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ABSTRACT. Vanadate can often bind to phosphoryl transfer enzymes to form a trigonal-bipyramidal structure

at the active site. The enzymeanadate dissociation constants in these enzymes are much lower than
those for phosphate. Therefore, enzyme-bound vanadate moieties are often considered as transition state
analogues. To test whether the enzyrmanadate complex is a true transition state analogue beyond the
simple geometry and binding affinity arguments and whether the bond orders of the VO bonds in the
complex approach those of the PO bonds in the transition state, the binding properties of vanadate in the
Yersiniaprotein—tyrosine phosphatase (PTPase) and its T410A, D356N, W354A, R409K, and D356A
mutants have been studied by steady-state kinetic measurements and by difference Raman measurements.
The results of the kinetic measurements show no correlation betyegruk.,: or keaf K in these mutants.

In addition, our analysis of the Raman data shows that the bond order change of the nonbridgihg V
bonds in the vanadate complexes does not correlate with the kinetic parameters in a number of PTPase
variants as predicted by the transition state binding paradigm. Furthermore, the ionization state of the
bound vanadate moiety is not invariant across the PTPase variants studied, and the average bond order of
the nonbridging ¥-O bonds decreased by 0:86.07 valence unit in the wild type and all of the mutant
PTPases, either in dianionic or in monoanionic form. Thus the complex would resemble an associative
transition state, contrary to the previously determined dissociative structure of the transition state. Therefore,

it is concluded that vanadate is not a true transition state analogue for the PTPase reactions.

Protein-tyrosine phosphatases (PTPasd®ve an es- inhibit phosphatases by simply mimicking the tetrahedral
sential role in signal transduction and, together with protein geometry of the phosphate ion. However, in many cases,
tyrosine kinases, control the tyrosine phosphorylation level the enzyme-inhibitor dissociation constank() for vanadate
of proteins in the cell. Th&ersiniaPTPase is one member is much lower than that for phosphate. Because vanadate is
of this enzyme family. Because of its high enzymatic activity, known to be able to adopt five-coordinate structures readily,
theYersiniaPTPase has been extensively studied as a modelsuch observations have led to the hypothesis that in some
system for all PTPased); The PTPases employ a common cases vanadate may inhibit phosphatases by forming com-
catalytic strategy in catalyzing a double-displacement mech- plexes that resemble the trigonal-bipyramidal geometry of
anism in which the phosphoryl group is first transferred from the transition state2( 3; cf. ref 4). In the case of PTPases,
the substrate to the active site Cys residue (Cys403 in thethe binding affinity of vanadate for PTPases is several orders
YersiniaPTPase), leading to the formation of a thiophos- of magnitude higher than that of phosphate-8). To
phoryl enzyme intermediate that is subsequently hydrolyzed visualize directly the interactions between the PTPase active
by water. The invariant Arg residue (Arg409 in tifersinia site and vanadate, the X-ray crystal structure offthesinia
PTPase) functions in substrate binding and in transition statePTPase complexed with vanadate has been determ@jed (
stabilization. The initial phosphoryl transfer step (phospho- The vanadate moiety in th¥ersinia PTPase complex is
enzyme formation) is assisted by general acid catalysis by atrigonal bipyramidal, with three short equatorial nonbridging
conserved Asp (Asp356 in th¥ersinia PTPase) which V-0 bonds, one apical bridging-YO bond, and one long
protonates the leaving group. The hydrolysis of the phos- V—S bond to Cys403.Two of the equatorial ¥-O bonds
phoenzyme intermediate is facilitated by the same Asp356, are hydrogen bounded with two of the Arg409 side chain
acting as a general base in this catalytic step (for a recentN—Hs as well as structural water molecules, and the
review, see refl). remaining V=0 bond is hydrogen bonded to both Val407

The early transition metal oxoanion vanadate is a widely and Gly408 backbone NHs. The conserved Asp356 makes
used inhibitor for various phosphatases. Vanadate coulda hydrogen bond with the apical oxygen of vanadate,

consistent with its role as a general acid in the phospho-
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enzyme formation step and as a general base in theYersiniaPTPase mutants with varying degrees of activity.
phosphoenzyme hydrolysis step. Similar results have beenFor a perfect transition state analogue, the correlation will
obtained from structures of vanadate complexes with PTP1Bhave a slope of unity2@, 23).

(10) and the low molecular weight PTPagd). Collectively, In addition, if PTPasevanadate is a true transition state
these studies show that vanadate in the PTPase active Sitgna|ogue’ Changes of the VO bonds in the Comp|ex relative
adopts a trigonal-bipyramidal geometry that may resemble to that in solution should be similar to the changes of the
the transition state for the hydrolysis of the phosphoenzyme po honds in the transition state of the PTPase-catalyzed
intermediate in the PTPase'Catalyzed reaction. These Studie%action_ In generaL a phosphory| transfer reaction can be
also support the hypothesis that vanadate inhibits PTPasesoosely characterized by three closely related mechanisms:
by acting as a transition state analogue. dissociative, §2-like, and associative. In a dissociative
The transition state binding paradigm requires that the reaction, the bridging PO bond breaking of the phosphate
affinity of an enzyme for a perfect transition state analogue compound occurs well before the formation of the newdP
exceed its affinity for the substrate by a factor equivalent to pridging bond in the transition state, the bond order sum of
the increased catalytic rate in the enzymatic reaction relativethe two apical bridging bonds decreases significantly, and
to the corresponding nonenzymatic reactidp This latter  the total bond order sum of the equatorial nonbridgirg®
factor has been estimated to b 0'- to 10*-fold for the bonds increases significantly compared to the ground state.
YersiniaPTPase, based on the hydrolysispefitrophenyl In a reaction with an @-like transition state, the bond
phosphate12). The apparent dissociation constakif)(for making and bond breaking of the apicat® bridging bonds
the YersiniaPTPasevanadate complex is almost 4 orders in the process are approximate|y Synchronous' and the bond
of magnitude smaller than that of the PTPaplosphate  order sum of the corresponding nonbridging-® bonds is
complex at pH 7.5X1). However, vanadate exists mostly not affected much relative to the ground state. In an
as tetramers and dimers in aqueous solution near neutral pHyssociative transition state, the formation of a newCP
(13). Thus, the affinity of a PTPase for the monomeric pridging bond is well advanced before the breaking of the
vanadate adduct relative to the phosphate is likely more thanexisting P-O bond, the bond order sum of the two bridging
2 orders of magnitude larger than that indicated by the p—O bonds is greatly increased at the transition state, and
apparentK; values, i.e., at least #dold stronger than  the bond order sum of the nonbridging=® bonds is greatly
phosphate because of extensive tetra- and dimerization indecreased. Results from kinetic isotope measurements of the
solution (14, 15). Thus, the PTPasevanadate complex is  pTpPase-catalyzed reaction as well as observations from linear
likely a plausible transition state mimic, based on both its free energy ana]ysis on the Cata|yzed rates indicate a
crystal structure and a simple transition state binding dissociative transition state mechanism for t¥ersinia
paradigm argument. PTPase 24, 25). Furthermore, the nature of the transition
One goal of this study is to characterize the interaction state in many of the mutants under study does not change
between vanadate and PTPase quantitatively at the atomiq24—27).

scale. Raman difference spectroscop§) (s well suited for Thus, we argue that if the PTPaseanadate complex is
the determination of high-resolution*¥O bond lengths and e transition state analogue, it should be similar to a

bogdhorders of vanadate complexefs _in enzynjs?s—QO),l certain structure of the PTPassubstrate complex along the
and the measurements report on solution protein COMpleXes, ¢ 4 tion coordinate toward the transition state. This specific

In such studies, the Raman spectrum of the preteanadate structure can be obtained from the kinetic parameters and

g%mplex IS measurzd as 1s tr?at of the protein alone.t;l'h%the vanadate binding constant based on the quantitative
literence spectrum between these two spectra contains bandgy, yjication of the transition state theory. Since all PTPase

arising from the vanadate group. The vanadate bands, ijants have the same transition state as mentioned above,
dominate the difference spectrum due to their intrinsic large we can determine this specific structure for each of the

intensity and because most of the protein background PTPase variants, and it should be correlated to the bond order
spectrum subtracts out 7—19). The bond lengths and bond change of the nonbridging %O bonds upon vanadate

orders of the nonbridging++O bonds as well as the bridging i ing to PTPase. This method to determine if vanadate
V-0 bonds are determined from empirical correlations .,y njey s a transition state analogue or not is applicable

relating the vibrational stretch frequencies to these quantitiesfOr all reaction mechanisms unless the reaction is strictly
(20, 21) The absolute accuracy is very high. The error in S\ 2-like.

these relationships is estimated to be witkif.04 vu and
+0.004 A for bond orders and bond lengths, respectively. MATERIALS AND METHODS
Moreover, the geometry of the nonbridging=\O bonds,
as well as the ionic states of the bound vanadate moiety, A 0.25 M NaHVO, stock solution was prepared by
can also be ascertained from the vibrational frequencies. stirring V,Os with 2 equiv of aqueous NaOH overnight at
The other goal is to find out if the PTPaseanadate room temperaturep-Nitrophenyl phosphatepNPP) was
complex can be treated as a true transition state analogugurchased from Fluka. The catalytic domains of the wild-
beyond its geometry and the simple binding paradigm type YersiniaPTPase (residues 16368) and its mutants
arguments and whether the bond orders of the VO bonds inD356A, D356N, W354A, R409K, and T410A were ex-
the complex approach those of the PO bonds in the transitionpressed under the control of the T7 promoteEstherichia
state. First, we argue that if PTPasenadate is a true coli BL21(DE3) and grown at room temperature after
transition state analogue, a simple linear correlation should induction with 0.4 mM IPTG. All recombinant proteins were
exist between the binding affinities of vanadatg)(and purified to greater than 95% purity as described previously
catalytic efficiencies Ko« and/or keof{Ky) for a series of (5, 12, 24, 28—30). The catalytic domain of th&ersinia
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PTPase retains the same activity as the full-length enzymeone side of the split cuvette is taken, the split cell is
(28) and is used in all of the structural studi€s 81—33). translated, and the spectrum from the other side is taken.
All enzyme assays were performed at 3D in either 50 This sequence is repeated until sufficient signal to noise is
mM Tris at pH 7.5 or 100 mM acetate at pH 5.5 buffers obtained. A difference spectrum is generated by numerically
containing 200 mM KCI and 5 mM DTT. Initial rate  subtracting the sum of the spectra obtained from each side.
measurements for the PTPase-catalyzed hydrolysis of pNPHnN general, the two summed spectra do not subtract to zero,
were conducted as previously describ28)( The Michae- as judged by the subtraction of well-known protein marker
lis—Menten kinetic parameters were determined from a direct bands (for example, the amide |, amide Ill, and the
fit of the V vs [S] data to the MichaelisMenten equation  phenylalanine 1004 cm bands, the latter band being
using the nonlinear regression program GraFit (Erithacus especially useful since it is generally not affected by protein
Software). The range @NPP concentration used was from conformational changes). These protein marker bands are
0.2 to 5K, In all cases, the enzyme concentration was much determined from their bandwidths (generally much broader
lower than that of the substrate so that the steady-statethan those from spectra of bound substrates) and their
assumption was fulfilled. Inhibition constantk) for the characteristic positions. Hence, one summed spectrum is
PTPase by vanadate were determined wNIPP as substrate.  scaled by a small numerical factor, generally between 1.05
The mode of inhibition and thig, value were determined in  and 0.95, which is adjusted until the protein bands are nulled
the following manner. At various fixed concentrations of (see, e.g., ref35). The same control procedures were
inhibitor (0—3 K)), the initial rate at a series gbfNPP performed on all the difference spectra results herein.
concentrations was measured ranging from 0.2 to 5 of the Resolution of the spectrometer is 8 chfor the present
apparentK, values. The data were fitted to appropriate results. A spectral calibration is done for each measurement
equations using kinetAsyst to obtain the inhibition constant using the known Raman lines of toluene, and absolute band
and to assess the mode of inhibition. positions are accurate to within2 cnit. None of the spectra
The enzyme samples for spectroscopic measurements wer@resented here have been smoothed.
prepared by extensive dialysis in 50 mM Tris at pH 7.5 or
100 mM acetate at pH 5.5, respectively, with 200 mM KCI RESULTS
and 5 mM DTT, followed by concentration with a Centricon On the basis of the transition state theory, if the PTPase
30 centrifuge concentrator (Amicon, Lexington, MA) to the vanadate complex is a perfect transition state analogue, then
desired concentration. The concentrations of the PTPase wer@ne would expect to observe a linear correlation with a slope
determined spectroscopically using a molar extinction coef- of unity between the binding affinity of PTPase variants for
ficient of 16800 Mt cm™ at 280 nm for the catalytic domain  vanadate K;) and the catalytic efficiency of the PTPase
of the YersiniaPTPase. The binary complex of the PTPase  variants ke Or keafKm). The slope would be less than unity
vanadate complex was prepared by adding the vanadate stockor the not so perfect transition state analog22 @3). To
solution to the concentrated PTPase sample to achieve aletermine if such a correlation exists, we have prepared the
molar ratio of 0.9:1. The typical concentration of the PTPase wild-type YersiniaPTPase and the D356A, D356N, Arg409,
sample was about 5 mM. W354A, and T410A mutants. The roles of these residues in
The Raman spectra were measured using an opticalcatalysis are well characterized, and the mutant PTPases
multichannel analyzer (OMA) system. The OMA system uses display a wide range of activity. Extensive mechanistic
a Triplemate spectrometer (Spex Industries, Metuchen, NJ)studies suggest that Asp356 is the general acid/H&5eH
with a model DIDA-1000 reticon detector connected to an that interacts with the apical oxygen of vanadate, which most
ST-100 detector (Princeton Instruments, Trenton, NJ). Details closely resembles the leaving group oxygen or the attacking
of the system can be found elsewhei€)( The 514.5 nm water in the transition stated), The side chain of the
line from an argon ion laser (model 165, Spectra Physics, invariant Arg409 forms a bidentate hydrogen bond with two
Mountain View, CA) was used to irradiate the sampleLQ0 of the nonbridging phosphoryl oxygen83j, and kinetic
mW). A half-wave retarder was used to polarize the incident analyses of the Arg409 mutants indicate that Arg409 plays
light either parallel or perpendicular to the entrance slit of an important role in both substrate binding and transition
the spectrometer. The symmetry of a vibrational mode was state stabilization24, 26). Trp354 is important for the correct
assessed in terms of the ratio of Raman intensities obtainedpositioning of Arg409 and Asp356 in a catalytically com-
with the excitation beam in the perpendicular and parallel petent conformation3({, 36). Interestingly, mutations of
configurations. In this optical arrangement, the intensity ratios Trp354 lead to the impairment of both Arg409 and Asp356
are 6:7 for an asymmetric mode ard:7 for a symmetric (27, 36). The hydroxyl group of Thr410 immediately
mode for the optical configuration used hei@)( (This following the invariant Arg409 functions to stabilize the
geometry, rather than the more common geometry thatthiolate anion during the breakdown of the phosphoenzyme
determines the “depolarization ratio”, was employed to intermediate 37—39).
maximize signal throughput.) The polarization response of  Kinetic parameters of the wild-typéersiniaPTPase and
the spectrometer was calibrated by measurements of thets T410A, D356N, W354A, R409K, and D356A mutants
toluene spectrum, where the symmetry of the various bandswere obtained according to the procedure described in
is known. Materials and Methods. Thie., and K, for the enzyme-
Separate spectra for enzyme and enzynanadate com-  catalyzed hydrolysis of pNPP and tKevalues for vanadate
plexes in solution, approximate concentration of 5 mM, were at pH 7.5 are listed in Table 1. Among these mutant PTPases,
measured using a special split cell (the volume of each sidethe kea: and keofKy values vary by almost 4 orders of
being about 30uL) and a sample holder with a linear magnitude. The&, values vary from 0.24M in T410A to
translator as previously describetb). The spectrum from 204 uM in R409K, a difference of 3 orders of magnitude.
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Table 1: Steady-State Kinetic Parameters for the PTPase-Catalyzed Hydrolpsiitadphenol Phosphate and Inhibition Constant of
Vanadate at pH 7.5 and 8.5

pH 7.5 pH 5.5
WT T410A D356N W354A R409K D356A WT TA410A D356N
Keat (1) 17 11.8 0.418 0.269 0.0113 0.00293 651 17.2 0.417
Kim (MM) 3.03 3.83 2.63 4.57 7.4 0.289 4.95 0.14 3.74
Keal Km (52 MM 5.61 3.08 0.159 0.059 0.00153 0.0101 132 123 0.111
Ky (uM) 1.23 0.24 2.06 11 204 0.442 1.12 0.223 0.479
o 0.34 0.43 0.375 0.32 0.23 0.46 0.32 0.28 0.47

a2 The measurements were performed at either pH 7.5 in 50 mM Tris buffer or pH 5.5 in 100 mM acetate buffer containing 0.2 M KCl and 1 mM
DTT at 303 K.o is the ratio of logkn/K|) and logkcafkea(Solution)].

+A
R409K

thiovanadate. Unfortunately, several attempts to form a stable
mono- and dianionic thiovanadate in solution were unsuc-
cessful. Since the apical-¥S bond is normally weaker than
apical V=0 bond, the nonbridging ¥O bond would be
stronger and their stretch frequencies should be higher in
thiovanadate than in oxovanadate. Frequency calculations
based on ab initio methods suggest that the nonbridging
V=0 stretch frequency in a thiovanadate should be about
20 cnt! higher than its oxo counterpart in the monoanionic
form and quite comparable in the dianionic form. The
solution structures of various vanadate compounds have been
studied by a number of methods, including Raman. It turned
out that the frequency of the nonbridging=%O stretch
modes of solution vanadate depends primarily on its ionic
state, being 870+ 5 cnr? for dianionic vanadate and
~940 + 10 cnmr! for monoanionic vanadate, and the
nonbridging V-0 stretch frequency in a YO—VO,
structure is about 2015 cmt higher compared to that in a
C—0—VO; structure 14, 15, 17, 18). Thus, the vanadate
tetramers in aqueous solution are chosen to model the

In all cases, the competitive inhibition pattern was observed PTPase vanadate complex to partially compensate for the
for vanadate, suggesting that vanadate binds to the active P P y b

site of PTPase and its mutants regardless of its ionic state.EXpECted V-0 §tretch frequency cha_nge due to the thio
Previous studies have shown that the Kinetic parametereﬁeCt' The error introduced here would just add a small offset

keadKon MORItors the phosphoenzyme formation step whereasto the bond order change and would not affect our subsequent
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Ficure 1: Plots of logK, of vanadate versus ldg. (+) and log
kealKm (2) in PTPase and its mutants.

keatfollows the hydrolysis of the phosphoenzyme intermediate
(12, 25, 30, 37, 38, 40). Figure 1 shows the plot df, versus
either ket Or keofKn in log scale. There is no apparent

analysis.

In each of the four panels in Figure 2, two Raman spectra
are shown. The spectrum using the parallel polarized incident

correlation betweek; andke;or keafKm When all data points laser beam is plotted on the top and the spectrum obtained
are considered. Such results would suggest that PFPase With the perpendicular polarized laser beam is on the bottom.
vanadate is not a transition state analogue for either theln all cases, the most dominant band in the parallel polarized
enzyme phosphorylation step or the step of hydrolysis of spectrum is the symmetric %O stretch mode, and the
the phosphorylated enzyme. If one can omit the data pointintensity of this mode decreased in the perpendicular
for D356A and consider only the wild type and D356N, Ppolarized spectrum so that the asymmetrie-@ stretch
W354A, T410A, and R409 mutants, a reasonably good mode becomes the major band(s). Panel a in Figure 2 shows
correlation between lo; and logk:a/Kn or log kear with @ the Raman spectra of vanadate in solution at pH 7.5. At this
slope quite close to unity is found. However, we do not have pH, vanadate is monoanionic and therefore contains two
compelling evidence to exclude D356A in the analysis nonbridging \*-O bonds. The stretch motions of the two
because although D356A is a less conservative change thamonbridging bonds are strongly coupled to form a symmetric
D356N, the transition state properties are the same for bothV--O stretch mode and an asymmetrie=\D stretch. The
mutants 25, 26, 41). intensity of the vibrational modes from bridging—\O

We next performed Raman difference spectroscopy ex- stretches is too weak to be observed in the Raman spectra.
periments in order to study the interaction between vanadateThe band at 945 cnt in the top spectrum is the symmetric
and the PTPases quantitatively at the atomic scale. TheV-+O stretch mode, and the band at 922 €in the bottom
measurements of the nonbridging=\0 stretch mode  spectrum is the asymmetric stretch mode. Panel b in Figure
frequencies of the vanadate boundYiarsiniaPTPase and 2 shows the Raman spectra of vanadate in solution at pH
one of its mutants, D356A, as well as those of the vanadate10. At this pH, vanadate is dianionic and therefore contains
solution model compounds are presented in Figure 2. Sincethree nonbridging ¥-O bonds. The band at 870 cfand
the PTPasevanadate complex has a thiol ligand, a better the band at 869 cm are assigned to symmetrie=vO stretch
solution model compound would be mono- and dianionic and the doubly degenerated asymmetrie-@ stretch mode,
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between a symmetric (perpendicular to parallel polarized

1
a. Vanadate in solution pH7.5 3 intensity ratio near zero) and an asymmetric mode (ratio of
‘ 6:7), suggests that th&;, symmetry of the vanadate dianion
//\ in solution has been broken when vanadate binds to the wild-
/ type PTPase. That the symmetry of the three-® bonds
/‘omj \ in the complex is somewhat altered from a nearly perfect
|

;«/\wv-///\ . observation that the intensity ratio of the “symmetricZ\D

N stretch mode in the complex at 807 chusing perpendicular
polarized laser light compared to parallel polarized light is
< significantly larger than zero, as shown by the finite intensity

°|° of the band at 807 cnt in the perpendicular polarized
spectrum (panel ¢, Figure 2). The assignments of these bands
g\ are also supported by vibrational analysis usfi@labeling

©

[°e]

|

\KA& Cs, symmetry in solution is also consistent from the

of the vanadate and ab initio calculatiod8);, A comparison
\ with the vanadate solution spectra (panels a and b) shows
A that the vanadate bound in the wild-type PTPase is dianionic

¢. Vanadate bound to WT PTPase pH7.5 at pH 7.5. The relatively large difference between the Raman

e frequencies of the vanadate nonbridging-® bond stretch

i modes in wild-type PTPase (panel ¢, Figure 2) and the

i dianionic vanadate in solution (panel b, Figure 2) indicates

, \ o a significant bond order decrease of the nonbridgirg®
e bonds in the PTPase complex and geometry change (see

D below).

TN Similar measurements were also performed on several

TN mutant forms of the PTPase, including D356N, D356A,

W354A, R409K, and T410A. The observed nonbridging

V=0 stretch frequencies of the vanadate moiety in these

© mutant complexes are listed in Table 2. The spectra of

5 D356N and T410A are similar to that of wild-type PTPase

; while the spectra of D356A, R409K, and W354A are similar

/ to each other but very different from that of wild type.

Panel d in Figure 2 shows the Raman difference spectra
ﬁ between D356A mutant PTPase/vanadate and D356A PTPase
|
M/

at pH 7.5. The band at 905 and 915¢rin these two spectra
\\ Ao can be assigned to asymmetric and symmetre® stretch
¥ modes, respectively. The question that remains is whether
wa‘ ‘ the vanadate moiety in this complex is monoanionic or
600 800 1000 dianionic. Additional Raman measurements show that there
1 is no significant change of the-O stretch modes in the
cm wild-type and D356A mutant vanadate complex when the
FIGURE 2: (a) Raman spectra of 100 mM Na¥D, at pH 7.5. (b) sample pH is decreased to 5.5. However, in the D356N

Raman spectra of 100 mM MdVO, at pH 10. (c) Raman  \anadate complex, about 80% of the symmetre® stretch

difference spectra of the WT PTPasenadate complex minus . : :
PTPase at pH 7.5 at 4C. (d) Raman difference spectra of the mode intensity shifts up from 807 crhat pH 7.5 to 911

D356A—vanadate complex minus D356A at pH 7.5 &Gt In all cmtat pH 5.5, clearly indicating a titration of vanadate from
panels, two spectra are presented. One was obtained with a paralleflianionic to monoanionic form (data not shown). Since the
polarized excitation beam (top) and one with a perpendicular \V=-O stretch band positions in the D356A and D356N
polarized beam (bottom). Only nonbridging%O stretch modes mutants are the same at pH 5.5, we conclude that the

are observed in the presented spectral range. The enzyme sampl . . . -
are prepared in 50 mM Tris at pH 7.5 with 300 mM NaCl and 5 Sanadate moiety in the D356A complex is monoanionic at

mM DTT. The concentration of PTPase/vanadate in the complex PH 7.5. Furthermore, since vanadate still demonstrates a
was about 5 mM/4.5 mM. The 514.5 nm line from an argon ion competitive inhibition property in the steady-state kinetic

laser was used to irradiate the samptelQ0 mW). The spectral  measurements at pH 5.5, the binding site for vanadate at pH

d. Vanadate bound to D356A PTPase pH7.5

resolution was 8 cnt. 5.5 and at pH 7.5 should be the same active site. Thus, our
respectively. These two modes happen to have the sameaesults ruled out the possibility of an increased bond order
frequency. of the nonbridging ¥-O bonds in the D356Avanadate

Panel c in Figure 2 shows the Raman difference spectracomplex compared to its solution model compound. The
between the wild-type PTPasganadate complex and wild- ~ symmetric stretch frequency of vanadate nonbridgirg®
type PTPase at pH 7.5. The band at 807 timassignedto  bonds in PTPase shifts down by 30 ¢hirom its solution
the symmetric ¥=-O stretch mode, and the minor band in value while the asymmetric mode frequency shifts down by
the parallel polarized spectrum at 876 ¢nis assigned to 17 cntt (compare panels a and d in Figure 2), indicating a
the asymmetric ¥-O stretch mode. The presence of a third significant nonbridging VO bond order decrease when
band at 848 cm, which has an intensity ratio intermediate vanadate binds in these mutants as a monoanion.
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Table 2: Bond Order and Bond Length Changes of the NonbridgirgOvBond Calculated from the %O Stretch Frequencies of Vanadate
upon Binding to PTPase and Its Mutahts

—VO3*~ WT T410A D356N >VO,~ W354A R409K D356A
Vs 870 807 805 806 945 915 920 915
Vasi 869 848 845 845 922 905 890 905
Vas2 869 876 880 880
v 869 844 844 844 934 910 905 910
Svo (vu) 1.431 1.366 1.365 1.366 1.605 1.540 1.527 1.540
ASyo —0.065 —0.066 —0.065 —0.065 —0.079 —0.065
Rvo (A) 1.669 1.685 1.685 1.685 1.632 1.646 1.648 1.646
ARvo 0.015 0.015 0.015 0.013 0.016 0.013

aysis the symmetric nonbridgingO stretch mode anhsi2)is the asymmetric nonbridging**O stretch modev is the fundamental frequency,
equal to the square root of average frequency squares ef afid v, frequencies Z0). Syo is the average bond order of the nonbridging-@
bonds calculated from using eqgs 1 and 2AS,c is bond order difference relative to dianionic vanadat€0s?~, for WT, T410A and D356N and
relative to monoanionic vanadateyO,, for W354A, R409K, and D356ARo is the average bond order of the nonbridging-® bonds calculated
from v using eqgs 1 and 2ARyc is the bond order difference relative to dianionic vanadaté¢Qs?~, for WT, T410A, and D356N and relative to
monoanionic vanadate; VO,~, for W354A, R409K, and D356A.

Accurate structural information about bonding in vanadate nonbridging \*-O bonds using eqgs 1 and 2. The shift to
can be obtained from vibrational spectroscopy by using two lower frequency for the ¥-O bonds in the D356A PTPase-
types of empirical relationships. One is the bond length/bond bound vanadate translates to a somewhat lower bond order
strength correlatiord@, 43); the other is the bond strength/ and longer bond length for the three bonds. From eqs 1 and

vibrational frequency correlatior2(). 2, the two frequencies at 905 and 915 éryield an average
These two correlations are given by the equati@® ( frequency of 910 cm' and an average bond order and bond
length of 1.540 vu and 1.646 A, respectively. Compared with
S0 = (R,o/1.791)°* (1) the solution values, these parameters change ®{65 vu
and+0.013 A, respectively, upon binding. It is interesting
and to note that when the active site Arg409 is mutated to Lys,

the polarization of the nonbridgingO bonds is actually
increased somewhat compared with other PTPase variants

whereS,o andRyo are the bond order and bond length of a (see Table 2).

VO bo_nd, respectively, ana is the nonbridging WO DISCUSSION

stretching frequency. The appropriate frequency to be used

in eq 2 is the geometric mean of the observed nonbridging Previous studies on RNase suggested that the RNase
V-==0 stretchesy = [(vZ + 2v)/I3]¥? (vs is the symmetric uridine—vanadate complex may indeed be a true transition
stretch and’, the asymmetric stretch) when the Y@oiety state analogue. The Raman studies of this complex suggested
retains nominalCs, symmetry, or, when the symmetry of that there is a loss of 0.310.22 valence unit of the
the VO;2~ moiety is somewhat broken, like the vanadate in nonbridging P-O bonds in the transition state, based on
wild-type PTPase, {2 + v.2 + v5?)/3]¥2 to determine the  the bond order change of the nonbridging=D bonds in
average bond order and bond length of the three nonbridgingthe complex 15). Studies on the seconda®O isotope
V-=0 bonds. The absolute error in these relationships in effects in the RNase-catalyzed reaction suggested that the
determining bond lengths and bond orders from frequency total bond order of the nonbridging-PO bonds loses 0.13
measurements is estimated to be withi®.04 vu andt-0.004 0.20 valence unit in the transition statel). However, such

A for bond orders and bond lengths, respectiv@)(and quantitative agreement can be interpreted as a coincidence
more accurate for determining bond length and bond order because of limited available data.

Syo = [0.2912 In(21349/)] >* 2)

changes. To avoid any coincidence, a number of carefully chosen
The “fundamental” frequency of the dianionic vanadate PTPase variants with a wide range of catalytic efficiencies
solution model is calculated to be 869.3 dnfrom vs = have been used in the steady-state kinetic measurements to

870 cnt! andv, = 869 cnt?, which yields a bond order of  determine if a linear correlation between the binding affinity
1.430 vu and a bond length of 1.669 A for each of the three for vanadate K;) and the kea Or kea/Km exists. Such
nonbridging \»-O bonds using egs 1 and 2. The shift to correlation is expected on the basis of the transition state
lower frequency for the ¥-O bonds in the wild-type  binding paradigm. As a whole, our data show no indication
PTPase-bound vanadate translates to a somewhat lower bondf linear correlation (Figure 1). However, when the data point
order and longer bond length for the three bonds. From egsfrom D356A is excluded from the figure, a reasonable linear
1 and 2, the three frequencies at 807, 848, and 876'cm correlation is observed. Since the transition state properties
yield an average frequency of 848 thand an average bond are the same for both D356A and D35625(26, 41), there
order and bond length of 1.366 vu and 1.685 A, respectively. is no obvious reason to exclude this point. Thus, our results
Compared with the solution values, they changeiy065 suggest that PTPas@anadate is unlikely a true transition

vu and+0.015 A, respectively (Table 2). state analogue beyond the geometry similarity.
The fundamental frequency of the monoanionic vanadate Our Raman studies on the PTPas@anadate complexes
solution model is calculated to be 933.5 ¢nfrom vs = also support this conclusion. On the basis of the transition

945 cm! andv, = 922 cn'?, which yields a bond order of  state binding paradigm, we argue that if vanadate moiety in
1.605 vu and a bond length of 1.632 A for each of the two this enzyme is a true transition state analogue, the nonbridg-
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ing V=0 bond order change upon vanadate binding to this the interactions between vanadate and PTPase has been
series of PTPase variants should reflect the@’bond order derived from our studies of this complex. For example, the
change of the substrate in a specific structure along theionic state of the bound vanadate in various mutants is
reaction coordinate toward the transition state. Where this determined. In the wild-type PTPase, th& pf the —VOz?~
structure is located along the reaction path in the free energygroup is apparently reduced by at least 3 pH units, from about
diagram can be determined by using the kinetic parameterspH 8.5 in solution to below pH 5.5. This is also true for
and vanadate binding constant. For a perfect transition stateT410A. In some of the mutants such as D356A, R409K, and
analogue, the logarithm of the ratio of Ki(anadate)]/ W354A, the X, of bound vanadate does not change from
[1/K(substrate)] should be equal to the logarithm of the rate the solution value so that the bound vanadate in those mutants
enhancement in the PTPase-catalyzed reaction. For a nonnear neutral pH remains monoanionic. In D356N, tlkg p
perfect transition state analogue, the ratio of these two valuesof the bound vanadate is decreased by about 2 pH units
will indicate where the analogue is along the reaction compared to the vanadate in solution. The bond order and
pathway. This ratio was calculated for each PTPase variantbond length of the nonbridging*O bonds in the complex
and is listed in Table 1. According to this value, for wild- can be determined quantitatively from their Raman measure-
type PTPase, the vanadate complex would be an analoguanents. Since the %O bond order is a direct reflection of
of a state 34% on the way along the reaction path toward the hydrogen-bonding strength on the-\D bond, we can
the transition state at pH 7.5, if it is a transition state also conclude that the hydrogen-bonding strength on the
analogue. For other PTPase variants under various conditionsponbridging V-0 bonds of the vanadate moiety is not
the vanadate complexes would be from 23% to 45% of the affected by D356N and T410A mutations at pH 7.5, and the
way. Since previous studies have shown that the nature ofhydrogen-bonding strength on the remaining two nonbridging
the transition state in all PTPase variants is the saéde ( V=0 bonds does not change much when the vanadate
27), we expect that the nonbridging-%¥O bond order moiety is changed from dianionic to monoanionic in D356N.
changes in these vanadate complexes would be correlatedrurthermore, since th&; values range from 0.24M in
with these numbers. However, it is clear from Table 1 that T410A to 1.23 uM in wild-type PTPase for dianionic
no such correlation exists since the nonbridging-® bond vanadate and from 0.44M to 204uM in monoanionic form,
order changes are the same for all PTPase variants. Inand since the interactions of the nonbridging=® bonds
addition, if the PTPasevanadate complex were a true do not vary much among wild-type and mutant PTPases,
transition state analogue in the sense that the nonbridgingthe large difference in the binding affinity of vanadate must
V--0 bonds in the complex undergo changes similar to that be due to the differences of the\& bond and the interaction
of the nonbridging P-O bonds in the transition state of the of V—OH bridging bonds with the enzyme.
PTPase-catalyzed reaction, our results would indicatgan S Our Raman studies also show that the active site of the
like transition state, with a small associative character. Such PTPase is capable of polarizing the nonbridgirg® bonds,
prediction is not consistent with the results from previous no matter whether the vanadate moiety is dianionic or
studies of several types of PTPases on both phosphorylatiormonoanionic. The X-ray crystallographic studies show that
and dephosphorylation steps, indicating a dissociative transi-the polarization of the nonbridgingO bonds is apparently
tion state {2, 24—27, 30, 38, 41). In this case, the apical facilitated by the backbone-NH groups, the side chain NHs
bonds of the bound pentacoordinated #Ofragment are of Arg409, and active site water molecules. It is often
close to zero should vanadate bind to PTPase with a structureobserved that the same type of hydrogen bonding is stronger
close to that of the transition state. Hence, it is expected thatin the hydrophobic environment than in the hydrophilic
the sum of the apical bonds of bound vanadate is substantiallyenvironment 45, 46). This and other observations had lead
lower than the HG-VO3s?~ bond of vanadate in solution. to the proposal that the coordination of the active site
According to the valance bond paradigm used in the analysispositively charged residues with nonbridging=® bonds
here for relating bond orders (and lengths) to vibrational of the phosphate compounds could be stronger than that in
frequencies, the sum of the bond order about the metal atomaqueous solution in phosphoryl transfer enzyme, so that a
remains constant (equal to 5 for vanadium). Hence, the transition state with more associative character would be
finding that the total bond order of the nonbridging=\D favored in the enzyme compared to the solution reaction (for
bondsdecreaseby 0.195 vu (three times 0.065) for the wild-  a brief discussion and references, see4®f Our results
type protein (Table 2) when vanadate binds to the protein show quantitatively that the enzyme active site is capable
means that the sum of the bond order in the apical bondsof rendering stronger hydrogen bonding to the nonbridging
increasesby the same amount, completely contrary to the P--O bonds as indicated by the 0.066 vu bond order decrease
putative dissociative transition state structure. It is also of the V=-O bonds in the PTPasevanadate complex.
contrary to the idea of a transition state mimic for its However, this is not happening in the transition state since
ionization state to change for the wild-type proteins and it has been well established that the PTPase-catalyzed
mutants assuming, reasonably, that the structure of thephosphoryl transfer reaction is dissociative; thus the coor-
transition state remains the same for the various proteins (i.e. dination to the nonbridging-PO bonds is weakened in the
dissociative, §2, or associative-like). Hence, the finding that transition state. Apparently, further studies are in order to
the bound vanadate moiety is dianionic for wild-type PTPase solve this puzzle.
and the T410A and D356N mutants, while monoanionic for
the W354A, R409K, and D356A proteins, strongly argues REFERENCES
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