
the N-terminus (blue) to the C-terminus (red). In the canonical
PDZ—peptide interaction the peptide forms an extenflezsheet
with strands32 and}33 of the PDZ domains. The Tyr highlighted
in green in PTP-BL PDZ2 was mutated to a Trp in our studies.
This Trp served as a fluorescent probe in folding studies and as a
FRET probe in binding studies. Two conserved residues are . ) . )
highlighted in green in PSD-95 PDZ3: Arg318, which governs the FIGURE 2: Schematic energy diagram showing the folding of PTP-
salt dependence, and His372, which governs the pH dependencdL PDZ2 followed by binding of a peptide ligand. Depending on
of the binding reaction of this PDZ domain. (The C-terminal helix the experimental conditions, different transition states (TS1 and
of PSD-95 PDZ3 is not part of the canonical PDZ structure but TS2) are rate limiting for the folding reaction. Representative
was included in our experiments to increase the stab”ity and comput_atlonal structures of TS1 and TS2 are shown. The structural
expression yield.) The structures were drawn in PyM®8) ( properties of TS1 and TS2 as calculated from the whole structure
ensemble generated by restrained molecular dynamics simulations
probe to study the PDZ folding reactiohl—13). Isolated are discussed in the text. For the binding reaction available kinetic
PDZ domains typically fold into a well-defined native data are best described with a model where TS4 in the figure is
he ob d th d . bility of PDZ higher in energy than TS3. Owing to the different nature of the
structgre 14). The observed t e_ffno_ ynamic stability o protein folding and binding reactions, implying different preexpo-
domains, as revealed from equilibrium urea and temperature-nential factors, the relative free energies of folding and binding
induced denaturations, ranges between 3 and 6 kcal’mol transition states cannot be directly compared. The experimental basis
at 25°C and neutral pH X113, 15, 16). This value is for the folding and binding models are described in r28sand
consistent with those observed for other small single domain 38 respectively.
proteins (7). Furthermore, different members of the PDZ . . L
domain family display a similar degree of denaturation on-pathway productive and obligatory species in the PDZ
cooperativity, namely, a similanp—y value of about 1.2 kcal folding pgthvyay 19_' 20). ) ) ) ) )
mol~! M~L The mp_y value relates the free energy of The principal aim of protein folding studies lies in

(un)folding AGo_ to the denaturant concentration in solvent- disse_cting thel molecular details of the folt_jing reaction at
induced denaturation experiments (eq 1; cf. X8y atomic resolution. In the case of PDZ domains, the presence

of two distinct and experimentally accessible transition states
AGy_\ = AGD_NHZO — my_y[denaturant] (1) allowed us to_cha_racterize in_detail_both the_ early and late
events occurring in the protein folding reaction. However,
The similarmp_y value among PDZ domains suggests that since transition states never accumulate, information about
they have a similar and thus probably low residual structure their structure can only be inferred indirectly. In particular,
content in the denatured state. by systematically mutating residues and probing the effects
The folding pathway of PTP-BL PDZ2 has been investi- on folding kinetics and stability, it is possible to map out
gated in detail. Careful investigation of folding and unfolding interaction networks present in the transition states. The
kinetics of PDZ2 at different pH values revealed the presencestrength of the contacts is measured by dhealue, which
of an unfolding intermediate, as detected from the complex normalizes the stability loss of the transition state to that of
dependence of the unfolding kinetics on denaturant concen-the native stateX1). ® = 1 indicates that the site of mutation
tration (12). Quantitative analysis of observed kinetics is fully structured in the transition state, afd= 0O indicates
suggested that the folding of PTP-BL PDZ2 could be that such a site is as unfolded as the denatured state.
satisfactorily described by a three-state mechanism, involving Furthermore, experimentally determinddvalues may be
two rate-limiting barriers (namely, a denatured-like TS1 and employed as restraints in molecular dynamics simulation to
a native-like TS2) (Figure 2). Further, it was found that the calculate the entire structure of folding transition stag3.(
intervening folding intermediate is a high-energy species in  Representative structures for the two folding transition
the folding pathway of the PDZ domains that never ac- states, together with a schematic energy diagram for the
cumulates in the (un)folding reaction and its presence may observed folding reaction, are shown in Figure 2. These
only be invoked from the observed change in rate-limiting structures resulted from a combined experimentavéalue
step with increasing denaturant concentration (TS1 and TS2analysis based on the purification and characterization of 31
being rate limiting at low and high denaturant concentration, site-directed mutants) and theoretical (molecular dynamics
respectively). Under such conditions, the intermediate is an simulations) study Z3). Although the overall topology of
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the early transition state (TS1) appears to be very hetero-equilibrium dissociation constants/kon) in the same range
geneous and quite expanded, a specific cluster of strongas those obtained from the studies at equilibrium. There are
interresidue interactions ifi-strands 1, 4, and 6 could be some conflicting results regarding the rate constants for the
identified in all of the structures of the ensemble; these binding kinetics of PDZ peptide interactions. Studies on
interactions include Leu66Leu95 and Arg64 GIlu97 (be- PTP-BL PDZ2 using surface plasmon resonaid3& yielded
tweenf4 and36) and Aspl2-Lys98, Phel4Leu96, and much higher affinities, in the nanomolar range, as compared
Vall6—Leu94 (betweerfl andS6). The presence of this to those estimated by NMRIQ), time-resolved fluorometry
cluster restricts significantly the number of possible confor- (29, 38), and microcalorimetry36). Also, the interactions
mations of the polypeptide chain committing the structure of PTP-BL PDZ3 and mDIg PDZ2 with their respective
to a native-like topology. The second transition state (TS2) ligands were found to be in the nanomolar range by surface
is more compact and displays a more pronounced native-plasmon resonancé)( In these case$(39) the determined
like topology together with a high degree of secondary association rate constants were approximately I@-fold
structure formation. The overall architecture of TS2 is defined lower and the dissociation rate constants 000000-fold
by the presence of stabilizing interactions between residueslower than rate constants measured by stopped-flow and
in 51, 52, 53, f4, andp6 with further supporting interactions  continuous-flow method<29, 37, 38). The reason for these
involving residues ingl and al; these interactions, in  differences is unclear, but the agreement between the
addition to those already present in TS1, include Giy26 fluorometric and microcalorimetric data suggests that rate
lle48 and Ser28Ala46 (betweerns2 and$3) and Glul7 constants from stopped-flow measurements are accurate.
Asp56 and Alal9-Glu54 (betweerl andal). The medium-range affinity of PDZ domains toward their

A quantitative comparison of the kinetic folding pathway target ligands, as measured by microcalorimetry and change
of different PDZ domains suggested that this family shares of fluorescence in in-solution studies, is in line with the
a common folding mechanism§). This observation paral-  observed promiscuity of PDZligand interactionsg). How-
lels previous results on the SH34 25) and cytochrome ever, one should bear in mind that few studies have assessed
(26) protein families. Indeed, as observed in the case of PTP-the affinity between PDZ domains and full-length target
BL PDZ2, folding kinetics is characterized by a change in proteins, where potential interactions outside the ligand-
rate-limiting step between TS1 and TS2 with increasing binding pocket might contribute binding energy and increase
denaturant concentration. In all cases, the denatured-like TSlthe affinity (41, 42). One example of a study where a more
was found to be rate limiting in water. More focused studies, native-like PDZ ligand was used is the binding reaction
based on comparativ@® value analyses, will clarify if also  between PSD-95 PDZ2 and nNOS PDZ. Herg;finger of
the molecular details of the protein folding reaction are nNOS PDZ interacts with the peptide-binding pocket of PSD-
conserved among the different members of the PDZ domain95 PDZ2 in a noncanonical manner, in the sense that there
family. is no C-terminal carboxylate involved in the interactid,(

44). The affinity between PSD-95 PDZ2 and nNOS PDZ

BINDING was estimated by surface plasmon resonance to be®/12

The binding strength, or affinity, between a protein and (45).
its ligand is given by the equilibrium dissociation constant  Both PTP-BL PDZ2 and PSD-95 PDZ3 display so-called

Kp. In vivo, most Kp values for various proteinligand class | specificity toward target ligands, where the three last
interactions range between low nanomolar [for example, in residues of the peptide ligand are S/TICOO (2). X is
transcription factorDNA interactions 27)] to millimolar any residue and is a hydrophobic residue; for example,

[many enzyme-substrate interactions )], depending on  for PTP-BL PDZ2 and PSD-95 PDZ3 a valine is preferred
the function of the proteinligand interaction. For example, at the C-terminus. The preference for a serine or threonine
in systems, which must respond rapidly to a change in residue at positiorn-2 stems from a conserved histidine in
conditions, it is appropriate with a fairly weak protein helix a2 of the PDZ domain. This histidine makes a
protein interactionKp in the micromolar to millimolar range)  hydrogen bond with the hydroxyl group of the serine or
that allows the complex to dissociate within seconds or threonine 14) and is important for the affinity toward the
fractions of a second (high dissociation rate constiapj, peptide AAG for the His— Ala mutation is 2.5-3 kcal
The equilibrium dissociation constants for PDZ domains and mol~! (37)]. The pH dependence of the affinity between
peptides mimicking the C-termini of their ligands are PSD-95 PDZ3 and peptide was shown to be due to
normally in the 50 uM range as judged by in-solution  protonation of this conserved histidine below pH37)( In
assays, both by fluorometric method8, (28—34) and the same work a conserved positively charged residue
microcalorimetry ¢, 16, 35, 36). Microcalorimetric studies  (Arg318 in PSD-95 PDZ3) at the end 1 was found to be

on PTP-BL PDZ2 86) and PSD-95 PDZ37) with peptides responsible for the salt dependence of the affinity for PSD-
corresponding to native ligands show that the main contribu- 95 PDZ3. Interestingly, this residue interacts with the
tion to the binding free energ&G comes from the enthalpy  carboxylate of the peptide ligand via a water molecule and
AH. The contribution from the entropy of bindinGAS) is is not making a direct salt bridgé4). The effect of salt on
less and could both increase and reduce the affinity, the binding reaction is on the association rate constant,
depending on temperature and ligand. We have measuredrobably not due to screening of long-range interactions but
binding kinetics for the interaction of PSD-95 PDZ3 or PTP- to direct binding of the chloride ion to the arginine. The
BL PDZ2 with their respective ligand peptides using stopped- chloride ion thus functions as a competitive inhibitor and
flow spectrofluorometry 29, 37, 38). The association rate  blocks access of the peptide to the binding pocR&}. (It is
constantsko, (10°—10" M~? s %) and dissociation rate  however not clear whether this residue governs the salt
constants (10 s%) at 10 °C and neutral pH yielded dependence of other PDZigand interactions since mutation
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of the corresponding residue érl-syntrophin PDZ (Lys— by microcalorimetry, is also consistent with a lock-and-key
Met) did not abolish the effect of NaCl on the equilibrium mechanism of this PDZ domairT)(
dissociation constantlp). There are however at least two more examples of structural

To detect possible faster events on the binding reaction transitions upon ligand binding in PDZ domains. Grembecka
pathway, we employed continuous-flow fluorometry and et al. @7) found that the peptide-binding pocket of syntenin
found, at least for PTP-BL PDZ2, that a one-step mechanismPDZ2 3) can undergo conformational changes involving the
is too simple to describe the data. In a one-step mechanismo2 helix to accommodate different side chains of the ligand

(Scheme 1) under pseudo-first-order conditions §¢B[A]) peptide at positions 0 and2. Peterson et al48) demon-

the observed rate constakys is a linear function of the  strated that the Rho GTPase Cdc42 binds to a CRIB domain

microscopic rate constanks, andkq (eq 2). of the protein Par-6. The CRIB domain sits adjacent to a
PDZ domain, and binding of Cdc42 induces a conformational

Scheme 1 change in the PDZ domain that leads to a roughly 13-fold

A+B<=AB increase in affinity for the PDZ domain toward its target
ligand.
Kobs = Kon[BI + Kot (2)

CONSERVED NETWORKS OF INTERACTING

For the reaction between PTP-BL PDZ2 and its target RESIDUES IN PDZ DOMAINS
peptide,koss Was linear with both increasing [peptide] and ~ One important issue in protein chemistry is allostery within
[PDZ2] under conditions where the stopped-flow technique single domains and implications for the function of the
could be used29). But, measurements with the continuous- protein; in particular, do the dynamics inherent in proteins
flow fluorometer demonstrated thiajys values deviate from  translate into functional allosteryd9)? The PDZ domain
linearity at high observed rate constants resulting in a scaffold has been used in computational studies to assess
hyperbolic dependence d,s versus [peptide] or [PDZ2]  the significance of evolutionarily conserved networks of
(38). Such behavior reflects a change in the kinetics, from a interacting residues50—52). The idea is that networks
second-order event (association of PDZ and peptide) to aimportant for function should be conserved during evolution,
first-order event (conformational change; see Schemes 2 andn the same way as crucial residues are conserved. Mutation
3). of one residue in the network should therefore be reflected
in other mutations in the network that would compensate
Scheme 2 for possible loss of function from the first mutation. Is there
A +B=AB=A*B any experimental evidence that such statistical coupling
determined from sequence alignments is functionally rel-
Scheme 3 evant, in terms of the binding reaction? In the original paper
A+B=A* + B= A*B by Lockless and Ranganathd&i) dissociation constants for
PSD-95 PDZ3 and a target peptide were determined in
Importantly, varying the concentration of peptide at conjunction with double mutant cycles. The mutations used
constant [PDZ] and varying the concentration of PDZ at to test whether the statistical coupling was associated with
constant [peptide] yielded identiclps values. This sym-  energetic coupling were however nonconservative (for
metry with regard to the varied species is consistent with a example, Phe— Lys) and the measured coupling energies
two-step induced fit mechanism®) (Scheme 2). Insucha low [0—1.5 KT for most positions, i.e., roughly-@ kcal
mechanism, the conformational change occurs subsequenmol™?, which might be within the error of the measurement
to the association of protein and ligand. In many cases this(cf. refs21, 53, and54)]. Nevertheless, the experimental data
mechanism is difficult to distinguish from a fast preequilib- agreed well with their theoretical predictions, suggesting that
rium model (Scheme 3), and the term “induced fit” is often the evolutionarily conserved network found in PDZ domains
used although the actual order of events has not beenactually is working as an energetically coupled network in
experimentally demonstrated. While kinetics can unambigu- PSD-95 PDZ3. Using fast kinetics and protein engineering,
ously identify the presence of a conformational change event,we found little evidence for a conformational transition in
it is difficult to define whether the PDZ domain, the peptide, PSD-95 PDZ3 which could be associated with a functional
or both experience such monomolecular step. In the case ofallosteric network 38). Two of the residues in the network
PTP-BL PDZ2 experimental evidence from NMR and protein were mutated [Val362> Ala and Val386— Ala; numbering
engineering suggests that the observed kinetic barrier resultsaccording to Doyle et al1d)], but the binding kinetics were
from a conformational transition in the PDZ domai38) virtually identical to those of the wild-type PSD-95 PDZ3.
(see section Conserved Networks of Interacting Residues inEnergetic coupling between residues may be related to the
PDZ Domains). The complete pathway for folding and dynamics of a protein as measured by NMR. Human PTP-
binding for PTP-BL PDZ2 is pictured schematically in an BL PDZ2 has been subjected to NMR studies that addressed
energy diagram in Figure 2. Is a conformational change uponthe dynamics of the domair28, 55) and the correlation of
ligand binding a general property of PDZ domains? The fast dynamics with the evolutionarily conserved network of PDZ
binding kinetics of PSD-95 PDZ3 displayed a slight deviation domains $1). Long-range dynamic effects were indeed
from linearity at high PDZ3 concentrations, but neither detected by NMR §5). Two regions of the PDZ domain,
structural datai4) nor mutagenesis of core residues)( referred to as distal surface 1 and 2, respectively, contained
provided additional evidence for a second step in the binding methyl groups that displayed changes in the two parameters,
reaction of PSD-95 PDZ3. Finally, the slope of the temper- 7. (internal correlation time) an&.s (generalized squared
ature dependence &H for binding AC,), as determined  order parameter), upon binding of ligand, demonstrating that
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the dynamics of the protein is modulated by interaction with the extreme, in the case of intrinsically unstructured proteins
the ligand and not only in the ligand-binding pocket. (61), a binding reaction may induce the folding of a protein,
Moreover, the change in dynamics of PTP-BL PDZ&B)( protein folding being the most radical example of protein
correlated well with the evolutionarily conserved com- dynamics. However, even proteins displaying a well-defined
munication pathway, or network, found by Lockless and native state, such as the PDZ domains considered here, may
Ranganatharb(). Is this network used in allosteric transmis- in theory be dependent on their stability and dynamics to
sion in PTP-BL PDZ2, i.e., is it working as an energetic exert their function. We produced several mutants of PTP-
communication pathway? Fuentes et al. went on to investi- BL PDZ2 and subjected them to both folding2( 23) and
gate the coupling network by mutagenesis in combination binding studies 29, 38). Thus, available data give us the
with studies on binding affinity and dynamic28§). Most unique opportunity to evaluate if residues important for the
mutations had a limited effect df, (1—2-fold) and the side-  folding reaction of this domain are also important for its
chain dynamics, but one mutation involving a network function.

residue, lle27— Phe [numbering according to the NMR Understanding the relationship between two different
structure of mouse PTP-BL PDZ2, PDB codes 1GM1 and events or variables often requires cross-correlation plots. A
1VJ6 38, 40)], caused large changes in side-chain dynamics cross-correlation plot is based on the principle that, when
and was considered a hub in the transmission of changes inand if two events are mutually related, their response to an
dynamics in the protein core. However, no energetic coupling external perturbation, such as mutagenesis, should be cor-
between lle27 and the His76 was present as shown by arelated. Figure 3 is a plot oAAG upon mutation for
double mutant cycle; His76 forms a hydrogen bond with the parameters related to the binding reactikp, ko, Kp) versus
hydroxyl group of residue-2 in the peptide and is a highly ~ AAG on mutation for PDZ stability and folding rate constant
conserved residue that “defines” the statistical network. These(as given by the unfolding rate constdaj, respectively.
two residues coupled energetically with one another in PSD- Importantly, we have only included truly distal residues that
95 PDZ3 as probed by double mutant cycles (using non- do not interact directly with the peptide (e.qg., all residues in
conservative mutationsy{). In our work on the mouse PTP- a2 and/32 were excluded), and only fully native mutants
BL PDZ2 (approximately 94% identical to the human one) were considered (i.e., in all cases, the fractional population
we found evidence for a conformational change upon binding of native state was 0.96). Interestingly, as shown in Figure
of PTP-BL to target peptide. First, the NMR structure of 3, available data seem to display a correlation between the
the peptide-bound PDZ domaiB8) was different from that  energetic barrier for binding, TS4, as given ky, versus

of the unliganded proteirt(, 56). Second, several conserva- the stability of the mutantR = 0.71) and folding rate

tive mutations (i.e., lle— Val or Ala, Val — Ala, Ala — constantR = 0.65) (see Figure 2). Such a correlation is not
Gly) of hydrophobic residues in the core of PTP-BL PDZ2 observed for the dissociation rate constkst displaying
modulated the association rate constiptfor the PDZ- correlation coefficients of 0.4 and 0.2, respectively. Further-

peptide interaction, demonstrating the presence of long-rangemore, we observed slightly decreasing correlation coefficients
interactions in the core. Third, the previously described when theAAG's on mutation from association rate constants
kinetics of binding follow an induced fit mechanism. Our were plotted versus native to denatur@®=f 0.71), native
data are thus consistent with a network of interacting residuesto TS1 R = 0.65) or native to TS2R = 0.60) stabilities,
in PTP-BL PDZ2 that could act as a communication network respectively. Since we have shown previously that a decreas-
between distal parts of the molecule (allostery). But, it is ing correlation coefficient may be observed when the
important to point out that the conformational change stabilities of TS1 and TS2 are plotted versus the native state
observed by kinetics might be unrelated to the conformational (23), it is likely that the binding event is genuinely correlated
change detected by NMR and the effects of mutation on with native stability, and the correlations with other folding
association rate constants and, of course, to the evolutionarilyparameters (e.g., TS1 stability) may simply arise from the
conserved network of interacting residues found in PDZ intrinsic properties of the folding reaction.
domains 0, 51). Three of the residues in the proposed As described above, all of the PDZ domains considered
network were mutated, lle27> Val, Val68 — Ala, and here (including site-directed mutants) fold into a well-defined
Val92 — Ala, and the mutants were subjected to stopped- native state. Hence, a rational explanation of the observed
flow binding experiments. The association rate constants correlation is not obvious. Wolynes and co-workers proposed
were decreased by a factor of 2 for the Val68Ala and an interesting mechanism that would account for a correlation
Val92 — Ala mutants but remained constant for the lle27 between protein stability and binding rates, the fly-casting
— Val mutant. Other mutations in the core involving residues mechanism §2). According to this formalism, protein
that are not part of the conserved network yielded similar substrate binding may involve the formation of a transiently
results. In conclusion, the work by Fuentes et al. on human occurring intermediate in which the protein displays a
PTP-BL PDZ2 28) and by us on mouse PTP-BL PDZzg} partially folded conformation. The increased capture radius
suggests that the evolutionarily conserved network does notof an expanded state may improve the binding reaction, and
serve as an energetic network in this PDZ domain. an increased binding rate should be observed for destabilized
. mutants. In the case of the PDZ domain family, while we
'Sr;éBSI,I,_O!L\I(E ’Aé%?N@LLOSTERY' TWO SIDES OF observed a correlation between association rate constants and
: protein stability, the binding rate constants seem to increase
One of the central problems in structural biology lies in with increasing stability. This observation suggests that, on
defining the role of dynamics and stability in protein the contrary to what would be expected from the fly-casting
function: the dynamics of a protein may for example be mechanism, binding is here coupled with a rate-limiting
coupled to catalysis5({) or binding 68—60). Taking it to compaction event.
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Ficure 3: Cross-correlations between the free energy of binding paramétgrk.§, Kp) and (A) the stability of the mutant and (B) the

free energy between TS1 and the native state for a number of core mutants of PTP-BL PDZ2. Residwesdrmuifi2 were excluded.

Thus, none of these mutations involve residues that interact directly with the peptide ligand. The mutants included in the plot are pseudo-
wild type (Y43W), L18A, 142V, V44A, A46G, A52G, A53G, 159V, V65A, L66A, V68A, and VI92A. Binding rate constants used to
calculateAAG (=AGMutant — AGwildype) for k., ko, andKp were from ref38 except for 142V (previously unpublished). The change in
stability on mutation AAGp—n (=AGp_y"ild e — AGp_y™U@) and change in stability of TS1 on mutatiohAGrsy—n [=AGrsi—nWild ype

— AGrsi—y™@nt= RT In(k M@k, Vid ype)] - are previously unpublished raw data that were used to calculate (publi®healpes for TS1

in ref 23.

On the basis of the observed correlation, an interesting may be invoked for the molecular pathways of stability and
pathway for PDZ allostery may be invoked: it appears that binding. One plausible mechanism for PTP-BL PDZ2
the network of residues driving the conformational change allostery is a global compaction of the polypeptide chain after
superposes with those influencing folding and stability of the encounter of the target ligand, followed by a local
the protein. Indeed, since the mutations far from the binding rearrangement of the binding site. Future work will highlight

site that destabilize the native state also destabilize the ratethe generality of this mechanism in proteiligand interac-
limiting barrier for the association reaction, it appears that tions.

TS4 represents a more compact version of the native state.

Hence, it is tempting to speculate that the early events in ACKNOWLEDGMENT

allosteric communication pathways involve a global compac-
tion of the polypeptide chain with non-native interactions in
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TS4 (see Figure 2). Downhill of the main energy barrier TS4, discussions.

a local rearrangement of the actual binding site occurs, which

locks the short-range interactions between peptide and proteifREFERENCES

in place. This mechanism is also supported by the observation
that mutations in the PDZ binding site, even when involving
positions whose side chains are not in direct contact with
the peptide ligand, mainly affect the dissociation rate
constant, as mirrored by the mutants V29A and A81G,
located in2 anda?2, respectively.

CONCLUSIONS

PDZ domains are fairly stable protetprotein interaction
domains that bind ligands with micromolar affinity. The
observed dissociation constants are consistent with their role
as malleable proteirprotein interaction modules, which can
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