4370 Biochemistry2007,46, 4370-4378

Loop Dynamics and Ligand Binding Kinetics in the Reaction Catalyzed by the
YersiniaProtein Tyrosine Phosphatdse

Mazdak Khajehpour;* Li Wu,$ Sijiu Liu,® Nick Zhadin} Zhong-Yin Zhand and Robert Callendér

Department of Biochemistry, Albert Einstein College of Medicine, 1300 Morris Paekide, Bronx, New York 10461, and
Department of Biochemistry and Molecular Biology, Indiana &émsity School of Medicine,
635 Barnhill Drive, Indianapolis, Indiana 46202-5122

Receied Naember 13, 2006; Résed Manuscript Recegéd January 31, 2007

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 inhibitpmitrocatechol 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 (PYPare a large and  functions in substrate binding and in transition state stabiliza-
structurally diverse family of signaling enzymes that together tion. The initial phosphoryl transfer step is assisted by the
with protein tyrosine kinases modulate the cellular level of conserved Asp (Asp356 in théersiniaPTP) which proto-
tyrosine phosphorylationl(-6). Defective or inappropriate  nates the leaving group thereby acting as a general acid
regulation of PTP activity leads to aberrant tyrosine phos- catalyst. The phosphoenzyme intermediate E-P undergoes
phorylation, which contributes to the development of hydrolysis in a second step, which is catalyzed by the same
many human diseases including cancers and diab@jes ( Asp356 acting as a general base. YopH has two structural
TheYersiniaPTP (YopH, Figure 1) is essential for virulence domains, the N-terminal domain consisting of residues
of the bacteria responsible for the plague, and it is the 1-129 22), and the catalytic domain consisting of residues
most active PTP known to date. The bacteria produce this163—468 (Figure 1) 20). The crystal structure of both
enzyme aiming solely to interfere with the host signaling domains has been solved separately, but the total protein has
process; deleting the genes associated with YopH produc-not yet been crystallizedL, 16, 23).
tion only affects the propagation of the bacterium in the  The crystal structures suggest that the WPD loop in the
host @). Yersinia PTP has two distinct conformations (Figure 1).

The high activity of YopH has made it a model system Crystallographic and U¥resonance Raman spectral evi-
for detailed mechanistic studies of the PT®s Gite-directed dence indicate that in solution, for the ligand-free enzyme,
mutagenesis combined with detailed kinetic and mechanisticthe WPD loop exists in two conformations having similar
studies ofYersiniaPTP using the unnatural substrate PNPP thermodynamic stability: the “open” conformation in which
(Figure 2a) and other substrates have contributed greatly tothere is negligible interaction between the WPD loop and
the understanding of the chemical mechanism for PTP the P-loop, and a “closed” conformation that is very similar
catalysis, the nature of the enzymatic transition state, andto that adopted by the ligand-bound form of the enzyirig. (
the means by which the transition state is stabiliz&d7( In the ligand-bound enzyme form, the WPD loop adopts a
9—21). From these studies it is understood that PTPs share“closed” state and Asp356 on the WPD loop makes a
a common catalytic mechanism to effect catalysis. A Cys hydrogen bond with the ligand. Therefore upon substrate
nucleophile (Cys403 in th¥ersiniaPTP) is utilized in the binding, the loop folds over the active site to position the
formation of a thiophosphoryl covalent enzyme intermediate Asp residue close to the scissile oxygen of the substrate for
E-P. The invariant Arg residue (Arg409 in tNersiniaPTP) efficient proton transfer.

In contrast to our understanding of the structures and
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a) WPD loop to enzymes by Hammes and other researclg¥s§1). 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 enzymdigand 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 16-20 us. 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 §3—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
b) same flexible WPD loop as is the putative general acid
Asp356. The spectral properties of this lone tryptophan can
GIn3s7 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 (YopA162) usingp-
A ~ nitrocatechol sulfate (PNC, Figure 2b) as a substrate mimic
ligand. This molecule has a structure similar to PNPP and
is a competitive inhibitor of YopH6). In addition, PNC
drastically quenches the tryptophan fluorescence of the WPD
loop when it binds to the active site of the enzyme. These
Proass properties make PNC an excellent probe for monitoring the
dynamic processes occurring at the active site of YopH.

GIn357

MATERIALS AND METHODS

Ficure 1: (@) Crystal structure of YopM162 complexed with PNC . . :
(p-nitrocatechol sulfate), showing the tryptophan and aspartic acid Materials.PNC was purchased from Aldrich (Milwaukee,

and cysteine residues. (b) Representation of the two conformationsW1). The catalytic domain of th&ersiniaprotein tyrosine
of the WPD loop relative to the sulfate group of PNC, the open phosphatase (YopML62) was expressed and purified as

conformation (thin line) and the closed conformation (thick line). described previously16, 20). Unless otherwise noted alll
experiments were done in pH 6.5 sodium citrate/sodium

a) b) oH chloride buffer at an ionic strength of 0.15.
PO Methods. Fluorescence Spectroscofieady-state fluo-
Slo) 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 X 10 mm quartz cuvette and
excited along the short dimension. The wavelength of
NO, NO, excitation was 290 nm for all measurements. Contribu-
FIGURE 2: Chemical structure of (a) PNPP-itrophenyl phos- tions to the emission spectra from the Raman scattering
phate) and (b) PNCptnitrocatechol sulfate). bands of the solvent were corrected by subtracting a solvent

blank taken under identical conditions as the sample. The

(26—38). For PTPs, the conformational change associated fluorescence spectra were also corrected for instrument
with ligand binding is restricted to the movement of a flexible SPectral response using an instrument correction factor. The
loop that has been described as a hinged loop movemenflata was analyzed with Sigmaplot (Point Richmond, CA)
(4, 15, 39). This loop, termed the WPD loop, harbors the Software.
essential general acid/base (Asp356 in WesiniaPTP). The dissociation constariy, of PNC from YopHA162

To probe the dynamics of the protein we have employed was determined by monitoring changes in the fluorescence
temperature jump relaxation spectroscopy. This methodologyintensity, as unligated YopAll62 was titrated with increas-
was originally developed by EigeA@—43) and was applied  ing amounts of PNC. For a fluorescence monitored titration,
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AF varies with the PNC concentration, [PNC], according to
the following equation34): 1.0 1

AF__ _ [PNC]
AI:max {[PNC]+Kd}

0.8

fraction bound= (1)

YOPH A162
emission

\
/ PNC \

06 1 Absorbance \\

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

T-Jump Measuremenihe instrument used to measure
relaxation kinetics is based on the same principles as

0.4 /

Normalized emission (or absorbance)

0.2 1 v
described previously3@, 35, 36). Temperature jumps were S~ \\\
induced by exposing a volume of water to a pulse of infrared 00 - S~
light (1.56um wavelength, 96120 mJ energy, 1:52.0 mm L . . : .
diameter spot on the sample, 0.5 mm path length), generated 300 350 400 450 500
by stimulated Raman shifting the fundamental emission Wavelength (nm)

(1.064um) of a Powerlite 7010 Q-switched Nd:YAG laser Ficure 3: Comparing the emission spectrum of YaopH62 with
(Continuum, Santa Clara, CA), operating at 2 Hzail m the absorbance of PNC. Conditions for emission spectrupM5

long cell filled with deuterium gas at 650 psi. Water absorbed YOPHA162, pH 6.5 citrate buffer at 0.15 ionic strength adjusted
the laser ener and the temperature of the exposed volum by NaCl, excitation 285 nm excitation and emission slits set at 5
ay, P P fim bandpass, the spectrum is normalized to maximum emission at

increased in approximately 6 ns. The size of the T-jJump was 330 nm. Conditions for absorbance spectrum: pH citrate buffer at
calibrated using the change of water IR absorption with 0.15 ionic strength adjusted by NaCl, the spectrum is normalized

temperature. Typical T-jump values ranged from 6.5 to 8.5 t0 the maximum absorbance at 405 nm havingsag of 18150
°C. Diffusion of heat out of the interaction volume proceeds M~ cm (61).

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 ; o® o
tryptophan fluorophore, the sample was irradiated by a group 10 o ® e
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 o [PNC] (kM)
attenuated by neutral density filters; typical beam intensity =~ 1x10° ] o
was 15-20 mW. The incident excitation beam is focused ¢ o
onto a 0.3 mm diameter spot on the sample, in the center of
the beam path of the 1.56n pulse. Tryptophan fluorescence 0+ : : : : :
emission, detected at 5@ the excitation beam, was passed 0 50 100 150 200 250
through a narrow band filter (34& 12 nm) and was [PNC] (M)
monitored using a R4220P photomultiplier tube (Hamamatsu, Ficure 4: Fluorescence intensity of Yoptl62 measured at 330
Bridgewater, NJ). Data were digitized with a CS82G data nm (Eﬁcitglct)ir?gt tZ\A?gdir;frgr‘e r?t pn|_r|nv asllLllteSs), '?ﬁe?n s](gtnglg?:th()e](bmﬁg
acquisition board (Gage applied technologies, Montreal, concentratior 1 values.

Quebec, Canada) at 1 GS/s sampling rate. Overall tempora@uévﬁ.ﬁ: Soig?ignbéﬁgazﬁggrgndmg_of_PNC to Yopkb2 at pH
. . . 0. protein isd.
resolution of the system is about 20 ns. A background signal
obtained without fluorescence excitation was measured ResyULTS
separately and subtracted from the kinetic data. A program
written in LabVIEW (National Instruments, Austin, TX) was Equilibrium Measurement ResultSigure 3 depicts the
used for instrument control and data collection. Data were €mission spectrum of Yophll62 and the absorbance
normalized to the average fluorescence intensity taken beforespectrum of PNC. The Fster distancéR, can be obtained

4x10° - 10
0.8
06

0.4

Fraction protein bound

0.2
2x10° - <

0.0
< 0 50 100 150 200 250

Fluorescence

the T-jump. using Figure 3 and eq 25%). We estimateR, to be
In short, T-jump relaxation profiles are obtained by > 4 e
subjecting the sample to a laser-induced temperature jump Ry = 0.211f"n "QpJ(4)] 2)

every 500 ms. The relaxation is monitored using fluorescence

for the first 7 ms after the T-jump; once 300 ms has elapsed, approximately 24+ 7 A; this value is not very sensitive to
the sample has relaxed to its original temperature, allowing fluctuations in quantum yield. The distance between the
the T-jump to be repeated. Each relaxation curve containstryptophan of YoptA162 and the enzyme-bound PNC is
data from performing 3600 temperature jumps upon the much less than this Tster distance valuelf); therefore
same sample. Curve fitting was done with Sigmaplot (Point the quenching efficiency of enzyme-bound PNC is almost
Richmond, CA) software. The uncertainties in the reported 100%.

values of relaxation rates were determined from the fitting  Figure 4 plots the fluorescence intensity of Yaptb2
parameters. measured at 330 nm as a function of PNC concentration at
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Ficure 5: T-Jump fluorescence relaxation profiles of apo-

YopHA162. The sample was 34V in YopHA162 and buffered FiGURE 6: T-jump fluorescence relaxation profiles of YopH62

at pH 6.5 with ionic strength of 0.15 in NaCl. at different concentrations of PNC. The sample wasub8 in
YopHA162 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

25°C. The binding of the ligand to the enzyme is character collected at 340 nm as described in Materials and Methods.

ized by quenching of the enzyme fluorescence. The fluo-

rescence quenching profiles are pH dependent. At pH 8 1.0

minimal quenching occurs, indicating that either PNC does

not bind the enzyme or it binds the enzyme at a site far (i.e., 0.5 -

greater than 24 A) from the active site. Hence, PNC can Y

only function as a probe of the active site at pH values less QU

than 7. The pH dependence of the binding is not due to _ 997 b %

changes in ligand ionization, as we have not observed anyiz‘ e %

changes in the absorbance spectrum of the ligand as the pH  -0.5 - ~<

is changed from 8 to 6. However, studying the X-ray crystal >~

structure of PNCYopHA162 demonstrates that there are 10 - ) P k\\

two hydrogen bonds between the general acid Asp 356 and - 1 ?%g

PNC; this might be responsible for the loss of binding at ) Y
pH values higher than 7. From the fluorescence intensities % 1, . . .

the binding constant can be determined from fitting the data 0.0032 0.0033 0.0034 0.0035

to eq 3; this is demonstrated in the inset of Figure 4. The T

values ofKq corresponding to the temperatures of 10, 18, Figure 7: The temperature dependence of the relaxation kates
23, and 31°C are respectively 3& 10 uM, 59 + 5 uM, (obs) and tap9 L. The ky(obs) data are represented by the open

110+ 16 uM, and 1304 15 uM. The binding of PNC to circles and are linearly correlated with the dashed line. Thg (*
YopHA162 is exothermic therefore a temperature jump will data are shown by the closed circles and are linearly correlated by
. . . . the solid line. Fork;(obs) the experimental conditions are similar
cause some of the enzyme-bound ligand to dissociate, leadingy, “those of Figure 6; the PNC concentration is 52, 83, 102,
to an increase in fluorescence. 210 uM. For (tap9~! the experimental conditions are those of
T-Jump ResultsFigure 5 depicts the fluorescence relax- Figure 5.

ation profile of the apo-YopA 162 system after T-jump. We

obtain a very low amplitude monoexponential relaxation with the inyerse of the relaxation time observed in the apoprotein
a time constant of approximately.3. They exhibit a rather Taps L Will be the sum ofk(apokiese andk(@pokpen Studying

flat temperature dependence given by the equatiandnt) this motion in the apoprotein system, using T-jump YV

= —0.75 — [9V/T(K)]; this correlation is later shown in  re5onance Raman spectroscopy (which can discern geo-

Figure 7. Itis difficult to unequivocally assign this relaxation. . atrical shifts of the indole ring), is the focus of future
Previous resonance Raman measurements demonstrate thgf, .

two different WPD loop conformations exist under normal Examples of fluorescence relaxation profiles of the
conditions and that they have similar stability. For this reason, YopHA162-PNC system after T-jump are given in

and because our spectroscopic monitor (the indole ring of gy re 6. These relaxation profiles are biexponential in time
the protein’s only tryptophan residue) lies within the WPD having the form of eq 3.

loop, we propose that this observed relaxation is due to a
conformational change associated with loop opening and | = A, exp[1— ky(obs}] + A, exp[1— k, (obs}] (3)
closing. Consider the following equilibrium existing in the
apoprotein system: The fast time constantk{(obs))%, is in the order of a few
microseconds while the slow time constark(gbs))?, is
apo _K@P%kiose in the order of a few hundred microseconds. Accurately
OPeN K(apohpen CIOS€ determining the fast relaxation rate is difficult due to high
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Table 1: Fitting Parameters Obtained by Fittiegobs) to the 0.12
Equation Ink) = A — (B/T)
total concn of PNC and 0.10 1
YopHA162 M) A B r2
16 10.36 4441 0.985 0081
55 9.49 4129 0.999 z
82 9.82 4176 0.999 © 0.061
102 8.33 3711 0.999 =
202 7.69 3406 0.999 0.04 1
305 7.30 3210 0.999
616 7.84 3252 0.931 002 4
883 9.35 3670 0.977 ’
1600 13.41 4808 0.82
0.00 -
Scheme 1 0 500 1000 1500
k(apo) [PNC] + [PTPase]
apo ——+ “close ) ]
Eopen Ty —— Eclose Ficure 8. The concentration dependencekpfobs) at different
open isotherms. The temperatures are °ID (full circle), 15°C (open
gaPO L _kon L _Kelose Y diamond), 20°C (full triangle), 25°C (open circle), 30°C (full
open ) Koff open = € Kopen close square), and 35C (open triangle). In all cases the conditions are

those of Figure 6. The correlation lines are obtained by fitting the

noise levels existing in the nanosecond to microsecond regiondat@ in €ach isotherm to eq 4.
of the relaxationprofiles. Reasonably accurate and precise
values for this parameter have only been obtained for total
(YopHA162+ PNC) concentrations of 52, 83, 102, and 210
uM; these conditions had maximum signal-to-noise ratios.
Under these conditiong;(obs) demonstrated no concentra-

with the open and closed loop forms have similar stabil-
ity(11), allowing us to assume th&fapo)iese = k(apolpen
and eq 4 can be rewritten as

tion dependence; howevdt(obs) exhibits temperature kyood[E] + [L])
dependence as shown in Figure 7, which may be expressed r371 ~ los + Kopen (4a)
by the equation Ig(obs)) = 15.48 — [4736/T(K)]. As Kot P

shown in Figure 7 this relaxation can be distinguished from (E] +[L]) + —n(2)

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
ko(obs) follows Arrhenius behavior. We have tabulated the
temperature dependence of differdgfobs) in Table 1 in occurring slower than a millisecond. Therefokg(¢bs))*
terms of Arrhenius fit parameters from the raw data. For is considered to be;; and, from fitting the data in Figure 8

subsequent analysis we use values interpolated from the :
. ; ) 4,th nstan n n n irectl
equations. Figure 8 plots the concentration dependence of0 89 4, the consta kioseandkopenandkar/kon can be directly

. ! : determined. The lines in Figure 8 depict the best fit of eq 4
ke(0bs) at_d|fferent isotherms. This rate constant shows through each set of isothermal data. The results are well
concentration dependence.

The simplest model describing the binding process of PNC correlated with the equation. We have tabulated all the fitting
to YOpHA162 is given in Scheme 1. In this mechanism, E results in Table 2. The microscopic rate constégis, keiose

is the enzyme, L is the ligandty, andkys are the ligand on and_k"ﬁ/k"” arg obtained directly from J_[he fits.
and off rates, andtopen Keiose K(@POkpen andk(apo)ese are Since thfa first two steps are effecnvely decoupled from
the rates of conformational change associated with opening(ts) *, the time constants; andz, are obtained from eqs 5
and closing of the WPD loop in the ligand bound and and 6 66).
apoenzyme situations.

Three relaxation times are predicted by this kinetic scheme, * + 7, * = k(apo}pen+ K(@P0)gge+ Kot +
71, T2, andrs. The relaxation involvingkpenandkeioseis much k. (E¥°] +[L]) (5)
slower than the other processes; therefore the kinetics can n \l—ope
be solved assuming that this step is decoupled from the initial
two steps. The following expressions for the three time e Kot (K(@PO)pent K(@PO)y0s9 +

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 PNE¥opHA162 sys-
tem, and we have not detected any binding processes

constantsry, 7,, andrz are obtained §6). The slow time 172
constantrs is obtained from eq 4. Kor{ K(@pO)ped[Egped + [L]) + k(apo),,sdEoped} (6)
T, T = Koosd[E] + [L) + Kopen (4) Our relaxation curves for the measurements with ligand
(€] + L) + Kot 14 k(apo)osd present demonstrate biexponential kinetics instead of three
n k(apo))pe exponentials as would be inferred from Scheme 1. This may

be either because our first relaxation process is too fast for
From UV-resonance Raman measurements performeddetection or because the two relaxation times are rather close
upon the apoprotein, the protein conformations associatedand cannot be resolved at the existing signal-to-noise ratios.
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Table 2: Microscopic Kinetic Parameters Associated with the Suggested Binding Mechanism of PNC ta16@ptds Delineated by Scheme
la

kinetic and thermodynamic parameters °T0 15°C 20°C 25°C 30°C 35°C
Kopen (s) ! 0.002+ 0.001 0.003+ 0.001 0.0053k 0.0009 0.008@- 0.0008 0.01114- 0.0008 0.016+ 0.001
Kelose (14S) ™ 0.034+ 0.003 0.046+ 0.003 0.064+0.003  0.09H 0.004  0.139+ 0.009 0.23+ 0.02
(Kott/Kor){ 1 + [k(@pOliosdk(apodped} 400+ 100 500+ 100 640+ 90 900+ 100 1400+ 200 2300+ 400
M -1
ki(obs) us)™ 0.3+04 0.4+ 0.4 0.5+ 0.2 0.7+ 0.5 0.9+ 0.6 1.1+ 0.9
Kott + Kon([E] + [L]) (us)* 0.2+04 0.4+ 0.4 0.6+ 0.2 1.0+ 0.5 1.44+0.6 1.8+ 0.9
Kotr (1)~ 0.1+0.2 0.3+ 0.3 0.5+ 0.2 0.8+ 0.4 1.2405 1.740.8
Kon (M~ s71)/10° 0.5+ 1.0 1.0+ 1.0 1.6+ 0.6 1.8+ 0.9 1.7+ 0.7 1.5+0.7
Kioop = KoperKclose 0.06+0.03  0.07+0.02  0.08+0.01 0.09+ 0.01 0.082+ 0.008 0.07+ 0.007
(Kott/Kon){ 1 + [k(apO)iosdk(apOkped} x 24+ 13 35+ 12 51+ 10 81+ 13 120+ 20 160+ 32
(koper{kclosa
a2 These parameters are obtained from analyzing the data in Figures 7 and 8 via the methodology laid out in the Results section.
In the case of the first scenario (first relaxation process is -4
too fast), we have the following expressidso): Kaose
-2 4
k(apo),
-1 __ _ lose
7, " = ky(0bs)= k(@po)gen+ () 3
(1]
1+ i -
apo ff = 4
[Eoger] + E £
n 5 4
Equation 7 predicts thak;(obs) exhibits a hyperbolic .
dependence upon the concentration of inhibitor and in all %1
cased (rap) * = k(apOhpert K(@po)iosd = ki(0bs). Judging ]
from Figure 7, the values df(obs) are significantly larger . . . . .
than ¢ap9 ' and demonstrate a different temperature depen- 0.0032 0.0033 0.0034 0.0035 0.0036
dence. This argues against the first scenario. (TK)™

_ The second scen_ario postulates ﬂkl@bs)_ is a combina-  Ficure 9: The temperature dependence of the microscopic rate
tion of 7; and 7.. Sincez; and t, are within an order of constantsgose andkopen The correlation equations are kagsd =

magnitude of each other, as a first approximation we may (20 1) — (6100 400)T* and INkope) = (19.94 0.9) — (7500
assume thak;(obs)~ average £; andz,). In this case, we 300)T%
rewrite eq 5 as

1 -1 _ calculated the parametetgedKeose Kofi/kon, aNdKg. The value

T, 1, = 2K (0obs)= Kk(apo),ent K(@po)se of KoperlKeiose IS @approximately 0.075, indicating that, when

Ky + kon([Eﬁ,‘iZJ +[L]) (8) PNC @s bound to the enzyme, the population of the_ c_Ios_ed
form is more than 10 times that of the open. This is in

By rearranging eq 8 we obtain contrast with the apo form, for which the populations of the
two forms are equall().
Kot + Kon ([Egggr] + [L]) ~ 2k,(obs)— Tap0*1 9) Figure 9 depicts the temperature dependence of the

opening and closing rate constants. From this we obtain the

In principle, from egs 9 and 4a all four microscopic rate following correlations:
constants can be obtained.

Thek,(obs) values tabulated in Table 2 are obtained from In(k,.) = (20+ 1) — (6600+ 400)T *
the regression line in Figure 7; the uncertainties are based * _ 1
upon a confidence level of ninety percent. The insensitivity (AH ) gio5e= 13.14 0.7 keal mol
relative to concentration observed in the data in Figure 7 is . 1
due to the fact that the variation in the([Egpe] + [L]) IN(kopen = (19.9+ 0.9) — (7400 300)T
term is not large compared to the uncertainty in the data. (AH*)open= 14.74+ 0.6 kcal mol™*
However we can calculatie,, and k¢ by using the values
of Kori/kon in conjunction with the values d(obs) obtained  An enthalpy difference of 1.6 0.9 kcal mof! exists
in Table 2 and eq 9. Since the valueskgbbs) are obtained  between the two “open” and “closed” states (if we assume
from the correlating the data in Figure 7, we can calculate a two state transition). From the pre-exponential factor a
kot from eq 9 by assuming (8] + [L]) to be 110+ 68 (AS)open™ (AS)ciose~ —19+ 1 cal molt K~ is obtained.
uM (this value varies from 52 to 214M) and subsequently The mechanism outlined in Scheme 1 allows keo be
propagate the uncertainty associated with this assumptioncalculated from the T-jump dataKy = (Kot/kon){1 +
in the resultind<, andko, values. These values are reported [k(apo)iosdk(@pohped} (KopedKeiosd. These values are tabulated
in Table 2. in Table 2. As seen in Figure 10, thg values from T-jump

The rate constark,, fluctuates around X 10° M1 s1, and the values obtained from steady-state fluorescence
which is very close to the diffusion limit25). We have measurements are quite close to one another. This fact, in
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200 The transition state of the dephosphorylation of the

Ky (-M)

10 15 20 25 30 35
T(C)
Ficure 10: Comparingy obtained from steady-state fluorescence

tyrosine phosphate (stdp) has been characterized using
kinetic isotope methods; judicious isotope substitutions in
150 PNPP cause kinetic isotope effects that can be measured by
% the steady-state kinetic analysis of protein tyrosine phos-
{ phatase enzymed7, 58). These experiments indicate that,
100 4 % 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
50 4 g E factor for the hydrolysis of PNPP by Yop¥162 from the
} expressionko/kopen[1 + (KeiosdKorr)] 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 const&gis,
and Kkgese are rates of enzyme conformational changes

[?j?i;’rﬁg;_m (open squares) with those from T-jump measurements, .. iared with loop opening and closing. The active site of
YopHA162 is located near the surface of the proteib)j
Scheme 2 in addition, PNC is a small ligand. Therefore judging from

Ko Kejose
E+S - [Esopm]—>k1 [ES

K K the crystal structure of the Yopkll62—PNC complex, the
= fE Rley —oEes structural perturbation caused by PNC binding is confined
to the active site of the enzyme; the most significant
perturbation is observed in the WPD loop6). Since we
are monitoring fluorescence changes of the sole YopH
tryptophan located at the WPD loop, it is highly probable
DISCUSSION that thekopen @andKkeiose Values are close to the rates of loop
opening and closing. This assumption will be verified in
PNC is a ligand that closely mimics PNPP, a small fyture UV—resonance Raman work.
substrate used to probe the catalytic cycle of protein tyrosine  From the thermodynamic parameters we conclude that,
phosphatase enzymes. Based upon crystallographic data, thyst, ligand binding stabilizes the closed form of the WPD
binding of PNC to YoptA162 induces a conformation |oop; this stabilization is due to enthalpy. This is in contrast
change in the WPD loop of enzyme causing the enzyme to wjth the free enzyme where resonance Raman measurements
adopt a “closed loop” structurd §). We have used PNC as  show that the enzyme conformations associated “open” and
a probe to monitor the dynamics of substrate binding to “cjosed” forms have a similar stabilityl(). Second, the
YopHA162. transition from open to closed forms of the WPD loop is
The T-jump relaxation data of the (Yo#162)-PNC not accompanied by any gain in entropy. This indicates that
system indicates that the simplest model describing the the open form of the WPD loop has not gained any additional
binding of small substrates to the enzyme is a two-step modeldegrees of freedom relative to the closed form. This is
outlined in Scheme 1. An analysis of the data indicates that consistentwith computational studies performed on YAMER.
our kinetic scheme seems complete, because, first, we obtaimThese studies demonstrate that when the WPD loop is in
a kon value that is close to the diffusion limit; second, our the “open loop” conformation, it interacts with other seg-
T-jump and steady-state estimationg<fare in agreement;  ments of the protein that contribute to the stability of the
and finally, we have not observed any relaxations occurring open loop conformationsg). Third, the activation entropy
slower than a millisecond. Therefore, it is likely that small s significant and negative. As the loop undergoes the open
substrates bind to Yophil62 via this two-step model. to close transition state, it passes through a highly ordered
The catalytic cycle is represented in Scheme 2, as transition state. This may be because the transition state is
suggested by Hengge and Zhaig,(21). In this scheme, E  more hydrated than the open and closed forms of the WPD
is the apoenzyme and E& and ESese are enzyme loop (60).
conformations associated with the open and closed forms of Judging from our relaxation data, when YopMG62 is
the WPD loop. bound to ligand, the WPD loop opening/closing process
Based upon the T-jump data we can characterize theoccurs at a time scale of a few hundred microseconds. The
substrate binding steps. From Table 2 the dynamic parameterd -jump relaxation profile that we obtain from the apoenzyme
arekon ~ 1° M1 571 kot ~ (0.1 x 1P to 2 x 10°F s7Y), has a time constant of approximatelyu8, as pointed out
Keiose ~ (3 x 10¢t0 2 x 10°P s71), andkopen~ (2 x 10°t0 2 previously, this relaxation cannot be unambiguously assigned
x 10* s1). From stopped-flow measurements the values of to loop motion of the enzyme. Juszczak et al. have suggested,
k. andks are measured to be approximately 400and 100 on the basis of fluorescence anisotropy of the tryptophan of
s 1. These values definitely demonstrate that the enzymethe WPD loop, that WPD loop closing and opening in the
dynamic processes involved in substrate binding are muchapoenzyme occurs at approximately 4 b§)(On the basis
faster than the subsequent chemical steps. Maximum turnoveiof our T-jump data we believe this assignment to be
of PNPP measured at 3@ and pH 6.5 yields &ca: of unrealistic; time-resolved fluorescence anisotropy is difficult
approximately 100§ (57). to interpret, and it is likely that the fast relaxation observed

close

addition to the fact thak,, approaches the diffusion limit,
demonstrates that our kinetic scheme seems complete.
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by Juszczak et al. is a local relaxation of the indole ring 6
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 Yo#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 11.

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 YopHA162 with those of the active site loop of
triosephosphate isomerase (TIM) is informatid8)( Both
of these enzyme loops are located near the protein surface,
and both have the same number of amino aciel0). The
dynamic rate constants for loop motion for both enzymes
are within the same order of magnitude. The ratio between
Keiose @nd Kopen @t 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 17
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
YopHA162 however differ in one crucial aspect. Dynamic
studies indicate that, for TIMs:oandkopenare 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 YopMl62, 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

[Eny

the natural substrate of the enzyme. In fact, the catalysis rate 53

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
YopHA162.
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