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ABSTRACT: Conformational selection and induced fit are two well-known mechanisms of allosteric
protein—ligand interaction. Some proteins, like ubiquitin, have recently been found to exist in multiple
conformations at equilibrium, suggesting that the conformational selection may be a general mechanism
of interaction, in particular for single-domain proteins. Here, we found that the PDZ2 domain of SAP97
binds its ligand via a sequential (induced fit) mechanism. We performed binding experiments using
SAP97 PDZ2 and peptide ligands and observed biphasic kinetics with the stopped-flow technique,
indicating that ligand binding involves at least a two-step process. By using an ultrarapid continuous-
flow mixer, we then detected a hyperbolic dependence of binding rate constants on peptide concentra-
tion, corroborating the two-step binding mechanism. Furthermore, we found a similar dependence of the
rate constants on both PDZ and peptide concentration, demonstrating that the PDZ2—peptide
interaction involves a precomplex, which then undergoes a conformational change, and thereby follows

an induced fit mechanism.

Proteins are dynamic molecules that are constantly in contact
with thousands of other protein molecules in the cell in a highly
dynamic process. Interactions within and between these proteins
are essential for function. Understanding the mechanisms
through which proteins interact with their ligands is important
given that many of these proteins are targets in drug develop-
ment. The binding mechanism of some proteins could be
described by a simple one-step bimolecular association, whereas
others involve conformational changes, which were classically
formalized in the Monod—Wyman—Changeaux (MWC) con-
certed mechanism (/) and the Koshland—Nemethy—Filmer
(KNF) model (induced fit or sequential mechanism) (2). These
models were originally applied to multidomain proteins and to
equilibrium experiments. Today, it has been recognized that
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allosteric mechanisms operate in single protein domains as well,
for example, through the conformational selection model (also
called selected fit, conformational sampling) (3), which assumes
the existence of a protein molecule in an ensemble of several
different conformations, which are in rapid equilibrium. In the
presence of a ligand, a high-energy conformation with high
affinity binds the ligand and causes the equilibrium to shift
toward the favored conformation, i.e., that of the final protein
complex (4—6). This model is consistent with the statistical theory
of protein folding in which a protein continuously samples a
range of substates whose statistical weights are redistributed
upon binding (7, 8). On the other hand, in the induced fit model,
interaction between the protein and the ligand leads to a
precomplex that undergoes structural rearrangements to form
the final complex. In the absence of solution kinetics, both
models are plausible (6, 9, 10), especially when only the bound
and unbound forms in the crystal structures are examined.
Recently, using residual dipolar couplings, Lange et al. (3)
extracted an ensemble of conformations representing 46 known
X-ray structures of ubiquitin, suggesting that this protein recog-
nizes its ligands through conformational selection. A similar
conclusion was reached by Gsponer et al. (//), who used
molecular dynamics simulation restrained by experimental
NMR data (S* order parameters and NOE-derived interproton
distances) and found preexisting binding-competent conforma-
tions for calmodulin. This notwithstanding, there is a substantial
amount of experimental evidence in support of the induced fit
mechanism for various proteins (4, 12, 13), and a protein may
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both sample different conformations and undergo an induced
fit (5, 6, 14). It has thus been established that allostery is
important for the function of single protein domains. Such
allostery may involve the redistribution of states (substates) that
are in equilibrium, or even side chain and backbone dynamics
without a conformational change (dynamic allostery) (11,
15—19). To determine which allosteric mechanism that is being
used by a protein is not only of academic interest. For example,
when the rational design of drugs is being conducted, it is
important to know whether the averaged NMR structure or
crystal structure is the drug target or if there is another high-
affinity conformer, which should be considered.

In this study, we experimentally address the question of
conformational selection and/or induced fit in the binding
event between a peptide ligand and a PDZ domain. PDZ
domains are protein modules of 80— 100 amino acids involved
in protein—protein interactions (20). They have been shown
to mediate binding to the C-terminus of other proteins, where
conserved interactions with the C-terminal carboxylate of the
ligand are important. PDZ domains are considered to be
relatively promiscuous because of their broad range of
specificities (21, 22). A priori, a protein such as the PDZ
domain, which binds several different ligands, would appear
likely to bind ligands through conformational selection.
Indeed, previous work on PDZ domains using NMR demon-
strated long-range effects on the side chain dynamics
consistent with this idea (23).

Here, we combined site-specific mutagenesis in SAP97
PDZ2 with kinetic ligand binding experiments (stopped-flow
and continuous-flow fluorimetry) to show that the minimal
scheme describing the SAP97 PDZ2—peptide interaction is a
two-step mechanism, where there is an initial complex, which
then undergoes a conformational change via the induced fit
mechanism.

MATERIALS AND METHODS

¢DNA Constructs. The cDNA encoding PDZ2 of SAP97
(residues 311—407) was amplified by polymerase chain reaction
(PCR) and cloned into EcoRI and BamHI sites of a modified
His-tagged pRSET vector (Invitrogen). Mutants were generated
by inverted PCR. The expressed PDZ domain contained a His
tag (MHHHHHLVPRGS) in the N-terminus and a C378A
mutation to prevent disulfide bridges. We have previously shown
for other PDZ domains that this His tag does not influence PDZ
binding or stability (24, 25). The C378A mutation also did not
influence the stability of the protein (not shown).

Peptide Synthesis. Peptides were either bought from
JPT (Dansyl-RRETQV) or manually synthesized [ISE6Cyr
(LQRRRETQYV), 18E6C., (LQRRRETQL), and 18E6Cap,
(LQRRRETQADbu, where Abu is aminobutyric acid)] by
Fmoc-based solid-phase peptide synthesis (SPPS) using a Mini-
Block (Mettler, Toledo, OH) as described previously (25). Briefly,
after crude peptides were synthesized, Fmoc deprotection was
performed with 20% piperidine in DMF (2 x 10 min), and
coupling of the consecutive amino acid was carried out with
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate (HBTU) and DIPEA (1:4:4:4 resin/amino acid/
HBTU/DIPEA mixture) and monitored by the ninhydrin test.
The final peptide was cleaved off the resin by treatment with
5% water and 5% triisopropylsilane in trifluoroacetic acid (TFA)
for 2 h. The crude peptide was analyzed by liquid chromato-
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graphy—electrospray ionization mass spectroscopy (LC—ESI-
MS) and purified by preparative HPLC to >98% purity. The
final peptide solution was analyzed by LC—ESI-MS and Iyoph-
ilized. The concentration of the peptide in solution was deter-
mined by amino acid analysis.

Expression and Purification. Protein expression was as
previously described (26). Briefly, competent Escherichia coli
bacteria [BL21(DE3)pLysS] were transformed with PDZ-expres-
sing constructs and grown at 37 °C to an ODyy of 0.6. Protein
expression was then induced with 1 mM IPTG, and the protein
was expressed overnight at 30 °C. Purification of PDZ was
conducted as described previously (26); however, after elution
from the nickel column, PDZ-containing fractions were pooled,
concentrated, and further purified on a G-50 Sephadex
(GE Healthcare) gel filtration chromatography column equili-
brated with 100 mM sodium phosphate (pH 7.0). The purity of
the PDZ was checked via sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS—PAGE) stained with Coomassie
brilliant blue and their identity confirmed by matrix-assisted -
laser desorption ionization time-of-flight mass spectrometry
(Maldi-Tof).

Stability Measurements. Stability estimates were conducted
by urea-induced equilibrium denaturation experiments. We
performed measurements at 25 °C in 50 mM potassium phos-
phate (pH 7.45) by increasing the urea concentration at a
constant PDZ concentration (5 uM) and recording the fluores-
cence at different emission wavelengths upon excitation at
280 nm. The data were fitted to the general equation for solvent
denaturation of a two-state protein (27) to generate equilibrium
constants for the PDZ domains. Far-UV circular dichroism
experiments were performed in a Jasco J-810 spectropolarimeter.
Spectra were recorded between 200 and 260 nm at 25 °C in
50 mM potassium phosphate (pH 7.45) at protein concentrations
of 20—45 uM.

Binding Experiments. All binding experiments were con-
ducted in 50 mM potassium phosphate (pH 7.5). Equilibrium
measurements were performed by measuring the increase in
tryptophan fluorescence upon binding at 25 °C, in an SLM
4800 spectrofluorimeter (SLM instruments). Excitation was at
280 nm and emission at 340 nm. In a typical equilibrium binding
experiment, different concentrations of peptide or PDZ in buffer
were added to a constant concentration of PDZ or peptide (5 or
10 uM respectively), and the change in fluorescence was mea-
sured. The data were then fit to the standard quadratic equa-
tion (28) to determine the Kp, value. Stopped-flow measurements
were taken at 10 or 25 °C on an SX-20MV stopped-flow
spectrometer (Applied Photophysics, Leatherhead, U.K.). Fluor-
escence was monitored using (i) the increase in tryptophan
fluorescence upon binding of the unlabeled peptide (excitation
at 280 nm, emission at > 320 nm), (i) the decrease in tryptophan
emission upon binding of dansylated peptide (excitation at
280 nm, emission between 320 and 465 nm), and (iii) the increase
in dansyl fluorescence due to FRET around 550 nm (excitation at
either 280 or 345 nm, emission at >475 nm). Slit widths were
4 nm for both the entrance and the exit of the monochromator.
Varied amounts of peptide or PDZ were rapidly mixed with a
constant amount of PDZ (5 uM, when using unlabeled peptide
and monitoring the tryptophan in the PDZ) or dansylated
peptide (5 uM), respectively, and the change in fluorescence
was measured over time. Traces of fluorescence versus time were
fitted to a single- or double-exponential equation, and one or two
observed rate constants were thus obtained. Observed rate
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constants were then plotted against the concentration of the
varied species and microscopic rate constants for the slow phase
A5 at 10 °C determined by fitting the data to the equation for a
bimolecular association (eq 1) (24, 29).

kobs = [konz(n - [A]O)z +koff2 +2konkoff(”l‘|‘ [A]O)}O.S (1)

where k., is the observed association rate constant, kg is the
observed dissociation rate constant, and [A], and # are the initial
concentrations of the varied and constant species, respectively. In
the chase experiment described in Results, observed rate con-
stants were fitted to eq 2 to estimate the apparent, or net, off rate
constant for the dansylated peptide, ko™

kobs = ko™ + kon' X Kp/(Kp + [unlabeled peptide]) (2)

where Kp is the dissociation constant for the PDZ and the
unlabeled peptide and k., the apparent (first-order) on rate
constant for the labeled peptide and the PDZ domain at the
chosen concentration of labeled peptide. (Only kog"PP can
normally be accurately estimated from this experiment.)

Continuous-flow measurements were performed at 25 °C as
previously described (/3). Briefly, PDZ (5 uM when the peptide
concentration was varied) and peptide (5 uM when the PDZ
concentration was varied) were rapidly driven into the flow cell,
which was illuminated with an A1010B mercury—xenon lamp at
280 nm. Fluorescence was monitored with a Micromax CCD
camera (Princeton Instrument), at >475 nm with an exposure
time of 2—3 s. A typical binding trace was plotted after taking
into account the background fluorescence and fitted to a single-
exponential time course. Observed rate constants were plotted
against both peptide and PDZ concentration, and fitted together
toeq 3.

kobs = koffapp + k2 X [11gand]/(K05 + [hgand]) (3)

where k, is the rate constant for the conformational change (see
Figures 5 and 6) and K;s an apparent dissociation constant
composed of several microscopic rate constants. In the curve
fitting, the koy*™® was constrained to 35 s ' as determined
separately in the experiment in which the dansylated peptide
was chased out by an excess of unlabeled peptide ligand.
Experimental data were analyzed with Kaleidagraph version
4.0 (Synergy software) or Prism version 4.0 (GraphPad).

RESULTS

We are interested in whether induced fit and/or confor-
mational selection is present in binding events of protein
domains. Here, we have used PDZ2 from SAP97 because
four determined and slightly different structures are avail-
able for this protein domain (30—32) (Figure 1). Ligand-
bound and ligand-free crystal structures also differ, most
notably in the SA—pB loop, and this result has been
interpreted in terms of the sequential model (32). In general,
PDZ domains are promiscuous, and one can assume that
there are different substates with different affinities for
different ligands (33, 34). We therefore investigated the
putative two-step binding mechanism of the SAP97
PDZ2—ligand interaction to address the question of con-
formational selection versus induced fit. As a ligand for
the PDZ domain, we used a peptide derived from the
C-terminus of the human papillomavirus 18 (HPV-18) E6
protein. The E6 protein of oncogenic HPV strains contains a
conserved C-terminal sequence that binds to PDZ domains

Biochemistry, Vol. 48, No. 30, 2009 7091

20QS
>

FIGURE 1: To show the tentative diversity of conformations of
SAP97 PDZ2, with and without ligand, we superimposed backbone
atoms from PDZ in complex with peptide [Protein Data Bank (PDB)
entries 2G2L (red), 2I0L (yellow), and 20QS (chocolate)] and
unliganded PDZ [AWX (marine blue)]. Also shown in black are the
side chains of 1354, 1342, and V337, which were mutated to trypto-
phans in this study. This picture was drawn with PyMol (46).

and targets PDZ-containing proteins for proteosomal
degradation (35).

All PDZ variants used in this study were stable and folded as
judged by fluorescence-monitored urea denaturation and circular
dichroism experiments (Figure 2 and Table 1). To monitor
binding events between the peptide ligand and the PDZ domain
by tryptophan flourescence as well as Forster resonance energy
transfer (FRET), we engineered three mutants of SAP97 PDZ2:
V337W, 1342W, and 1354W (Figure 1). These tryptophan probes
served two purposes. First, binding between PDZ and peptide
could be measured with Trp fluorescence giving a very high
signal-to-noise ratio in the stopped-flow spectrofluorimeter.
Second, we could monitor the binding using FRET in a
continuous-flow spectrometer.

Initially, we measured the binding kinetics of the SAP97
PDZ2 mutants (V337W, 1342W, and 1354W) by FRET in the
stopped-flow fluorimeter at 10 °C. For this experiment, we
first used a dansylated version of the HPV18 E6 peptide
(Dansyl-RRETQV) with the minimal sequence known to be
required for binding to SAP97 PDZ2 (31). Single-exponential
fits gave rather poor residuals for all three mutants, and
data were thus fitted to a double-exponential equation
(Figure 3A). Importantly, observed rate constants were
similar for all three mutants, demonstrating that the trypto-
phans did not affect binding kinetics (Figure 3B). The fast
phase 4, appeared to be just on the limit of what can be
accurately measured with a stopped-flow apparatus (dead
time of 1.5 ms) and is therefore not reported in the figure. We
then investigated the binding kinetics of I354W with the
unlabeled peptide ISE6Cwt (LQRRRETQV; corresponding
to the last nine amino acids of the C-terminus of HPV-18 E6),
which was also found to exhibit biphasic binding kinetics, but
with a much improved signal-to-noise ratio as compared to
that from the FRET experiment (Figure 4A). The contribu-
tion from Tyr fluorescence to the observed fluorescence
change was negligible (Figure 4D). Consistent with
the experiment with dansylated peptide, the fast phase
A1 obtained with unlabeled peptide was on the limit for
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F1GURE 2: Equilibrium data for wild-type and Trp mutants of SAP97 PDZ2. (A) Fluorescence-monitored urea denaturations. In the curve fitting,
the mp_n value was shared, demonstrating that all mutants could be fit well to a common value (1.07 & 0.09 kcal mol ' ML, fitting error). Free
fitting gives mp_n values between 0.95 and 1.15 kcal mol ' M ™", which is within error of this experiment. See Table 1 for parameters from free
fitting as well as fitting with the shared mp_y value. (B) Far-UV circular dichroism spectra of PDZ variants. HT is the high-tension voltage that
roughly reflects the absorbance of the sample and should not reach saturation.

Table 1: Parameters from Urea Denaturation of Wild-Type and Trp Mutants of SAP97 PDZ2¢

mp-n value

mp—n value

(shared in fitting) AGp-nN (free fitting) AGp-n

(kcal mol ' M ™) [urea]sgs, (M) (kcal/mol) (kcal mol ™' M) [urea]sge, (M) (kcal/mol)
wild type 1.07 £ 0.09 42+0.1 45404 1.14+£0.24 42140.14 48+1.0
V337TW 1.07 £0.09 4.040.1 43404 1.1540.06 4.0240.03 4.640.2
1342W 1.07£0.09 3.940.1 42404 1.04£0.04 3.94+0.03 414022
1354W 1.07 £0.09 4340.1 4.6+ 0.4 0.95+0.21 435+0.18 41409

“The errors for mp_y and [urea]sqs, are from the curve fitting, and the errors for AGp_ values are propagated curve fitting errors.

the stopped-flow technique. Therefore, only the rate con-
stants of the slow phase 1, were plotted versus increasing
peptide concentration (Figure 4E). Similar kinetics were
obtained for the V337W and 1342W mutants (not shown),
again suggesting that the Trp mutations did not influence
binding kinetics. Hence, these biphasic kinetics of the inter-
action of SAP97 PDZ2 with HPVI18 E6-derived peptides
suggested a binding mechanism different from a simple
one-step association.

We then compared the binding kinetics of the 1354W mutant
and the 18E6CwT peptide with those of peptides in which the
C-terminal Val was replaced with either Leu (18E6Cy.,) or
2-aminobutyric acid (18E6C4p,). Binding traces for the modified
peptides were described well by single exponentials (Figure 4B,
C), which could reflect a decreased energetic barrier for an
intramolecular step and a resulting higher 4;, which could not
be detected in the stopped-flow spectrometer. The observed rate
constants were plotted versus increasing peptide concentrations
together with data for 18E6Cy (Figure 4E and Table 2). The
dissociation rate constants increased for both substituted
peptides (Table 2), which is expected if the wild-type Val
is evolutionarily optimized for fitting into the hydrophobic

pocket. Deleting a methyl group (Val to Abu) results in a loss
of hydrophobic contacts and lower affinity. The association rate
constant for 18E6; ., also seemed to be affected by the peptide
mutation, which is less obvious, but consistent with a two-step
mechanism involving a conformational change, where the barrier
for the intramolecular step is modulated by the mutation (13, 20).
However, the k,, obtained for the 18E6C; ., peptide should not
be overinterpreted because of the large ks values at high peptide
concentrations.

Importantly, the data presented so far could not unequivocally
distinguish between conformational selection and induced fit
since both models were consistent with the experimental data
for A, and 4,. Therefore, to investigate the mechanism further,
we employed an ultrarapid continuous-flow mixer and
assessed peptide—PDZ binding using FRET at 25 °C. All
binding traces for the PDZ—peptide ligand interaction at
different concentrations of the PDZ domain and peptide fitted
well to a single-exponential equation [i.e., only the slow phase
25 could be monitored (Figure 5A)]. A hyperbolic dependence
of the observed rate constants was seen with a rate-limiting
value of ~5500s~ " (Figure 5B, eq 3), which is a clear indication
of a conformational change. Importantly, we varied the
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FI1GURE 3: Stopped-flow binding traces for PDZ 1354W and the
peptide Dansyl-RRETQV. The change in fluorescence upon peptide
binding was monitored by FRET at >475 nm; excitation was at
280 nm. (A) Data were fitted to a single-exponential (top residuals) or
double-exponential (fitted curve and bottom residuals) equation.
Traces for V337W and 1342W were similar to those of 1354W, and
observed rate constants for the slow phase 4, for all three Trp mutants
are plotted vs peptide concentration in panel B. The observed rate
constants were fitted to the equation for bimolecular association
under second-order conditions (29), and parameters are reported in
Table 2.

concentrations of both SAP97 PDZ2 1354W and Dansyl-
RRETQYV, and in both cases, the observed rate constants
displayed a similar hyperbolic dependence on peptide or PDZ
concentration (Figure 5B). This similarity in concentration
dependence implies that the binding mechanism of the SAP97
PDZ2-ligand interaction could be described by a two-step
process in which there is an initial encounter complex followed
by a conformational change, i.e., induced fit (Figure 6, Scheme I).
In the alternative scenario (Figure 6, Scheme II), the PDZ exists
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in multiple conformations (for the sake of simplicity two), which
are in a fast equilibrium and where only one can bind the peptide.
If such conformational sampling is considered, we would expect
an almost linear increase in the apparent rate constant 4, when
the concentration of PDZ is increased (while the peptide con-
centration is kept constant) (36), and such behavior was not
observed.

From the obtained data, we could estimate microscopic
rate constants for this PDZ—peptide interaction at 25 °C.
An apparent on rate constant of 2.7 x 10" M~ s7! was
calculated from the initial slope of the hyperbolic curve in
Figure 5B. We then measured an off rate constant of 35 s~
independently by a “chase experiment” in the stopped-flow.
In this experiment, PDZ in complex with Dansyl-RRETQV
was mixed with unlabeled peptide, resulting in a single-
exponential trace as the dansylated peptide was competed
out. At high concentrations of unlabeled peptide, the ob-
served rate constant approached the net off rate constant for
the binding reaction (ko""") between Dansyl-RRETQV and
SAP97 PDZ2. Furthermore, the equilibrium dissociation
constant Kp of the PDZ—peptide complex was calculated
from both fluorescence end points of stopped-flow binding
experiments and equilibrium binding data at 25 °C to be
1.7 uM. The kinetics of a two-step reaction should be fitted
to the two roots of a quadratic equation governed by the four
microscopic rate constants, ky, k_y, k,, and k_, (cf. Schemes
I'and IT in Figure 6) (27). Since we could not measure the fast
phase in the continuous flow, we can only speculate about
the microscopic rate constants in the induced fit scheme
(Scheme I, Figure 6), except the one for the intramole-
cular step, k,, which was ~5500 s~ '. Given the experimen-
tally determined parameters (ko™ = 2.7 x 10’ M~ ' s71,
kog PP = 35s7! ky = 55005~ ', and Kp, = 1.7 uM), it can be
shown by manual fitting of the observed rate constants in
Figure 5B to one of the two roots of the quadratic equation
(corresponding to the slow phase) that several scenarios are
consistent with the data. For example, transition state
2 could be the main barrier of the binding reaction and free
PDZ could be in a rapid pre-equilibrium with the PDZ—
peptide intermediate (Figure 6, top diagram). In this scenar-
io, the equilibrium constant for the initial PDZ—peptide
interaction would be roughly 0.2 mM and both k_; and k;
would be large. The heights of TS1 and TS2 might also be
similar relative to that of the PDZ—peptide intermediate,
and the Kp for the initial encounter would then approach
0.1 mM, as depicted in the middle disgram of Figure 6. This
scenario is the most likely as it is consistent with the
observation of double-exponential kinetics in the stopped
flow at 10 °C. (In the first scenario, A; would be too large to
detect in the stopped flow). Finally, TS1 might be higher
than TS2 (i.e., k_; < k,), with the apparent association rate
constant approaching the true one and the Kp, for the initial
encounter approaching the overall Kp (Figure 6, bottom
diagram). This third scenario is less likely as we then would
expect to see clear biphasic kinetics in both the stopped-flow
and continuous-flow spectrometer.

DISCUSSION

Since the pioneering work of the early 1960s (1, 2), it has
become clear that allostery plays an important role in protein—
protein interactions (37). With new NMR methodologies for
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and excitation was at 280 nm. Binding traces for 18E6C; ., and 18E6C,y, fitted well to a single-exponential equation, but kinetics for the
18E6Cw peptide displayed clear biphasic behavior. The residuals are shown below each binding trace. (D) Stopped-flow binding traces for
the 1354W mutant and wild-type SAP97 PDZ2 demonstrating that the observed change in fluorescence comes from the engineered tryptophan.
(E) Observed rate constants for the slower phase 1, plotted vs peptide concentration. Data were fitted to eq 1, and parameters are reported in

Table 2.

probing dynamics of proteins emerging (17, 38—42), the con-
formational selection mechanism (conformational sampling,
selected fit, population shift, etc.) has been put forward as a
general mechanism for allostery (3, 11, 15, 18). It is clear from
structural and dynamic data from NMR experiments that multi-
ple conformers exist for many if not all proteins, especially if the
concept of dynamic equilibrium is included (3, 17, 18, 23, 38, 41,
43, 44). Such data obviously suggest that conformational selec-
tion is a likely mechanism of binding (3). However, we present
here direct experimental evidence of an induced fit binding

mechanism in a PDZ domain, showing that an intramolecular
step subsequent to ligand binding contributes significantly to the
binding energy of the complex. Structures can tell whether a
conformational change has occurred, and for PDZ domains, it
appears that some undergo a structural transition (e.g., ref (34));
on the other hand, structural transitions are less obvious in others
(e.g., ref (45)). To determine the order of events in a two-step
binding mechanism, it is necessary to acquire time-resolved data.
The kinetic data presented here together with previous work on
PTP-BL PDZ2 (13, 20) suggest that the observed allostery in
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PDZ domains operates via the induced fit mechanism (Figures 5
and 6). It should be noted that a minor fraction of the molecules
might follow a parallel route without being kinetically detectable.
The major observable route for SAP97 PDZ2 is, however, via the
induced fit mechanism, and it is experimentally very difficult
to rule out minor pathways. In addition, very fast sampling
of conformations before binding (10000 s~') may be present,
but if so, the high apparent association rate constant (2.7 x
10" M ™" s™!, which is the lower limit for the true ko, at 25 °C)
suggests that the peptide binds to a lower-energy conformation.
Similarly, there might well be multiple complex conformations
(after binding) exchanging at rates that are too fast to detect with
our instruments. Such situation will affect neither the analysis nor
our main conclusion that the major route for peptide binding is
via an induced fit mechanism. In our analysis, we assume the
simplest mechanism that is consistent with experimental data,
and here this is a single complex conformation.

We propose that all peptides bind SAP97 PDZ2 via the
induced fit mechanism. The reason we observe biphasic kinetics
only for I8E6Cyw but not for 18E6Cy ., and 18E6C A, might be
a faster conformational change and a lower second energetic
barrier for the two latter peptides (Figure 6), which results in a
kinetic phase that is too fast to detect. What is the function of a
conformational change in a protein domain such as SAP97
PDZ2? Evolution might have favored a mechanism in which

Table 2: Binding Constants for the SAP97 PDZ2—Peptide Interaction”

SAP97 PDZ2 variant/peptide  kop (UM ~'s7Y) ko (s Kp’ (uM)
1354W/Dansyl-RRETQV® 27+2.0 354+3.07 1.7+0.2
1354W/18E6Cywt 6.9+0.4 11+4 1.1+0.3
1354W/18E6C ey 144+0.4 81+45 934006
1354W/18E6C Apy 6.9+0.4 75+8.4 1540.5
1354W/Dansyl-RRETQV 8.6+0.2 14+1 1.6+ 0.12¢
1342W/ Dansyl-RRETQV 5.7+0.1 9.7+£0.5 1.7£0.09°
V337W/ Dansyl-RRETQV 7.1+£0.2 7.0+£0.5 1.0£0.08°

“All binding experiments were performed at 10 °C except where
otherwise indicated. Errors are from the curve fitting. *The Kp was
determined by fitting kinetic end points to the quadratic binding
equation (24). ¢ Experiment conducted at 25 °C. “The off rate constant
was determined independently by a chase or displacement experiment.
¢ Calculated as the ratio of kofr to koy. The true error of kopis normally larger
than the fitting error in this type of binding experiment.
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initially there is a fast but unspecific association between the PDZ
domain and the ligand resulting in a high-energy complex. The
specificity is then provided in the second unimolecular step where
the complex is rearranged and specific short-range interactions
are formed. This mechanism might allow the PDZ domain to

TS2

PDZ + PEP PDZ.PEP

PDZ*PEP N
/7
Reaction coordinate
5.5%x103 s-1
PDZ + PEP == PDZPEP == PDZ*PEP Scheme |
K1=0.1-0.2mM 35s-1
k1 k2
PDZ = PDZ* + PEP = PDZ*PEP Scheme ||
k-1 k-2

FIGURE 6: Free energy diagram and reaction schemes. A schematic
representation of the change in free energy vs reaction coordinate for
the SAP97 PDZ2—peptide interaction for the situations in which
k_y > k, (top diagram), k_; = k, (middle diagram), and k_; < k,
(bottom diagram). The relative energy of free PDZ and peptide at a
high concentration of peptide (or PDZ) is depicted. Scheme I shows
the induced fit mechanism, which is consistent with all our data,
whereas Scheme II depicts the conformational selection mechanism.
See Results for further discussion of TS1 and TS2, and the estimation
of Kp for the initial complex.
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FiGure 5: (A) Continuous-flow binding traces for the PDZ—peptide (Dansyl-RRETQV) interaction. Binding was assessed with increasing
concentrations of the peptide to a constant amount of PDZ (5 uM). The change in fluorescence upon peptide binding was measured by FRET and
fitted to a single-exponential equation. (B) Dependence of the observed rate constants on PDZ and peptide concentration. The solid line is a
hyperbolic fit of all data points to eq 3: (red circles) PDZ varied, (O) peptide varied, and (®) peptide varied in the stopped-flow spectrometer.
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screen a large number of C-termini in the cell (high k; and k_; see
Figure 6) and only “lock” those with highest affinity (high k, and
low k_»).

CONCLUSIONS

We have investigated the kinetic binding mechanism of SAP97
PDZ2 with peptides derived from the C-terminus of the HPV-18
EO6 protein. On the basis of kinetic data, SAP97 PDZ2 binds the
peptide ligand through an induced fit mechanism. Our results
have general implications for the role of allostery in single-
domain protein—protein and protein—ligand interactions, where
conformational selection often is considered the most plausible
mechanism based on multiple conformations detected by NMR
methods. While our work does not rule out earlier, fast events, it
shows that for SAP97 PDZ2 the major pathway for ligand
binding is via a PDZ—peptide precomplex, which undergoes a
conformational change to optimize the binding interactions.
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