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ABSTRACT. Electrostatic interactions play important roles in the catalysis of chorismate to prephenate by
chorismate mutase. Mutation of GIn88 to glutamate in the monofunctional chorismate mutase from
Escherichia coliresults in an enzyme with a pH profile of activity significantly different from that of the
wild type protein. To investigate whether the mutation alters the substrate binding process or the catalysis,
we have directly determined the thermodynamic parameters of a transition state analogue inhibitor binding
to the wild-type chorismate mutase and its Q88E mutant using isothermal titration calorimetry. The results
demonstrate that solvent reorganization and hydrophobic interactions contribute the predominant free energy
to inhibitor binding. The charge state of Glu88 in the Q88E mutant was experimentally determined and
was shown to be protonated at pH 4.5 and ionized at pH 7.8, consistent with earlier hypotheses. Most
surprisingly, inhibitor binding energetics do not exhibit significant pH dependency for both enzymes.
Our findings indicate that the charge state of Glu88 has a small impact on inhibitor binding but plays an
important role in the catalytic process.

Chorismate mutase (CMgatalyzes the Claisen rearrange- analysis has recently been obtained for chorismate mutases
ment of chorismate to prephenate, which represents the firstfrom three different species [see the review by Lee et al.
committed step in the biosynthesis of aromatic amino acids (4)]. Active site comparisons between WT and ScCM reveal
in bacteria, fungi, and higher plant4)( Despite sharing that GIn88 in WT is replaced by Glu246 in ScCM. To
the same enzymatic function, CMs from different species maintain the same total charge at the active site, the
demonstrate distinct characteristics. For example, CM from carboxylate group of Glu246 in ScCM is inferred to be
Saccharomyces cefisiae (SCCM) exhibits maximum activ-  protonated in the active enzyme, and this substitution at the
ity at pH 5.5 but virtually no activity at pH 7.8, whereas the active site has been proposed to account for the different
monofunctional CM fromEscherichia coli(WT) displays ~ PH profiles for these two enzymeS)( On the basis of the
similar activities at both acidic and neutral pi2, (3). structural information, mutagenesis studies of the active site
Structural information based on X-ray crystallographic residues have shown that electrostatic and polar interactions

play important roles in catalysi8,(6—8). Consistent with
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Isothermal titration calorimetry (ITC) can be used to £ | ]
measure the proton exchange between the binding Complex§
and the buffer upon inhibitor associatidil(12). To address
the role of the protonation state of Glu88 in the catalytic B —
mechanism of CM, we performed an ITC study on the 0 1 2 3 4 5 6 7
binding of a transition state analogue inhibitor (TSI) (Chart Molar Ratio

1) (13) to WT and to its Q88E mutant. By comparing the Ficure 1: Isothermal calorimetric titration of TSI binding to WT
proton exchange for inhibitor binding to WT versus that for at pH 7.8 and 30.0C. (Top) Measured heats of injection. Each
the Q88E mutant, we were able to determine the charge statd?eak represents the injection of:8 of TSI into a solution of WT.

. . The concentrations of WT and TSI were 43/ and 2.5 mM,
of Glugg in the mutant enzyme. Moreover, thermodynamic respectively, in 20 mM HEPES and 0.1 M NaCl at pH 7.8. (Bottom)

data from different pHs allowed us to characterize the cCajorimetry binding enthalpy vs molar ratio of TSI to WT for each
different energetic effects of the protonated and ionized statesinjection. The heats were determined by integration of the injection

of the Glu88 carboxylate group on inhibitor binding. peak and subtraction of the mixing heat. The solid line represents
the best nonlinear least-squares fit. The obtained thermodynamic
EXPERIMENTAL PROCEDURES parameters for this association process were as follotd: =

—3_.7 + 0.1 kcal/mol andKy = 3.4 £ 0.5 uM, with a binding
WT and the Q88E mutant were purified from pJS47 and stoichiometry of 1.1 0.1 (TSI:WT enzyme). The error of each
pSZ30 as reported previous, (L4). Protein concentrations ~ Parameter represents the error of fitting.

were determined by the Bradford method using bovine serum T
albumin as the standard. [ ]
Microcalorimetry experiments were carried out in the 1S ]

appropriate buffer at 20 mM containing 0.1 M NaCl at either
pH 7.8 or 4.5. The protein samples were prepared by dialysis
agains 2 L of thedesired buffer solution overnight at°C.
Final enzyme concentrations were in the range of 37
uM. The transition state analogue inhibitor was dissolved
in buffer to a concentration of either 1.4 or 2.5 mM. The
titration calorimetry experiments were carried out with an
OMEGA titration microcalorimeter from MicroCal, Incl19).

The data were analyzed using the program ORIGIN (Mi- A
croCal, Inc.) incorporating equations for multiple independent T T N T
binding sites 16). In all cases, the fitted number of binding 24 26 28 30 32 34 36 38
sites is consistent with a stoichiometric binding, ranging from Temperature (°C)

0.85t0 1.1.

2 [ ]
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Ficure 2: Temperature dependence of binding enthalpy. The open
and closed circles represent the binding enthalpies of- W31 at
pH 7.8 and Q88ETSI at pH 4.5, respectively. Over a narrow

. T . temperature range, the temperature dependenc&tbfcan be
Thermodynamics of TSI Bindingrigure 1 shows atypical  gescribed byAH = AH, + AC,(T — T,), whereAH, is the binding

ITC profile where each peak represents the injection of 8 enthalpy at an arbitrary reference temperatty@nd AC, is the

uL of 2.5 mM TSl into a 43.1uM WT solution ina 1.4 mL heat capacity change of binding. TAE, values determined from
calorimeter cell. At pH 7.8 and 3tC, the binding of TSI the slopes of theJinear fits were88 cal mott K~1 for WT and

to WT in HEPES buffer is characterized byAH of —3.7 —181 cal mot K™ for QB8E.

+ 0.1 kcal/mol and &, of 3.4+ 0.5uM. The temperature  dependence, Q88E exhibits an equilibrium dissociation
dependence of the thermodynamic parameters was detereonstant at least 3-fold greater than that of WT at all
mined by carrying out ITC measurements at different temperatures. Thermodynamic binding parameters deter-
temperatures (Figure 2). This analysis ga&\@, values of mined at pH 4.5 and 7.8 for both enzymes are summarized
—88 and—181 cal mof* K~ for WT and Q88E, respec- in Table 1. At both pHs, TSI binds to Q88E more weakly
tively. The results allowed us to plot the temperature profile than to WT. In terms oAG, the mutation destabilizes the
of the dissociation constants for inhibitor binding for the two binding complex by 0.4 kcal/mol at pH 4.5 and by 1.0 kcal/
enzymes (Figure 3). With a more profound temperature mol at pH 7.8. The destabilization is the result of an enthalpy

RESULTS
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Ficure 3: Temperature dependence of the equilibrium dissociation
constant. On the basis of the data in Figure 2,Khealues were
calculated as functions of temperature for TSI binding to WT at
pH 7.8 (solid line) and for Q88E at pH 4.5 (broken line).

Table 1: Thermodynamic Parameters for TSI Binding to WT and
Its Q88E Mutant at 23C?

Ka(x10* Kg AH ~TAS AG AC, (cal
protein M1  (uM) (kcal/mol) (kcal/mol) (kcal/mol) mol~1 K1)
pH 7.8

WT 35+ 2 28 —3.2+01 —-44 —-76 —88+35
Q88E 7.2+1.4 139 -08+0.3 -538 —-6.6 nd
pH 4.5
WT 22+7 45 —-26+01 —4.7 -7.3 nd
Q88E 11+2 9.1 -14401 -55 —-6.9 —181+76

aThe buffers were 20 mM HEPES and 0.1 NaCl at pH 7.8 and 20
mM sodium acetate and 0.1 M NacCl at pH 42®d, not determined.
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Ficure 4: Differences in thermodynamic parameters for TSI
binding to Q88E and WT at 28C. The data were calculated using
the calorimetry results in Table 1.

less favorable by 1:22.4 kcal/mol that compensates for a
slightly favorable entropy (Table 1 and Figure 4). Since
formation of a hydrogen bond in water usually haAH of
—2.4 kcal/mol and aAG of —0.5 to —1.5 kcal/mol (7—

19), in the absence of a mutation-induced conformational
change 8, 8), the energetic difference between WT and the

Lee et al.

Table 2: Proton Exchange and the Buffer-Independent Inhibitor
Binding Energetics at 25C?

protein Kg (uM) AHyinding (kcal/mol) An
pH 7.8
WT 2.8 —-3.8+0.2 0.2+ 0.1
Q88E 13.9 —2.0+04 0.1+ 0.1
pH 4.5
WT 4.5 —2.2+0.3 —3.0£0.2
Q88E 9.1 —-13+04 -1.8+0.3

@ AHpinging @and An were the buffer-independent parameters defined
ineq 1.

reorganization have a positive enthalpy and a favorable
entropy @0, 21). Since the configurational entropy change
of the rigid inhibitor should be small, the favorable entropy
of inhibitor binding mainly results from the burial of nonpolar
groups in the active site and the concomitant release of
ordered water molecules due to solvent reorganization. In
conclusion, the calorimetry results indicate that, despite the
important role of the electrostatic and hydrogen bonding
interactions in catalysis3( 8, 22), solvent reorganization and
hydrophobic interactions are the major driving forces for
inhibitor binding. For Q88E, the small contribution of polar
interactions to the overall binding energy may explain why
TSI binding is insensitive to the charge state of Glu88.

Another interesting finding of the calorimetry data is that
the bindings of TSI to both enzymes are relatively insensitive
to pH. Between pH 4.5 and 7.8G varies by only 0.3 kcal/
mol. While WT displays similar properties of inhibitor
binding and enzymatic activity at acidic and neutral pHs,
Q88E exhibits a significant pH dependency for substrate
catalysis in this pH range, in sharp contrast to the pH-
independent inhibitor binding.

Proton Exchange and the Charge State of Glu88 in Q88E
Upon inhibitor binding, ionizable groups in the reactants
could undergo K, changes. At an appropriate pH, &
change will result in proton transfer between the ionizable
group and buffer molecule. Consequently, the binding
enthalpy measured by a single ITC experiment is dependent
on the ionization enthalpy of the buffe®,(10, 23). The
calorimetrically measured enthalpyHrc, can be described

by

AHITC = AHbinding+ AnAHion (1)
whereAn is the number of protons transferred upon inhibitor
binding, AHion represents the ionization enthalpy of buffer,
andAHyinging IS the buffer-independent binding enthalpy. For
the association of TSI with WT and Q88BHyinging Was
determined by measuringgH;rc for a spectrum of buffers
with different ionization enthalpies (Figure 5 and Table 2).
At pH 7.8 and 25°C, neither enzyme undergoes any
significant proton transfer upon TSI binding. Sinda
represents the change in charge states of ionizable groups
upon inhibitor binding, the difference between thie values

mutant complexes at pH 7.8 corresponds to the loss of for WT and Q88E may result from either the different charge

approximately one hydrogen bond.

As shown in Table 1, the entropy term constitutes-58
88% of the favorable binding free energy in all cases. At
25 °C, the formation of polar interactions has a favorable

states of TSI in the two complexes or the different alterations
in the charge states of GIn88 in WT and GIu88 in Q88E
upon TSI association.

First, TSI contains two carboxylate groups that can

(negative) enthalpy and an unfavorable entropy, while the undergo K, changes that are concomitant with binding to

burial of nonpolar groups and the concomitant solvent

the enzyme. In the crystal structure, these carboxylate
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4 5 6 7 8 9 10 11 12 the binding complex and transferred to buffer. To release a
T proton at pH 4.5, an ionizable group on the reactants must
i 1 have a lower K, in the buried complex. The difference
or 1 between the\n values indicates that there is approximately
one less proton transferred to the buffer for the binding of
TSI to Q88E than for binding to WT. Sinc&An corre-
sponds to the change in the charge state of Glu88 in Q88E,
1 these data indicate that th&of Glu88 increases upon TSI
2r 1 binding, resulting in an uptake of a proton that offsets the

[ protons released from common ionizable groups between the
ey ] two sets of reactants.

DISCUSSION

g ] Titration of active site residues has long been used to
05 L ] establish the pH dependence of enzyme activity. The
. ] determination of whether the substrate binding or catalysis
: step is affected by the titration requires detailed mechanistic
05| ] studies. A previous kinetic study of the bifunctional T-

. ] protein fromE. coli at different pHs attempted to identify
T } B titrated active site residue®4). Alternatively, ITC provides
45k ] a direct measurement of inhibitor binding energetics and

protonation state changes, and it can be used to obtain
2F ] information about the inhibition mechanism. Comparison
25 F ] of the wild type and mutant enzymes can thus reveal

; ] differences in the energetics of inhibitor binding and in the
active site charge states.

AHITC (kcal/mol)

P T IS RSNV VAT S TN NN S ST N TR SR TR N S T

! 08 06 04 02 0 02 In this study, the binding of TSI to WT and Q88E was
AH, , (kcal/mol) measured using ITC at pH 4.5 and 7.8. Almost no proton

FIGURES: Calorimetrically measured binding enthalpy in different transfer was observed upon inhibitor binding to either
buffers. The open and closed circles represent the data for WT andenzyme at pH 7.8. Since Glu88 in the Q88E mutant should
QB88E, respectivelyAHq, is the ionization enthalpy of buffer: (top)  pe ionized in the uninhibited enzyme, the calorimetry data
experiments performed at pH 7.8 and 2& and (bottom)  jngicate that Glu88 maintains its negatively charged state in
experiments performed at pH 4.5 and Z5 The buffers (sodium he inhibitor-b d | f
salt) and their ionization enthalpies (in kilocalories per mole) at 25 the inhibitor-bound complex. At pH 4.5, 1.2 fewer protons
°C are as follows: HEPES (pH 7.8), 5.0; bicine, 6.5; imidazole, were released from Q88E than from WT, suggesting that
8.7, TRIS, 11.4; acetate (pH 4.5), 0.12; succinat@,31; and citrate, Glu88 in Q88E exhibits an increase iKpupon TSI binding
aot-85-_Th§_A';|ri]qn ;/e;)luest of SUCgitT:C aCi(fj ?I*?d gitg‘c acid were _and gains a proton to become fully protonated in the binding
geteinedin (ot a7 s of oy e e 5K Compiy. St he mutant oo s acive a p 4.5 ang
munication) and from re27. Using eq 1, we were able to determine  inactive at pH 7.8, our results show that a protonated Glug8
the buffer-independent binding enthalpy and the number of is required for the enzyme activity, consistent with the earlier
transferred protons (Table 2). structural and enzymatic studies, 6, 8, 22).

) ) In contrast to the pH dependence of enzyme activity, the
oxygens are 5.3 and 5.4 A from the side chain of GIn88. A thermodynamic parameterd®, AH, andAS) for inhibitor
model of Q88E suggests that the side chain of Glu88 can bepjnding to Q88E as well as to WT show little dependence
accommodated in a location similar to that of GIn88 in WT on pH." Since the inhibitor used in these studies has a charge
(8). Consequently, the charge state of the carboxylate groupsstate similar to that of the natural substrate (chorismate), our
in TSI should be the same when the inhibitor binds to WT results suggest that substrate binding should not vary
and Q88E. Second, GIn88 in WT is not able to contribute sjgnificantly with pH. This conclusion is at first glance not
to An at either pH 7.8 or 4.5, with or without anKpchange.  consistent with the previous kinetic resul8 §) where the
Taken togetherAAn, the difference inAn between Q88E K of Q88E is strongly dependent on pH. As noted in those
and WT, must correspond to the change in the charge statestydies, the mutant enzyme could not be saturated by the
of Glug8 in Q88E. As shown in Table 2, there is no sypstrate at pH 7.8, indicating a significant increasin
difference, within experimental error, between thevalues from pH 4.5. The findings thak for TSI is independent
of WT and Q88E at pH 7.8. The charge state of Glu88 in of pH but Ky, for chorismate is pH-dependent may be

the Q88E mutant apparently does not change upon TSlynderstood using the standard Michaeligenten mechanism
association. Although the active site is buried inside the gepicted in eq 2.

protein, Glu88 is still accessible to the solvent, suggesting
that Glu88 in both the bound and unbound forms of Q88E
is deprotonated at pH 7.8.

At pH 4.5 and 25C, where WT and Q88E exhibit similar
enzymatic activities, the\n values for WT and Q88E are  where
—3.0 and —1.8, respectively. The negative sign o
indicates that upon TSI binding, protons are released from K = Koa/ky + Keafky 3)

k1 kcat
E+S=[ES]—~E+P )
—1
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From the MichaelisMenten formalism, it is obvious that
Km will not in general be equivalent thy (k-1/k;). Since

the Kq for TSI binding is pH-independent, we can assume
that theKy for substrate binding is as well. Therefore, one
can deduce that the pH dependenceKaf for Q88E is
determined by the second term4k;). It follows that
fluctuations ink; as a function of pH must be accompanied
by corresponding changes lin; for K4 to remain constant.

It is interesting to note that for Q88K is much higher at
pH 7.8 than at pH 4.5, whil&., has a lower value at pH
7.8. According to eq %; should have an even more drastic
decrease at higher pH. This type of pH dependendy of

not uncommon. Long-range electrostatic interactions can
accelerate association by a factor of up té-fiddd in the
barstar-barnase complex for exampl25). The invariance

of Kyq with pH suggests that net electrostatic interactions
leading to TSI binding are largely unaffected at pH 4.5 and
7.8. Consistent with this conclusion, the enthalpy and
entropy values for TSI association indicate that, for Q88E,
the release of ordered water molecules from the active site

Lee et al.

only possible candidate. There are no other side chains of
aspartate, glutamate, or histidine involved in inhibitor bind-
ing. Therefore, under the assumption that there is no
inhibitor-induced structural change in the enzyme, the
calorimetry results suggest that the two carboxylates in TSI
and Glu52 in WT are protonated at pH 4.5 in their unliganded
state and become ionized in the enzynrehibitor complex.
Consistent with this, the crystal structure shows that the
carboxylate group of Glu52 forms a hydrogen bond with the
C4 hydroxyl group of TSI 26), suggesting that Glu52 is
charged. Enzymes with mutations of Glu52 to alanine and
glutamine exhibit reduced but significant activity at pH 7.5,
arguing against an important role of the charge state of Glu52
in catalysis 8). Whether the negative charge of Glu52 has
impact on substrate and inhibitor binding awaits further
investigation.

CONCLUSIONS

By monitoring the effect of proton transfer on inhibitor
binding, we have shown that GIlu88 in Q88E exhibits

and the hydrophobic interactions between the reactants arejiterent charge states at pH 4.5 and 7.8. Although crystal-

the driving force of binding, thus explaining why inhibitor
binding is insensitive to the charge state of Glu88.

lographic data reveal the role of electrostatic interactions in
orienting TSI within the active site, thermodynamic param-

We conclude that the low activity of Q88E at pH 7.8 IS eters for TSI association indicate that solvent reorganization

not due to a reduced affinity of the substrate, and a protonated, 4 hydrophobic interactions are the major driving forces

Glugs in QB8E is essential for catalysis, further confirming o innipitor binding. In addition, the calorimetry results

the hypothesis that GIn88 in WT and GIu88 in Q88E act as gggest that the protonation state of Glug8 is unimportant

hydrogen bond donors in the catalytic mechanism of cho- to gypstrate binding. In the absence of a mutation-induced

rismate mutase3( 6, 8, 22). _ conformational change3( 8), the energetic difference
We also examined the origin of the unfavorable influence petween the more stable FSVT complex and its TSt

of the Q88E mutation on ligand binding energetics at pH Q88E congener at pH 7.8 corresponds to the loss of

7.8 (Table 2). Barring any mutation-induced structural ap5r0ximately one hydrogen bond. These observations may
change in the enzyme, which seems unlikely since WT and pave an impact on designing a novel series of potent

Q88E have superimposable circular dichroism spe@ja (
the energetic difference between WT and Q88E represents
a localized effect of the mutation on inhibitor binding. At
pH 7.8, theAG andAH of TSI binding to Q88E are 1.0 and
2.4 kcal/mol, respectively, less favorable than those for
binding to WT. The unfavorable enthalpy change is offse
by a more favorablé\S of 1.4 kcal/mol. We have shown
that Glu88 is deprotonated in Q88E at pH 7.8, and GIn88 in
WT forms a hydrogen bond with O7 in TS2€). Thus, the
measured\AG of 1.0 kcal/mol is an estimate of either the
energetics of the added negative charge or the loss of a
hydrogen bond at the inhibitor binding site and is consistent
with the reportedAG values of breaking a hydrogen bond

in water (0.5-1.5 kcal/mol) (7—19).

Finally, we analyzed the known crystal structure of the
TSI-WT complex for possible groups that are responsible
for the observed release of three protons upon TSI binding
at pH 4.5. To release a proton, the involved ionizable groups
should exhibit decreases iKpfrom a value of>4.5 prior
to inhibitor binding to a value o0fk4.5 after the formation
of the complex. In this pH range, the potential candidates
are the two carboxylate groups of TSI, as well as the side

chains of aspartic acid, glutamic acid, and histidine residues 19,
in the enzyme. Because there are three protons released, at

least one ionizable group should be located in the enzyme.
In the absence of an inhibitor-induced structural change in
the protein, these residues are most likely located in the active
site. Inspection of three-dimensional structure of the-\WT
TSI complex £6) reveals that the side chain of Glu52 is the

inhibitors.

12.
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