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ABSTRACT: The Yersiniaprotein tyrosine phosphatase (YopH) contains a loop of ten amino acids (the
WPD loop) that covers the entrance of the active site of the enzyme during substrate binding. In this
work the substrate mimicking competitive inhibitorp-nitrocatechol sulfate (PNC) is used as a probe of
the active site. The dynamics of the WPD loop was determined by subjecting an equilibrated system
containing YopH, PNC, and YopH bound to PNC to a laser induced temperature jump, and subsequently
following the change in equilibrium due to the perturbation. Using this methodology the dynamics associated
with substrate binding in YopH have been determined. These results indicate that substrate binding is
coupled to the WPD loop motion, and WPD loop dynamics occur in the sub-millisecond time scale. The
significance of these dynamic results is interpreted in terms of the catalytic cycle of the enzyme.

Protein tyrosine phosphatases (PTPs1) are a large and
structurally diverse family of signaling enzymes that together
with protein tyrosine kinases modulate the cellular level of
tyrosine phosphorylation (1-6). Defective or inappropriate
regulation of PTP activity leads to aberrant tyrosine phos-
phorylation, which contributes to the development of
many human diseases including cancers and diabetes (7).
TheYersiniaPTP (YopH, Figure 1) is essential for virulence
of the bacteria responsible for the plague, and it is the
most active PTP known to date. The bacteria produce this
enzyme aiming solely to interfere with the host signaling
process; deleting the genes associated with YopH produc-
tion only affects the propagation of the bacterium in the
host (8).

The high activity of YopH has made it a model system
for detailed mechanistic studies of the PTPs (9). Site-directed
mutagenesis combined with detailed kinetic and mechanistic
studies ofYersiniaPTP using the unnatural substrate PNPP
(Figure 2a) and other substrates have contributed greatly to
the understanding of the chemical mechanism for PTP
catalysis, the nature of the enzymatic transition state, and
the means by which the transition state is stabilized (2, 7,
9-21). From these studies it is understood that PTPs share
a common catalytic mechanism to effect catalysis. A Cys
nucleophile (Cys403 in theYersiniaPTP) is utilized in the
formation of a thiophosphoryl covalent enzyme intermediate
E-P. The invariant Arg residue (Arg409 in theYersiniaPTP)

functions in substrate binding and in transition state stabiliza-
tion. The initial phosphoryl transfer step is assisted by the
conserved Asp (Asp356 in theYersiniaPTP) which proto-
nates the leaving group thereby acting as a general acid
catalyst. The phosphoenzyme intermediate E-P undergoes
hydrolysis in a second step, which is catalyzed by the same
Asp356 acting as a general base. YopH has two structural
domains, the N-terminal domain consisting of residues
1-129 (22), and the catalytic domain consisting of residues
163-468 (Figure 1) (20). The crystal structure of both
domains has been solved separately, but the total protein has
not yet been crystallized (15, 16, 23).

The crystal structures suggest that the WPD loop in the
Yersinia PTP has two distinct conformations (Figure 1).
Crystallographic and UV-resonance Raman spectral evi-
dence indicate that in solution, for the ligand-free enzyme,
the WPD loop exists in two conformations having similar
thermodynamic stability: the “open” conformation in which
there is negligible interaction between the WPD loop and
the P-loop, and a “closed” conformation that is very similar
to that adopted by the ligand-bound form of the enzyme (11).
In the ligand-bound enzyme form, the WPD loop adopts a
“closed” state and Asp356 on the WPD loop makes a
hydrogen bond with the ligand. Therefore upon substrate
binding, the loop folds over the active site to position the
Asp residue close to the scissile oxygen of the substrate for
efficient proton transfer.

In contrast to our understanding of the structures and
chemical mechanism, very little is known about the dynamics
associated with the substrate binding and catalysis of the
YopH enzyme. Many enzymes are characterized by fluctuat-
ing conformations and dynamic motions which are coupled
to the binding and release of substrate or product (24, 25).
Such conformational change and motion may function to
exclude solvent, recruit essential amino acids for catalysis
or to stabilize and/or prevent loss of reactive intermediates
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(26-38). For PTPs, the conformational change associated
with ligand binding is restricted to the movement of a flexible
loop that has been described as a hinged loop movement
(4, 15, 39). This loop, termed the WPD loop, harbors the
essential general acid/base (Asp356 in theYersiniaPTP).

To probe the dynamics of the protein we have employed
temperature jump relaxation spectroscopy. This methodology
was originally developed by Eigen (40-43) and was applied

to enzymes by Hammes and other researchers (44-51). The
method relies upon the fact that the binding and release of
a ligand to an enzyme depends upon the enzyme’s dynamics.
Therefore, by thermally perturbing and subsequently moni-
toring the relaxation of an enzyme-ligand system to new
equilibrium values, it is possible to obtain kinetic information
about the dynamic processes occurring in the enzyme.

These classical T-jump methodologies effect the temper-
ature perturbation by discharging a large electrical current
into the protein solution; the dead-time of these methods was
around 10-20 µs. The dead-time is significantly reduced
by employing IR lasers as the temperature perturbing agent.
This method allows the dynamic nature of proteins to be
monitored over a large time range stretching from nanosec-
onds to tens of milliseconds, and we previously have
demonstrated the versatility of applying laser-induced T-jump
spectroscopic methods for measuring dynamic processes in
enzymes (33-38, 52, 53).

The YersiniaPTP provides a unique system to address
the dynamics of the WPD loop using fluorescence as a probe;
it contains only one tryptophan residue, Trp354, which is
invariant among all PTPs, and this residue is located on the
same flexible WPD loop as is the putative general acid
Asp356. The spectral properties of this lone tryptophan can
be used to monitor the dynamics of the WPD loop. This
work determines the WPD loop opening and closing rates
in the catalytic domain of YopH (YopH∆162) usingp-
nitrocatechol sulfate (PNC, Figure 2b) as a substrate mimic
ligand. This molecule has a structure similar to PNPP and
is a competitive inhibitor of YopH (16). In addition, PNC
drastically quenches the tryptophan fluorescence of the WPD
loop when it binds to the active site of the enzyme. These
properties make PNC an excellent probe for monitoring the
dynamic processes occurring at the active site of YopH.

MATERIALS AND METHODS

Materials.PNC was purchased from Aldrich (Milwaukee,
WI). The catalytic domain of theYersiniaprotein tyrosine
phosphatase (YopH∆162) was expressed and purified as
described previously (15, 20). Unless otherwise noted all
experiments were done in pH 6.5 sodium citrate/sodium
chloride buffer at an ionic strength of 0.15.

Methods. Fluorescence Spectroscopy.Steady-state fluo-
rescence spectra were measured on a FluoroMax-2 spectro-
fluorimeter (Instruments S. A. Group, Edison, NJ) with a
spectral resolution of 3 nm for both excitation and emission.
A sample was held in a 1× 10 mm quartz cuvette and
excited along the short dimension. The wavelength of
excitation was 290 nm for all measurements. Contribu-
tions to the emission spectra from the Raman scattering
bands of the solvent were corrected by subtracting a solvent
blank taken under identical conditions as the sample. The
fluorescence spectra were also corrected for instrument
spectral response using an instrument correction factor. The
data was analyzed with Sigmaplot (Point Richmond, CA)
software.

The dissociation constant,Kd, of PNC from YopH∆162
was determined by monitoring changes in the fluorescence
intensity, as unligated YopH∆162 was titrated with increas-
ing amounts of PNC. For a fluorescence monitored titration,

FIGURE 1: (a) Crystal structure of YopH∆162 complexed with PNC
(p-nitrocatechol sulfate), showing the tryptophan and aspartic acid
and cysteine residues. (b) Representation of the two conformations
of the WPD loop relative to the sulfate group of PNC, the open
conformation (thin line) and the closed conformation (thick line).

FIGURE 2: Chemical structure of (a) PNPP (p-nitrophenyl phos-
phate) and (b) PNC (p-nitrocatechol sulfate).
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∆F varies with the PNC concentration, [PNC], according to
the following equation (54):

∆Fmax is the change in the signal when all enzyme is bound
to the inhibitor.

T-Jump Measurement.The instrument used to measure
relaxation kinetics is based on the same principles as
described previously (33, 35, 36). Temperature jumps were
induced by exposing a volume of water to a pulse of infrared
light (1.56µm wavelength, 90-120 mJ energy, 1.5-2.0 mm
diameter spot on the sample, 0.5 mm path length), generated
by stimulated Raman shifting the fundamental emission
(1.064µm) of a Powerlite 7010 Q-switched Nd:YAG laser
(Continuum, Santa Clara, CA), operating at 2 Hz, in a 1 m
long cell filled with deuterium gas at 650 psi. Water absorbed
the laser energy, and the temperature of the exposed volume
increased in approximately 6 ns. The size of the T-jump was
calibrated using the change of water IR absorption with
temperature. Typical T-jump values ranged from 6.5 to 8.5
°C. Diffusion of heat out of the interaction volume proceeds
with a time constant of approximately 35 ms. Hence, the
apparatus generated a T-jump within 6 ns that remained
nearly constant until approximately 10 ms.

To probe changes in the fluorescence intensity of the
tryptophan fluorophore, the sample was irradiated by a group
of emission lines near 290 nm from an Innova 200-25/5
argon ion laser (Coherent, Palo Alto, CA). To avoid
photodamage to the sample, the excitation light was modu-
lated using a shutter that allowed 12 ms exposure for every
T-jump pulse. Also, power of the excitation beam was
attenuated by neutral density filters; typical beam intensity
was 15-20 mW. The incident excitation beam is focused
onto a 0.3 mm diameter spot on the sample, in the center of
the beam path of the 1.56µm pulse. Tryptophan fluorescence
emission, detected at 50° to the excitation beam, was passed
through a narrow band filter (340( 12 nm) and was
monitored using a R4220P photomultiplier tube (Hamamatsu,
Bridgewater, NJ). Data were digitized with a CS82G data
acquisition board (Gage applied technologies, Montreal,
Quebec, Canada) at 1 GS/s sampling rate. Overall temporal
resolution of the system is about 20 ns. A background signal
obtained without fluorescence excitation was measured
separately and subtracted from the kinetic data. A program
written in LabVIEW (National Instruments, Austin, TX) was
used for instrument control and data collection. Data were
normalized to the average fluorescence intensity taken before
the T-jump.

In short, T-jump relaxation profiles are obtained by
subjecting the sample to a laser-induced temperature jump
every 500 ms. The relaxation is monitored using fluorescence
for the first 7 ms after the T-jump; once 300 ms has elapsed,
the sample has relaxed to its original temperature, allowing
the T-jump to be repeated. Each relaxation curve contains
data from performing 3600 temperature jumps upon the
same sample. Curve fitting was done with Sigmaplot (Point
Richmond, CA) software. The uncertainties in the reported
values of relaxation rates were determined from the fitting
parameters.

RESULTS

Equilibrium Measurement Results.Figure 3 depicts the
emission spectrum of YopH∆162 and the absorbance
spectrum of PNC. The Fo¨rster distanceR0 can be obtained
using Figure 3 and eq 2 (55). We estimateR0 to be

approximately 24( 7 Å; this value is not very sensitive to
fluctuations in quantum yield. The distance between the
tryptophan of YopH∆162 and the enzyme-bound PNC is
much less than this Fo¨rster distance value (16); therefore
the quenching efficiency of enzyme-bound PNC is almost
100%.

Figure 4 plots the fluorescence intensity of YopH∆162
measured at 330 nm as a function of PNC concentration at

fraction bound) ∆F
∆Fmax

)
[PNC]

{[PNC] + Kd}
(1)

FIGURE 3: Comparing the emission spectrum of YopH∆162 with
the absorbance of PNC. Conditions for emission spectrum: 5µM
YopH∆162, pH 6.5 citrate buffer at 0.15 ionic strength adjusted
by NaCl, excitation 285 nm excitation and emission slits set at 5
nm bandpass, the spectrum is normalized to maximum emission at
330 nm. Conditions for absorbance spectrum: pH citrate buffer at
0.15 ionic strength adjusted by NaCl, the spectrum is normalized
to the maximum absorbance at 405 nm having anεmax of 18150
M-1 cm-1 (61).

FIGURE 4: Fluorescence intensity of YopH∆162 measured at 330
nm (excitation 285 nm, 5 nm slits) as a function of PNC
concentration at two different pH values. The inset plots the binding
curve as defined by eq 2, for binding of PNC to YopH∆162 at pH
6.5. The total concentration of protein is 5µM.

R0 ) 0.211[κ2n-4QDJ(λ)]1/6 (2)
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25 °C. The binding of the ligand to the enzyme is character-
ized by quenching of the enzyme fluorescence. The fluo-
rescence quenching profiles are pH dependent. At pH 8
minimal quenching occurs, indicating that either PNC does
not bind the enzyme or it binds the enzyme at a site far (i.e.,
greater than 24 Å) from the active site. Hence, PNC can
only function as a probe of the active site at pH values less
than 7. The pH dependence of the binding is not due to
changes in ligand ionization, as we have not observed any
changes in the absorbance spectrum of the ligand as the pH
is changed from 8 to 6. However, studying the X-ray crystal
structure of PNC-YopH∆162 demonstrates that there are
two hydrogen bonds between the general acid Asp 356 and
PNC; this might be responsible for the loss of binding at
pH values higher than 7. From the fluorescence intensities
the binding constant can be determined from fitting the data
to eq 3; this is demonstrated in the inset of Figure 4. The
values ofKd corresponding to the temperatures of 10, 18,
23, and 31°C are respectively 30( 10 µM, 59 ( 5 µM,
110 ( 16 µM, and 130( 15 µM. The binding of PNC to
YopH∆162 is exothermic therefore a temperature jump will
cause some of the enzyme-bound ligand to dissociate, leading
to an increase in fluorescence.

T-Jump Results.Figure 5 depicts the fluorescence relax-
ation profile of the apo-YopH∆162 system after T-jump. We
obtain a very low amplitude monoexponential relaxation with
a time constant of approximately 3µs. They exhibit a rather
flat temperature dependence given by the equation ln(τapo

-1)
) -0.75 - [91/T(K)]; this correlation is later shown in
Figure 7. It is difficult to unequivocally assign this relaxation.
Previous resonance Raman measurements demonstrate that
two different WPD loop conformations exist under normal
conditions and that they have similar stability. For this reason,
and because our spectroscopic monitor (the indole ring of
the protein’s only tryptophan residue) lies within the WPD
loop, we propose that this observed relaxation is due to a
conformational change associated with loop opening and
closing. Consider the following equilibrium existing in the
apoprotein system:

The inverse of the relaxation time observed in the apoprotein
τapo

-1 will be the sum ofk(apo)closeandk(apo)open. Studying
this motion in the apoprotein system, using T-jump UV-
resonance Raman spectroscopy (which can discern geo-
metrical shifts of the indole ring), is the focus of future
work.

Examples of fluorescence relaxation profiles of the
YopH∆162-PNC system after T-jump are given in
Figure 6. These relaxation profiles are biexponential in time
having the form of eq 3.

The fast time constant, (k1(obs))-1, is in the order of a few
microseconds while the slow time constant, (k2(obs))-1, is
in the order of a few hundred microseconds. Accurately
determining the fast relaxation rate is difficult due to high

FIGURE 5: T-Jump fluorescence relaxation profiles of apo-
YopH∆162. The sample was 34µM in YopH∆162 and buffered
at pH 6.5 with ionic strength of 0.15 in NaCl.

Eopen
apo {\}

k(apo)close

k(apo)open
Eclose

FIGURE 6: T-jump fluorescence relaxation profiles of YopH∆162
at different concentrations of PNC. The sample was 18µM in
YopH∆162 and buffered at pH 6.5 with ionic strength of 0.15 in
NaCl. The sample was excited at 290 nm and the emission was
collected at 340 nm as described in Materials and Methods.

FIGURE 7: The temperature dependence of the relaxation ratesk1-
(obs) and (τapo)-1. The k1(obs) data are represented by the open
circles and are linearly correlated with the dashed line. The (τapo)-1

data are shown by the closed circles and are linearly correlated by
the solid line. Fork1(obs) the experimental conditions are similar
to those of Figure 6; the PNC concentration is 52, 83, 102,
210 µM. For (τapo)-1 the experimental conditions are those of
Figure 5.

I ) A1 exp[1- k1(obs)t] + A2 exp[1- k2 (obs)t] (3)
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noise levels existing in the nanosecond to microsecond region
of the relaxationprofiles. Reasonably accurate and precise
values for this parameter have only been obtained for total
(YopH∆162+ PNC) concentrations of 52, 83, 102, and 210
µM; these conditions had maximum signal-to-noise ratios.
Under these conditions,k1(obs) demonstrated no concentra-
tion dependence; howeverk1(obs) exhibits temperature
dependence as shown in Figure 7, which may be expressed
by the equation ln(k1(obs)) ) 15.48 - [4736/T(K)]. As
shown in Figure 7 this relaxation can be distinguished from
that of the apoenzyme as the apoenzyme relaxation exhibits
much smaller temperature dependence.

The slow relaxation step is highly resolved, and when the
total concentration of PNC is fixed, the apparent rate constant
k2(obs) follows Arrhenius behavior. We have tabulated the
temperature dependence of differentk2(obs) in Table 1 in
terms of Arrhenius fit parameters from the raw data. For
subsequent analysis we use values interpolated from the
equations. Figure 8 plots the concentration dependence of
k2(obs) at different isotherms. This rate constant shows
concentration dependence.

The simplest model describing the binding process of PNC
to YopH∆162 is given in Scheme 1. In this mechanism, E
is the enzyme, L is the ligand,kon andkoff are the ligand on
and off rates, andkopen, kclose, k(apo)open, andk(apo)close are
the rates of conformational change associated with opening
and closing of the WPD loop in the ligand bound and
apoenzyme situations.

Three relaxation times are predicted by this kinetic scheme
τ1, τ2, andτ3. The relaxation involvingkopenandkcloseis much
slower than the other processes; therefore the kinetics can
be solved assuming that this step is decoupled from the initial
two steps. The following expressions for the three time
constantsτ1, τ2, and τ3 are obtained (56). The slow time
constantτ3 is obtained from eq 4.

From UV-resonance Raman measurements performed
upon the apoprotein, the protein conformations associated

with the open and closed loop forms have similar stabil-
ity(11), allowing us to assume thatk(apo)close ≈ k(apo)open,
and eq 4 can be rewritten as

In this case [E] is the total concentration of free enzyme
and [L] is the concentration of ligand. We have performed
stopped-flow experiments upon the PNC-YopH∆162 sys-
tem, and we have not detected any binding processes
occurring slower than a millisecond. Therefore (k2(obs))-1

is considered to beτ3; and, from fitting the data in Figure 8
to eq 4, the constantskcloseandkopenandkoff/kon can be directly
determined. The lines in Figure 8 depict the best fit of eq 4
through each set of isothermal data. The results are well
correlated with the equation. We have tabulated all the fitting
results in Table 2. The microscopic rate constantskopen, kclose,
andkoff/kon are obtained directly from the fits.

Since the first two steps are effectively decoupled from
(t3)-1, the time constantsτ1 andτ2 are obtained from eqs 5
and 6 (56).

Our relaxation curves for the measurements with ligand
present demonstrate biexponential kinetics instead of three
exponentials as would be inferred from Scheme 1. This may
be either because our first relaxation process is too fast for
detection or because the two relaxation times are rather close
and cannot be resolved at the existing signal-to-noise ratios.

Table 1: Fitting Parameters Obtained by Fittingk2(obs) to the
Equation ln(k) ) A - (B/T)

total concn of PNC and
YopH∆162 (µM) A B r2

16 10.36 4441 0.985
55 9.49 4129 0.999
82 9.82 4176 0.999

102 8.33 3711 0.999
202 7.69 3406 0.999
305 7.30 3210 0.999
616 7.84 3252 0.931
883 9.35 3670 0.977

1600 13.41 4808 0.82

Scheme 1

τ3
-1 )

kclose([E] + [L])

([E] + [L]) +
koff

kon
(1 +

k(apo)close

k(apo)open
)

+ kopen (4)

FIGURE 8: The concentration dependence ofk2(obs) at different
isotherms. The temperatures are 10°C (full circle), 15 °C (open
diamond), 20°C (full triangle), 25°C (open circle), 30°C (full
square), and 35°C (open triangle). In all cases the conditions are
those of Figure 6. The correlation lines are obtained by fitting the
data in each isotherm to eq 4.

τ3
-1 ≈ kclose([E] + [L])

([E] + [L]) +
koff

kon
(2)

+ kopen (4a)

τ1
-1 + τ2

-1 ) k(apo)open+ k(apo)close+ koff +

kon ([Eopen
apo ] + [L]) (5)

1
τ1τ2

) koff(k(apo)open+ k(apo)close) +

kon{k(apo)open([Eopen
apo ] + [L]) + k(apo)close[Eopen

apo ]} (6)
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In the case of the first scenario (first relaxation process is
too fast), we have the following expression (56):

Equation 7 predicts thatk1(obs) exhibits a hyperbolic
dependence upon the concentration of inhibitor and in all
cases{(τapo)-1 ) k(apo)open+ k(apo)close} g k1(obs). Judging
from Figure 7, the values ofk1(obs) are significantly larger
than (τapo)-1 and demonstrate a different temperature depen-
dence. This argues against the first scenario.

The second scenario postulates thatk1(obs) is a combina-
tion of τ1 and τ2. Sinceτ1 and τ2 are within an order of
magnitude of each other, as a first approximation we may
assume thatk1(obs)≈ average (τ1 andτ2). In this case, we
rewrite eq 5 as

By rearranging eq 8 we obtain

In principle, from eqs 9 and 4a all four microscopic rate
constants can be obtained.

Thek1(obs) values tabulated in Table 2 are obtained from
the regression line in Figure 7; the uncertainties are based
upon a confidence level of ninety percent. The insensitivity
relative to concentration observed in the data in Figure 7 is
due to the fact that the variation in thekon([Eopen

apo ] + [L])
term is not large compared to the uncertainty in the data.
However we can calculatekon andkoff by using the values
of koff/kon in conjunction with the values ofk1(obs) obtained
in Table 2 and eq 9. Since the values ofk1(obs) are obtained
from the correlating the data in Figure 7, we can calculate
koff from eq 9 by assuming ([Eopen

apo ] + [L]) to be 110( 68
µM (this value varies from 52 to 210µM) and subsequently
propagate the uncertainty associated with this assumption
in the resultingkoff andkon values. These values are reported
in Table 2.

The rate constantkon fluctuates around 1× 109 M-1 s-1,
which is very close to the diffusion limit (25). We have

calculated the parameterskopen/kclose, koff/kon, andKd. The value
of kopen/kclose is approximately 0.075, indicating that, when
PNC is bound to the enzyme, the population of the closed
form is more than 10 times that of the open. This is in
contrast with the apo form, for which the populations of the
two forms are equal (11).

Figure 9 depicts the temperature dependence of the
opening and closing rate constants. From this we obtain the
following correlations:

An enthalpy difference of 1.6( 0.9 kcal mol-1 exists
between the two “open” and “closed” states (if we assume
a two state transition). From the pre-exponential factor a
(∆Sq)open≈ (∆Sq)close≈ -19 ( 1 cal mol-1 K-1 is obtained.

The mechanism outlined in Scheme 1 allows theKd to be
calculated from the T-jump data,Kd ) (koff/kon){1 +
[k(apo)close/k(apo)open]}(kopen/kclose). These values are tabulated
in Table 2. As seen in Figure 10, theKd values from T-jump
and the values obtained from steady-state fluorescence
measurements are quite close to one another. This fact, in

Table 2: Microscopic Kinetic Parameters Associated with the Suggested Binding Mechanism of PNC to YopH∆162, as Delineated by Scheme
1a

kinetic and thermodynamic parameters 10°C 15°C 20°C 25°C 30°C 35°C
kopen(µs)-1 0.002( 0.001 0.003( 0.001 0.0053( 0.0009 0.0080( 0.0008 0.01114( 0.0008 0.016( 0.001
kclose(µs)-1 0.034( 0.003 0.046( 0.003 0.064( 0.003 0.091( 0.004 0.139( 0.009 0.23( 0.02
(koff/kon){1 + [k(apo)close/k(apo)open]}

(µM)-1
400( 100 500( 100 640( 90 900( 100 1400( 200 2300( 400

k1(obs) (µs)-1 0.3( 0.4 0.4( 0.4 0.5( 0.2 0.7( 0.5 0.9( 0.6 1.1( 0.9
koff + kon([E] + [L]) ( µs)-1 0.2( 0.4 0.4( 0.4 0.6( 0.2 1.0( 0.5 1.4( 0.6 1.8( 0.9
koff (µs)-1 0.1( 0.2 0.3( 0.3 0.5( 0.2 0.8( 0.4 1.2( 0.5 1.7( 0.8
kon (M-1 s-1)/109 0.5( 1.0 1.0( 1.0 1.6( 0.6 1.8( 0.9 1.7( 0.7 1.5( 0.7
Kloop ) kopen/kclose 0.06( 0.03 0.07( 0.02 0.08( 0.01 0.09( 0.01 0.082( 0.008 0.07( 0.007
(koff/kon){1 + [k(apo)close/k(apo)open]} ×

(kopen/kclose)
24 ( 13 35( 12 51( 10 81( 13 120( 20 160( 32

a These parameters are obtained from analyzing the data in Figures 7 and 8 via the methodology laid out in the Results section.

τ2
-1 ) k1(obs)) k(apo)open+

k(apo)close

1 +
[I]

[Eopen
apo ] +

koff

kon

(7)

τ1
-1 + τ2

-1 ) 2k1(obs)) k(apo)open+ k(apo)close+

koff + kon([Eopen
apo ] + [L]) (8)

koff + kon ([Eopen
apo ] + [L]) ≈ 2k1(obs)- τapo

-1 (9)

FIGURE 9: The temperature dependence of the microscopic rate
constantskclose andkopen. The correlation equations are ln(kclose) )
(20 ( 1) - (6100( 400)T-1 and ln(kopen) ) (19.9( 0.9)- (7500
( 300)T-1.

ln(kclose) ) (20 ( 1) - (6600( 400)T-1

(∆Hq)close) 13.1( 0.7 kcal mol-1

ln(kopen) ) (19.9( 0.9)- (7400( 300)T-1

(∆Hq)open) 14.7( 0.6 kcal mol-1

Loop Dynamics and Ligand Binding Kinetics in YopH Biochemistry, Vol. 46, No. 14, 20074375



addition to the fact thatkon approaches the diffusion limit,
demonstrates that our kinetic scheme seems complete.

DISCUSSION

PNC is a ligand that closely mimics PNPP, a small
substrate used to probe the catalytic cycle of protein tyrosine
phosphatase enzymes. Based upon crystallographic data, the
binding of PNC to YopH∆162 induces a conformation
change in the WPD loop of enzyme causing the enzyme to
adopt a “closed loop” structure (16). We have used PNC as
a probe to monitor the dynamics of substrate binding to
YopH∆162.

The T-jump relaxation data of the (YopH∆162)-PNC
system indicates that the simplest model describing the
binding of small substrates to the enzyme is a two-step model
outlined in Scheme 1. An analysis of the data indicates that
our kinetic scheme seems complete, because, first, we obtain
a kon value that is close to the diffusion limit; second, our
T-jump and steady-state estimations ofKd are in agreement;
and finally, we have not observed any relaxations occurring
slower than a millisecond. Therefore, it is likely that small
substrates bind to YopH∆162 via this two-step model.

The catalytic cycle is represented in Scheme 2, as
suggested by Hengge and Zhang (17, 21). In this scheme, E
is the apoenzyme and ESopen and ESclose are enzyme
conformations associated with the open and closed forms of
the WPD loop.

Based upon the T-jump data we can characterize the
substrate binding steps. From Table 2 the dynamic parameters
are kon ∼ 109 M-1 s-1, koff ∼ (0.1 × 106 to 2 × 106 s-1),
kclose∼ (3 × 104 to 2 × 105 s-1), andkopen∼ (2 × 103 to 2
× 104 s-1). From stopped-flow measurements the values of
k2 andk3 are measured to be approximately 400 s-1 and 100
s-1. These values definitely demonstrate that the enzyme
dynamic processes involved in substrate binding are much
faster than the subsequent chemical steps. Maximum turnover
of PNPP measured at 30°C and pH 6.5 yields akcat of
approximately 100 s-1 (57).

The transition state of the dephosphorylation of the
tyrosine phosphate (stepk2) has been characterized using
kinetic isotope methods; judicious isotope substitutions in
PNPP cause kinetic isotope effects that can be measured by
the steady-state kinetic analysis of protein tyrosine phos-
phatase enzymes (17, 58). These experiments indicate that,
during the hydrolysis of PNPP, significant commitment
factors are absent up to the formation of the phosphoenzyme.
We can verify this by calculating the forward commitment
factor for the hydrolysis of PNPP by YopH∆162 from the
expression (k2/kopen)[1 + (kclose/koff)] using our T-jump data;
from this we conclude that our commitment factor will not
exceed 0.2. This low value for the commitment factor is
consistent with what is suggested from the kinetic isotope
effect results measured for the enzymatic hydrolysis of PNPP.

As we have pointed out before, the rate constantskopen

and kclose are rates of enzyme conformational changes
associated with loop opening and closing. The active site of
YopH∆162 is located near the surface of the protein (15);
in addition, PNC is a small ligand. Therefore judging from
the crystal structure of the YopH∆162-PNC complex, the
structural perturbation caused by PNC binding is confined
to the active site of the enzyme; the most significant
perturbation is observed in the WPD loop (16). Since we
are monitoring fluorescence changes of the sole YopH
tryptophan located at the WPD loop, it is highly probable
that thekopen andkclose values are close to the rates of loop
opening and closing. This assumption will be verified in
future UV-resonance Raman work.

From the thermodynamic parameters we conclude that,
first, ligand binding stabilizes the closed form of the WPD
loop; this stabilization is due to enthalpy. This is in contrast
with the free enzyme where resonance Raman measurements
show that the enzyme conformations associated “open” and
“closed” forms have a similar stability (11). Second, the
transition from open to closed forms of the WPD loop is
not accompanied by any gain in entropy. This indicates that
the open form of the WPD loop has not gained any additional
degrees of freedom relative to the closed form. This is
consistentwithcomputationalstudiesperformedonYopH∆162.
These studies demonstrate that when the WPD loop is in
the “open loop” conformation, it interacts with other seg-
ments of the protein that contribute to the stability of the
open loop conformation (59). Third, the activation entropy
is significant and negative. As the loop undergoes the open
to close transition state, it passes through a highly ordered
transition state. This may be because the transition state is
more hydrated than the open and closed forms of the WPD
loop (60).

Judging from our relaxation data, when YopH∆162 is
bound to ligand, the WPD loop opening/closing process
occurs at a time scale of a few hundred microseconds. The
T-jump relaxation profile that we obtain from the apoenzyme
has a time constant of approximately 3µs, as pointed out
previously, this relaxation cannot be unambiguously assigned
to loop motion of the enzyme. Juszczak et al. have suggested,
on the basis of fluorescence anisotropy of the tryptophan of
the WPD loop, that WPD loop closing and opening in the
apoenzyme occurs at approximately 4 ns (11). On the basis
of our T-jump data we believe this assignment to be
unrealistic; time-resolved fluorescence anisotropy is difficult
to interpret, and it is likely that the fast relaxation observed

FIGURE 10: ComparingKd obtained from steady-state fluorescence
measurement (open squares) with those from T-jump measurements
(full circles).

Scheme 2
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by Juszczak et al. is a local relaxation of the indole ring
rather than a collective motion of the ten amino acid residues
forming the WPD loop. Future work will involve investigat-
ing the WPD loop motion in the apoenzyme with resonance
Raman probed T-jump spectroscopy obtaining loop motion
rates directly and unambiguously.

In summary we have characterized the mechanism in
which small substrates bind to YopH∆162. Small substrate
binding is indeed well represented by the two step mecha-
nism depicted in Scheme 1. The magnitudes of the different
microscopic rate constants have been determined. We have
directly demonstrated for the first time that all the substrate
binding steps (including the WPD loop motion that brings
the general acid Asp into the proximity of the substrate to
initiate the first chemical step) can be considered to be “freely
reversible” in solution. The enzyme demonstrates no sizable
forward commitment for small substrates.

Finally, comparing the dynamic parameters the WPD loop
motion of YopH∆162 with those of the active site loop of
triosephosphate isomerase (TIM) is informative (33). Both
of these enzyme loops are located near the protein surface,
and both have the same number of amino acids (∼10). The
dynamic rate constants for loop motion for both enzymes
are within the same order of magnitude. The ratio between
kclose and kopen at different temperatures varies between 10
and 20, and this ratio is rather insensitive to temperature.
The energy difference between the closed and open states
for both enzymes is less than 3RT, making both states
thermodynamically accessible at room temperature. These
values underline the fact that at room temperature enzymes
(including the active site) are highly dynamic structures.
Although certain enzymatic structures are imperative for
catalysis, there is no “thermodynamic energy well” trapping
the enzyme in a reactive conformation. Instead, the “catalytic
structure” is only slightly favored thermodynamically, indi-
cating that substrate binding is composed of a set of
reversible equilibrium steps that lead to catalysis. TIM and
YopH∆162 however differ in one crucial aspect. Dynamic
studies indicate that, for TIM,kcat andkopenare very close to
one another indicating that loop opening (i.e., substrate
release) is the rate-limiting step of the catalytic cycle. In
contrast, for the dephosphorylation of small tyrosine phos-
phates like PNPP by YopH∆162, the dynamic processes
occur much faster than the chemistry. This sluggish behavior
of the chemical step may be due to the fact that PNPP is not
the natural substrate of the enzyme. In fact, the catalysis rate
of peptide tyrosine phosphates is faster than that of small
unnatural substrates like PNPP. Future work will investigate
the binding dynamics of peptide ligands to YopH and
YopH∆162.
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