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ABSTRACT. The pH-rate profiles for the kinetic parameters of 4-oxalocrotonate tautomerase (4-OT) have
been measured using 2-hydroxy-2,4-hexadiendi@a)eand 2-hydroxy-2,4-pentadienoabf as substrates.

The pH dependences of lo84/Km) and of logkea: for the slow, nonsticky substra@h, which lacks a
6-carboxyl group, were bell-shaped with limiting slopes of unity on both sides of the pH optimum. For
2b, pKa values of 6.2+ 0.3 and 9.0+ 0.3 for the free enzyme Kx) and 7.7+ 0.3 and 8.5+ 0.3 for the

ES complex (Kes) were obtained. Thelx of 6.2 £+ 0.3 for 2b represents a truelp for a basic group

on the enzyme and is most likely Pro-1 on the basis of inhibition studies with the substrate-based affinity
label 3-bromopyruvate (3-BP) [Stivees al. (1996)Biochemistry 35803—-813]. Accordingly,'>N NMR
titration of the uniformly!*N-labeled enzyme showed that thié mf the amino group of Pro-1 is 64

0.2, in reasonable agreement with those found by the effect of pk.@i, for 2b (6.2 £+ 0.3) and on
kinac/K| for 3-BP (6.7+ 0.3), but three units lower than th&pof the model compound proline amide
(pKa = 9.4+ 0.2). The X, values for the two histidine residues of 4-OT, which were measurediby
NMR (His-6, Ka = 5; His-49, i<, = 5.2+ 0.2), are at least oneKpunit lower than the lg, excluding

these residues as candidates for the general base. A plot okd@l{) vs pH for the 16-fold more
reactive, but sticky substraga [(KealKm)™>* = 3.9 x 10° M~1 s71] shows a limiting slope of two on the
ascending limb indicating the ionization of two essential groups on the free enzyme and/or substrate.
One of these groups, with &pvalue of 5.4, is reasonably assigned to the 6-carboxylate moie?a of
(pKCOCH = 5.4). This assignment is supported by the slope of unity for the ascending limb di.lég (

Km) versus pH for2b which lacks this group. Thus a negative charge at the 6-position is important for
substrate binding and catalysis. The other grolu{p= 5.2) most likely represents a perturbdg,gor

the general base Pro-1Kg'¢ = 6.4). The descending limb of log./Km vs pH for 2a has a slope of

unity and was fit to a singleus; = 10.34+ 0.2. The pH dependence kf;: for 2a gives K, values for

the ES complex (Keg) of 6.5 and 9.6. On the basis of these results, an isomerization mechanism involving
general-base catalysis by a loW4proline-1 and electrophilic catalysis by an as yet unidentified enzymic
general-acid (2 = 9.0) is proposed.

An intriguing problem in enzymology is the mechanism Scheme 1
used by enzymes to accelerate proton abstraction from o
carbon. Model studies in agueous solution (Hand & Jencks, B: H /<
1975; Hegarty & Jencks, 1975; Albery, 1982) as well as
studies of enzymes (Xuet al, 1990) have shown that
enolization of a carbonyl-activated carbon acid can occur A straightforward approach to the study of the pH
by a concerted general acithase catalyzed mechanism dependence of the 4-oxalocrotonate tautomerase (4-OT)
(Scheme 1). -catalyzed isomerization ofi-keto acids (Scheme 2) is

It is clear from Scheme 1 that theKp values for the complicated by three observations. First, the preferred
general base (B) and general acid (HA) are key unknowns substratela as well as the slower substrai® cannot be
in unraveling the thermodynamic as well as the kinetic isolated. They can only be detected in rapid equilibrium

barriers involved in catalysis. Hence a detailed study of the with their respective stable dienol2a and 2b. Hence,
pH dependence of catalysis is required. kinetic studies of 4-OT have been carried out using the dienol
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intermediates (Whitmaret al, 1991; Lian & Whitman,
1993), which raise the question of whether th&, palues

Biochemistry, Vol. 35, No. 3, 199815

described elsewhere (Whitmahal, 1991; Lian & Whitman,
1993). Biochemicals and buffers were obtained from Sigma
Chemical Co. 4-Oxalocrotonate tautomerase was purified
to homogeneity as described in the preceding paper (Stivers
et al, 1996). Kinetic data were obtained on a Hewlett
Packard 8452A Diode Array spectrophotometer at°€8
The reported values of pH were determined using a Corning
pH meter (model 24) equipped with a Corning semimicro
combination electrode and calibrated with Fisher standard
buffer solutions. Concentrations of 4-OT were determined
by the method of Waddell (1956) and are reported with
respect to the monomeric mass (6811).

of the groups involved in the mechanism can be determined pH Titration of2a. A quantity of2a(113.9 mg), obtained

in pH studies using an intermediate in the reaction. In

in the fully protonated form (Whitmaet al, 1991), was

addition, the kinetic parameters for the preferred substrates,jissolved in methanol (15 mL) and diluted with 25 mL of

la and?2a, suggest that these substrates are “stiékyFor

H,O. The pH of the solution was 2.77. The titration was

such sticky substrates, the pH dependences of the kineticcarried out by adding 10L quantities of a 0.1057 N NaOH
parameters are not adequately described by simple ionizationso|ytion and recording the pH meter reading. In the reverse

curves, and the appareritpvalues may differ significantly
from the true K, determined with a nonsticky substraseich
as2b (Schmidt & Westheimer, 1971; Renard & Fersht, 1973;
Cleland, 1977). Finally2ahas two carboxylate groups, one
of which ionizes in the pH range under study, further
complicating the analysis.

direction, 50uL quantities of a 0.2012 N solution of HCI
were added, and the pH meter reading was recorded. The
NaOH solution was standardized against potassium hydrogen
phthalate, and the HCI solution was standardized using the
NaOH solution (Skoog & West, 1975). Th&pvalues were
determined from the titration curve and were comparable in

In this study, we have resolved the above problems in the photh directions.

following way. Previous kinetic studies have shown that
the intermediat®a (Scheme 2) equilibrates rapidly witla
before it is slowly converted t8a in both the enzymatic
and nonenzymatic reactions (Whitmahal, 1991). This
finding indicates thathe major rate-determining steps in
the conersion of la — 3a and 2a — 3a are the same
Entirely equivalent results were obtained with the intermedi-
ate 2b (Lian & Whitman, 1993). It may therefore be
concluded that, with 4-OT, pH-rate studies using the dienol
intermediate will detect i, values of groups involved in

pH Dependence of 4-OT UsirRp. The dependence of
the rate of ketonization a?a to 3a on pH was determined
in 20 mM phosphate buffer, pH 48.1.5. Higher buffer
concentrations and other buffers significantly accelerate the
nonenzymatic ketonization @ato 3aand preclude accurate
measurements of enzymatic rates (Whitneaal, 1991). A
portion of enzyme was removed from storage buffer, diluted
into the buffer under study, and allowed to incubate for 2 h.
In a second experiment, which gave the same results, the
enzyme was diluted and incubated in storage buffer for 2 h

the overall isomerization of substrate to product. To ensure (whjtman et al, 1991). Subsequently, an aliquot was

that true (K, values for the free enzyme were determined,
we have utilized the nonsticky substr&e which does not
ionize in the pH range under study.

The results obtained in this work show that the tri p

removed and added to a cuvette containing 1 mL of buffer
at the desired pH value. The final concentration of enzyme
was 9.5 nM. The reaction was initiated by the addition of
a quantity of2a (final concentration 0.0651.16 mM) from

value of the essential basic residue on the free enzyme,3 65 mM stock solution made up in ethanol. The final

determined from the pH dependence of 4-OT-catalyzed
isomerization ofb, agrees with both the directly measured
pKa of Pro-1 by N NMR titration and the K, for
inactivation of the free enzyme by bromopyruvate. These
findings provide further strong evidence in support of the
previous conclusion, based on affinity labeling studies, that
Pro-1 is the general-base catalyst (Stivetral,, 1996). The
kinetic data also suggest a role for an electrophilic catalyst.
A preliminary abstract of this work has been published
(Stiverset al, 1995b).

MATERIALS AND METHODS

Materials and General Methods All chemicals and
solvents were purchased from Aldrich Chemical Co. with
the following exceptions. The syntheses2af and 2b are

2Using the terminology of Cleland (1977), a sticky or Briggs

concentration of ethanol in each reaction mixture did not
exceed 2.5% (v/v). No significant inhibition of activity is
observed at these concentrations. The cuvettes were mixed
by inversion, and the rate of formation 8k was monitored
at 236 nm (Whitmanet al, 1991). Initial rates were
determined from plots of absorbance vs time at 236 nm at
each pH value as described elsewhere (Whiteta, 1991).
The pH values of reaction mixtures were checked before and
after reaction. The pH dependences of the kinetic parameters
were fitted to eqs 6 and 7 (see Results) by nonlinear
regression analysis with Grafit (Erithacus Software Ltd.,
Staines, U.K.).

pH Dependence of 4-OT UsirZh. The dependence of
the rate of ketonization d2b to 3b on pH was determined
in 20 mM phosphate buffer, pH 5.3 as described above
with the following modifications. The final concentration
of enzyme in each cuvette was 660 nM. The rate of

Haldane substrate has a rate of dissociation from the ES complex thatformation of3b was monitored at 232 nne & 5.99 x 10°

is comparable to, or less than, the forward rate of its conversion to
product. Accordingly, for a nonsticky or Michaetid/enten substrate,
the rate of its dissociation from the ES complex is fast compared to
the forward conversion rate. The terms sticky and nonsticky may also
be used to describe protons involved in catalysis.

M~ cm™Y), and initial rates were determined from plots of
absorbance vs time at 232 nm at each pH value. The
procedure used to generalb results in a mixture oRb

and 3b which is dissolved in ethanol (Lian & Whitman,
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Table 1: Summary of the pH Dependence of Kinetic and Inactivation Parameters fot 4-OT

substrate or (kcat)ma)< (kinacl)ma>< (kca{KM)ma>< (kina(:{KI)ma><

inactivator (Sil) (Sfl) (M -1 Sfl) (M71 Sfl) pKHZE pKHE pKHZES pKHES pKHZEI
2a 1.10+ 0.07 x 10° 3.9+ 02x 1¢° 524+0.2° 103+ 0.2 65+0.2 9.6+0.2
2b 0.40+0.02 355+ 30 6.2+ 0.3 9.0+£0.3 7.7£0.2 85+0.3
3-bromopyruvate 0.06+ 0.02 14+3 6.7£0.3 NI¥ 53+04

a2 These rate constants were obtained af@0dn 20 mM sodium phosphate buffer, pH 7.3. The rate constants are reported with respect to the
concentration of 4-OT monomer as determined by the method of Waddell (1956). The previously reported kinetic paran2et@fghitman et
al., 1991) differ significantly from the values reported here because the prekiguslues were normalized to tetramer concentration using a
protein assay standardized against bovine serum albdniime K, values for this substrate are apparent values (Cleland, 1977; se€ fExtse
results are from Stiverst al. (1996, previous papery.ND, not determined.

1993). The concentration &b is determined as follows.

A small quantity of the stock solution is quantitatively
converted to3b using a large excess of 4-OT. The initial
concentration o8b is subtracted from the final concentration

of 3b, and the difference corresponds to the concentration @ | 1

of 2b in the original mixture. By this method, the stock s >
solution was determined to be 25 mM2h. The concentra- ~ =
tion of 3b is determined from its absorbance at 232 nm. The ¥ 0 0
pH dependences of the kinetic parameters were fitted to eqs ¢ 2
3 and 4 by nonlinear regression analysis as described for 2 A B

2a

I5N-NMR SpectroscopyThe K, values for the amino
groups of proline-1 and the model compound proline amide -2
were determined by monitoring the pH dependence of the
15N-chemical shift of the secondary amino nitrogen reso- 5 6 2 8 9 10
nance. Thé>5N chemical shifts were referenced to external pH
liquid ammonia as described (Welsdral, 1993). A Varian

. : Ficure 1: pH dependence of the kinetic parameters for the 4-OT-
Unity-Plus 500 NMR spectrometer operating at 50.659 MHz catalyzed isomerization &b, The pH dependence of Idgt/Kn)

for *N was used. Spectra were acquired without proton (gpen circles) and logis (filled circles) are shown. The curves
decoupling using the outer coil of a 5 mm broad-band indirect were computed from a nonlinear least-squares fit of the data to
detection probe. The titrations were performed using egs 3 and 4, respectively. Th&pvalues are reported in Table 1.
samples which were either 3.5 mM in monomers of

uniformly 1*N-labeled 4-OT or 0.5 M in proline amide Wwere determined from a nonlinear least-squares fit to eq 1
(natural abundanc®N) at 30°C by adding small aliquots  of the pH dependences of the chemical shifts of the assigned
of 1 M HCI or NaOH to the samples. The acquisition imidazole proton resonances of His-6 and His-49 (Stie¢rs
parameters for the enzyme and proline amide titrations were,al., 1994, 1995a). No corrections for the deuterium isotope
respectively, as follows: spectral width, 12 001.2 and 10 000 effect on the imidazolium Ig, values in?H,O were made
Hz; acquisition time, 0.683 and 0.202 s; relaxation delay, because imidazoliumiy's determined by uncorrected glass
0.1 and 1.2 s; total number of transients, 10-880 000 and  electrode readings #H.O agree well with those determined
2048-3600. The titration of 4-OT was found to be in H2O due to equal and opposite isotope effects on the p
reversible, and the enzyme retained 85% of its initial activity values and the glass electrode reading (Meadows, 1972).
at the conclusion of the experiment. ThKpalues were

determined from a nonlinear least-squares fit of the data to RESULTS
eq 1, wheren is the Hill coefficient and, and o, are the pH Dependence of the Kinetic Parameters for the Isomer-
H—pKayn ization of2b. The values fok g andk /K, were determined
5 ( m)appz 0;+ 52(100 ) 1) over the pH range 549.5. The relatively lowk.,: = 0.40
PP [(LOPH PRy + 1] + 0.02 st and the highk, = 1.1 mM for 2b (Table 1),

which are, respectively;y2700-fold less thak., and 4-fold

limiting chemical shifts at low and high pH, respectively. greater than Ig of 2a, indicate that the 4-OZb complex is

Titration of His Residues byH-NMR Proton NMR in rapid equilibrium with free 4-OT andb. Therefore, the
spectra at 600 MHz were obtained on a Bruker AM 600 pH dependence of the kinetic parameters 2tr can be
NMR spectrometer by collecting 4K data points over a analyzed using equilibrium assumptions. The data2tor
spectral width of 7246 or 6849 Hz using acquisition times (Figure 1) show a bell-shaped dependence on pH with
of 0.276 or 0.292 s, respectively. The sample contained, in limiting slopes of unity on either side of the pH maximum,
°H,0, 1.75 mM unlabeled 4-OT, and 2 mM Trik;, at an indicating that a basic and acidic group on the enzyme are
initial pH* = 7.26 in a total volume of 0.475 mL. The pH important for catalysis and that the HE form of the enzyme
titrations were performed at 3 by the addition of +5 (eq 2) is catalytically active. The substrat&Kfy°H ~2.4)
uL portions of 0.1 M KOD or DCI to the sample. The pH* does not titrate in the pH range studied. The data were
of the sample was measured before and after the spectrummodeled using eq 2 whereqK and Kyze are the ionization
was acquired; the observetpH was always<0.05 units. constants for the free enzym&nes and Kyzes are the
The spectra were referenced to internal TSP. TKgvplues ionization constants of the-Zh complex, andKp; andKp;
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are the dissociation constants2hffrom the E and kHE forms
of the enzyme, respectively.

For this modelKn = (k2 + ks)/ki, andks = ko Under
rapid equilibrium conditionsl, > k; and Ky, will simplify
to ko/ks = Ksg, the dissociation constant 8b from the HES
complex. The pH dependences kf:(Km) andk..:are given
by eqgs 3 and 4 (Cleland, 1977):

a a Km max
o _ ) "
mog B B
Kig [H]
= ” 4)
14 [H'] HES
KHZES [H+]

where KalKm)™ and k)™ are the maximal values for
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Ficure 2: pH dependence of the kinetic parameters for the 4-OT-
catalyzed isomerization &fa. The pH dependence of Idg/Km)
(open circles) and log.« (filled circles) are shown. The curves
were computed from a nonlinear least-squares fit of the data to
egs 6 and 7, respectively. Th&pvalues are reported in Table 1.

on both sides of the pH maximum indicating the importance
of a basic and acidic group in the enzymmibstrate
complex.

The data for2a were modeled according to eq 5, where
the ionization constant&(ie, Kize, Knes, Khzes), dissociation
constantsKp,, Kpz), and maximal kinetic constants have the
same definitions as in eq 2. An additional constat)
describing the ionization of the 6-carboxylic acid group of
2a (SH, KS = 5.4) is also included in eq %. The

these parameters. A nonlinear least-squares fit of the pHionizations for the 1-carboxylic acid groupKp= 2.9) and

dependence df../Kn, to the logarithmic form of eq 3 gave
pK, values for the free enzyme oKp,e = 6.2 + 0.3 and
pKue = 9.0+ 0.3. These values can be confidently assigned
to the free enzyme becau2é has no ionizable groups in
the pH range 5.59.5.

A fit of the pH dependence d,to the logarithmic form
of eq 4 gave K, values for the enzyrnib complex of iKyzes
= 7.7+ 0.3 and Kpes = 8.5+ 0.3. Correction of these
pKa values using the equations describing partially overlap-
ping ionizations (Cleland, 1977) giveKipes and Kues
values of 7.8 and 8.4, which are not significantly different
from the uncorrected values.

pH Dependence of the Kinetic Parameters for the Isomer-
ization of2a. For the preferred substraga the ke./Kn =
3.9x 1P M tstandky= 1.1 x 10°s™! are 16-fold and
2700-fold greater, respectively, than the values for the
nonsticky substrat@b. These largek.a andkea/Kn values
for 2a and the 4-fold smaller value fdf.,, as compared to
2b, suggest thaPa is a sticky substrate. The expressions
for keof Ky andkcounder steady-state conditions are complex,
and a rigorous analysis would require knowledge of the
relative stickiness of the substrate and of protons to the
enzyme, which are unknown. In the absence of this
information, it is more reasonable to model the data using
equilibrium assumptions and then qualitatively interpret the

deviations from nonideality using the steady-state equations

and the true K, values obtained witl2b.
A plot of log(keafKm) for 2a (Figure 2) shows a bell-shaped
dependence on pH with limiting slopes of two and one on

the 2-hydroxyl group (Ko = 12.2) of 2a would not be
detected in the pH range studied.

Kp1

S +E= ES
Kue KhHes
K1 s
st//' S + HE HES — P (5)
K2
SH Khoe Khzes
N o
Ka S + HE H2ES

The pH dependences &f./K, and k., using the model
described by eq 5 are given by eqs 6 and 7 (Segel, 1975).

Keat _ (Koad Ki) ™ @
Ko [ R IHTT Kie
N Kie  [H]
oo™ [(kai9 Kies ")
1+-—+
Kies  [HT]

In this analysis it is reasonably assumed that only the

dianionic form of2a (S, eq 5) is a competent substrate,

because the monoanionic substr2tiés 2700-fold less active
underkgy:conditions (Table 1). Furthermore, it is reasonable

the ascending and descending limbs, respectively. This tho exclude all complexes involving the protonated substrate

response indicates the importance of two ionizable groups
in the free enzyme or free substrate at pH valuésand a 6-carboxyl group ofla in agueous solution or on 4-OT is unlikely

single ipnizable group at pH Va'”@- T'he plot of logkeat _ because this group is positionégns to the C-3 methylene group
vs pH is also bell-shaped, but the limiting slopes are unity (Whitmanet al, 1991).

3 Intramolecular general-base catalysis of C-3 proton transfer by the



818 Biochemistry, Vol. 35, No. 3, 1996 Stivers et al.

A.
B.
pH 4.92
56
pH 5.70
54
£
pH 6.02 g
N
R
=
w
® 52
Q
£
pH 6.42 @
ey
[&]
z
&
50
pH 6.88
pH 7.97
w *
60.0 56.0 52.0 48.0
ppm 4 6 8 10 12 14

pH

Ficure 3: Determination of the Ig, of the amino proton of proline-1 and free proline amide*ly NMR spectroscopyT = 30 °C). (A)

15N NMR spectra showing the pH dependence of the chemical shift of the amino nitrogen atom of proline-1. The spectra were processed
using 10 Hz line broadening. (B) pH titration curves for the amino nitrogen atom of proline-1 (closed circles) and the model compound
proline amide (open circles). The curves computed are from a nonlinear least-squares fit to eq 1.

SH from the mechanism because the slope of unity on thethe uniformly'5N-labeled enzyme usintfN NMR (Figure
ascending limb of lod.at vs pH (Figure 2) indicates that a  3A). The!*N-chemical shift of Pro-1 is well resolved from
single ionizable group is important in the enzynwibstrate the other™N resonances of 4-OT over the pH range—+4.9
complex. For2a, a nonlinear least-squares fit of the pH 8.8, and pH titration monitoring this resonance yielda p
dependence d&./Kn, to the logarithmic form of eq 6 yields = 6.4+ 0.2 and a Hill coefficientrf) of 1.0+ 0.05 (closed
pK, values of 5.2+ 0.1 and 5.4+ 0.1 on the acidic limb circles, Figure 3B). This experiment directly demonstrates
and Kue = 10.3+ 0.2 on the alkaline limb. The twoky that Pro-1 has the correctKp and is in the required
values of 5.2 and 5.4 on the acidic limb may reasonably be protonation state to serve as the general base in the reaction
assigned to the free enzymeK{pg) and free substrate Kg>), mechanism. In contrast, titration of the ammonium group
respectively, because the higheK,pis identical to that of proline amide using natural abundaniés NMR spec-
determined by direct titration of the substrate. Accordingly, troscopy yielded al§, = 9.4 4+ 0.2 (open circles, Figure

if a pKa> = 5.4 is explicitly assigned during the curve fitting 3B). Therefore, the enzymatic environment lowers tkg p
process, alfue = 5.24+ 0.08 is also obtained. Alterna- of the ammonium group of Pro-1 by approximately 3 units
tively, as indicated by these overlappini§jvalues, the data  as compared to proline amide, a suitable model compound.
are equally well fit by assumingkpe = pKs® = 5.32+ pH Titrations of Other Actie Site Residues by NMR he
0.04. However, the possibility cannot be excluded Hath pKa values for the imidazolium groups of the two histidine
pKsS and [Kpze are perturbed from their true values of 5.4 residues and the-ammonium groups of the three lysine
and 6.2, respectively. Hence an alternative fit of the data residues of 4-OT are of interest for two reasons. First, the
assuming equal perturbations yields values fiigSp= 4.9 pH dependence df../Kn, for 2b indicates the importance

+ 0.2 and Ky2e = 5.6 + 0.2, i.e, both are perturbed by of a basic group on the free enzyme with l§,p= 6.2 +
—0.6 units. A nonlinear least-squares fit of the data for the 0.3, which suggests an unperturbed histidine residue. Sec-
pH dependence d.4 to the logarithmic form of eq 7 gives  ondly, His-49 and Lys-47 are nearby in the linear sequence

pPKrzes = 6.5+ 0.2 and Knes = 9.6 + 0.3. of 4-OT to Phe-50, which has been identified as an active
pKa Value of Pro-1 The similar K, values ofkeafKn for site residue by NMR studies (Stivees al, 1994).
substrate?b (6.2 + 0.3) and ofkinac/K; for modification of The pH titrations of His-6 and His-49 by proton NMR

Pro-1 by 3-BP [6.7+ 0.3 (Stiverset al., 1996)] indicates  are shown in Figure 4A. The sequence-specific assignments
that the K, of the ammonium group of Pro-1 in the free for the two aromatic ring protons of both histidines were
enzyme is in the range 6-5.7. These kinetically deter- made on the basis of intraresidue NOEs to their own
mined [K, values are confirmed by direct pH titration of [S-protons, which were then linked to the intraresidue
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FiGURE 4: Titration of the histidine residues of 4-OT By NMR (T = 30 °C). (A) Downfield region of the 1D proton NMR spectra of
4-OT in DO in the range pH*= 4.41-7.91. Below~pH 4.96 the enzyme is in slow exchange between two forms resulting in two sets
of resonances for theand o protons of H49 and H6, as well as the ring protons of F50. (B and C), Plots of the pH dependence of the

chemical shifts for the: (closed circles) and (open circles) ring protons of H6 (B) and H49 (C). The curves are computed from a
nonlinear least-squares fit to eq 1.

backbone @H and N-H resonances using a TOCSY His-49 were assigned unambiguously. The pH titration
experiment. Since all of the backbone resonances of 4-OTcurves for these residues are shown in Figure 4, panels B
have been assigned using heteronuclear NMR methodsand C, respectively. A nonlinear least-squares fit of the data
(Stiverset al,, 1995a), the) ande ring protons of His-6 and  to eq 1 gave alg, = 5.1+ 0.2 (h = 1.2 4 0.2) for His-49
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and (K, <5 (n = 3.0+ 0.5) for His-6. The NMR spectra  EnzAH, Enz-A, Enz-AH.

in Figure 4A show that the resonances of His-6, His-49, and O) "'-.,cD """..O

Phe-50 are in slow exchange between two chemical environ- coy _ e COr _~_COy
ments at low pH values, between 4.5 and 5.0. Since the '°2°J??fw o '°2°)\/\5 - OZCJ\/P{H
resonances are significantly narrower in one of the environ- Cap rout HOH oo H O oo
ments 10 Hz) than in the other27 Hz), it is likely that {j‘ {j/ {:{G
this slow exchange represents the reversible dissociation of

the hexamer into subunits. Therefore, in the pHrange 4.5 Ficure 5: Minimal catalytic mechanism of 4-OT. Proline-1Kp
5.0, the broader resonances of the native hexamer were used 6.4) is proposed to remove the 3-proton of substtateoncerted
to define the titration curve. Cooperativity in subunit with electrophilic catalysis at the C-2 oxygen atom by a putative

di iati £ H val Id t for the | enzymic general acid iy = 9.0). The dienolic intermediat?a is
ISsociation at low pR values would account Tor the large nen reketonized and protonated stereospecifically at the 5-position

Hill coefficient in the titration of His-6. to yield thepro-[S] enantiomer oBBa (Whitmanet al, 1992).

Lower limit pK, values for the side chain ammonium
groups of Lys-47 and the other two lysine residues (Lys-16, in penicillin acylase (Dugglebgt al, 1995) and in a large
Lys-59) of>9.8 can be made on the basis of the observation bacterial proteinase (Seéfter et al, 1995), respectively,
that the>N chemical shifts of the side chain nitrogens of and thea-amino group of an N-terminal threonine has been
these residues did not change in the pH range-8.8 when shown to function as a nucleophile in the T4 endonuclease
uniformly 15N-labeled 4-OT was titrated (data not shown). V reaction (Schrock & Lloyd, 1993), to our knowledge, 4-OT
These lower limit values were calculated using the Hend- provides the first reported example of an amino-terminal
erson-Hasselbalch equation assuming a detection limit of proline residue serving as a general base. Because such a
ASN = 1 ppm and a maximaAd®N = 10 ppm for role is unprecedented, both for an amino-terminal residue
deprotonation of a lysine residue, as found for lysine methyl and for proline, its role was established by several indepen-

ester (Martinet al., 1981). dent methods: mechanism-based modification of Pro-1 in
the crystalline state (Whitmaet al., 1995); affinity labeling
DISCUSSION in solution which targets only Pro-1 and blocks the amino

_ terminus of 4-OT; observation of comparable,walues for
A goal in the study of the pH dependence of an enzyme- /K, in affinity labeling studies (Stiverst al, 1996,

ca_ta]yzed reacfcion is to determine théapva}lues of essentigl previous paper), fokeafKm in catalysis with a nonsticky
acidic and basic groups on the enzyme in order to provide agpsirate, and for Pro-1 itself, as directly measuredhy
chemical basis for cgtaIyS|s. The k|n_et|cally.determ|nl'§q P NMR titration. The observation of comparabl&values
values forkea/Km, which must be obtained using a nonsticky for the free enzyme determined with anketo substrate
substrate, should reflect catalytically important ionizations analog, 3-BP, and with the dienolic intermediatefurther

in the free enzyme. These kinetically determinédpalues \3jigates the use of intermediates in pH rate studies of 4-OT.
may then be compared. with th&pvalues of spegﬁc groups The pH dependence df.. for 2b, which yields the

on the free enzyme which can be measured directly by NMR important (K. values in the ES complex, also shows a bell-

spectroscopy or indirectly by the pH dependencéaé/K, shaped profile, confirming the requirement of a basic and
in affinity labeling studles.. . an acidic group in the isomerization mechanism. The
pH Dependence of the Kinetic Parameters2or On the increase in K, of the basic group and decrease i,mf

basis of the ascending slope of unity for the pH dependencethe acidic group on substrate binding most simply reflect
of log (kea/Km) for the nonsticky substratb (Figure 1), it  changes in the environment of the catalytic residues in the
is concluded that one basic group on the free enzyme, withenzyme-substrate complex, althouglgs values may also
aK,of 6.2+ 0.3, is important for activity. This assignment pe perturbed when the ratio of nonproductive to productive
is reasonable because there are no ionizable groups on thgs complexation is pH dependent (Fersht, 1985).
free substrate in this pH range. Similarly, thi.mpn the A reasonable mechanistic interpretation for the requirement
descending limb indicates that an acidic group on the free of an enzymic base and acid in the isomerization reaction is
enzyme with a . of 9.0+ 0.3 is required for activity. The  that the enzyme utilizes a general base to remove the carbon
pKa of 6.2 + 0.3 for the essential basic group on the free bound 3pro-Rproton ofla (Lian & Whitman, 1993) and a
enzyme is the same, within error, as that determined from general acid to donate a proton or hydrogen bond in order
the pH dependence &hac/K for affinity labeling of Pro-1 1o stabilize the developing negative charge on the C-2 oxygen
by 3-BP (6.7+ 0.3, Table 1) and thelf for Pro-1 measured  atom of the putative dienolic intermediate (Figure 5). A
directly by >N NMR titration (Ko = 6.4 £ 0.2). These  similar requirement for general acithase catalysis has been
agreements provide cogent evidence @fafs a nonsticky  established for the enzynaé-3-ketosteroid isomerase, which
substrate. These results, and the proximity of Pro-1 to the catalyzes the isomerization gfy-unsaturated ketosteroids,
active site as determined by X-ray crystallography (Subra- where Asp-38 and Tyr-14 have been identified as the general
manyaet al, 1996; Whitmaret al, 1995), establish that this  base and acid, respectively (Kuliopulesal, 1989, 1990).
residue is the essential basic group on the enzyme. The pH Dependence of the Kinetic Parameters f&t The
identity of the acidic group with a, = 9.0+ 0.3 onthe  preferred dienolic substrat@a, also shows a bell-shaped
free enzyme has not yet been established. THismpost ~ pH dependence fok../Km, but significantly different
likely represents a truek of a group on the enzyme, and values from those d2b (Table 1). A plausible explanation
not the denaturation of the enzyme at high pH, because thejs that the altered i, values for2a reflect the differential
kea/Km using2a is unaffected until pH~10 (Figure 2). partitioning of the EFRa complex as a function of pH
While the hydroxyl groups of an amino-terminal serine between the forward catalytic stég,(eq 5) and dissociation
and threonine have been shown to serve as the nucleophilegk,, eq 5) to form free enzyme ar2h, i.e., 2ais a sticky
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substrate. The apparent values fétyp and Ky2e (eq 5)
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calculated that only 0.22% of the total enzyme present at

obtained under these conditions would be expected to bepH 7.3 is in the correct protonation state to catalyze the
lower and higher, respectively, than the true values. The ketonization of2a to form 1a (Figure 5). Correcting the
directions and magnitudes of the observed shifts are con-observed value df../K, for 2a (3.9 x 10® M~ s™%) by the

sistent with this mechanism (Table 41).

As observed with the pH dependencelgf/K., for 2a
and 2b, the observed i, values fork.y (Table 1) differ

fraction of the enzyme in the correct protonation state
(0.0022) yields a second-order rate constant of :1.80°
M~ s 1 for 2awhich is at least 5-fold greater than encounter

significantly with these two substrates. In general, it is not rates for diffusion-controlled enzyme reactions (Fersht, 1985;

unexpected to find a different pH dependencekgf for
substrates of different reactivity. Thedéjmifferences may
arise from the stickiness a?a or a proton in the HES

Xue et al, 1990). This larger value suggests that an
alternative mechanism, involving the predominant protona-
tion state of 4-OT, facilitates the conversion 2di to la

complex (Cleland, 1977), from a pH dependence of non- While this mechanism is unknown, one possibility is that
productive binding for either substrate (Fersht, 1985), or from Pro-1in its neutral state receives the enolic hydroxyl proton
differences in the structure of the ES complex for each of 2aand transfers it to C-3 of the carbanion to yidla A

substrate, causing different perturbations in tkg palues

for the active site residues in the two complexes.
Catalytic Contribution of the 6-Carboxylate Group 2d.

The 10-fold greaterk../Km value for2a as compared tab,

similar mechanism has been proposed by Nickbatral.
(1988) to explain the activity of the H95Q mutant of
triosephosphate isomerase as well as by Hawkiretoal.
(1991) to explain the rapid reaction of the externally

which corresponds to a 5.6 kcal/mol lowering of the kinetic generated dienol intermediate with ketosteroid isomerase.
barrier, cannot be attributed to a significant difference in the Altérnatively, in the sequestered active site, strain (Cardinale

intrinsic chemical reactivity of these two compounds, because & Abeles, 1968; Washabaugh & Jencks, 1989a,b and
the kinetics of the nonenzymatic reactions are similar references cited therein) and substrate desolvation (Stivers

(Whitmanet al,, 1991; Lian & Whitman, 1993), nor can it

be attributed solely to an increase in affinity becaugdadt
2ais 21+ 7 uM 5 while theKs of 2bis 1.7 mM (Table 1).
Since the affinity of 4-OT foRaand2b differs by at most
120-fold, while the reactivity on the enzyme differs by*410
fold, it can be shown that60% of the total binding energy
provided by the additional carboxylate group 24 is not

expressed as tighter ground-state binding but is used to.

decrease the overall kinetic barrier for formation3af by

5.6 kcal/mol Further support for a relatively small effect
of the 6-carboxylate group on ground state affinity is

provided by the wealks = 2.7 mM for the dicarboxylic
partial substrate 2-oxo-1,6-hexanedioate (Stieted., 1994).

Thus,2a provides an example of the utilization of substrate
binding energy to facilitate catalysis (Moore & Jencks, 1982;
Jencks, 1987). A strong electrostatic interaction between the
6-carboxylate group of the substrate and a cationic residue
of the enzyme which either distorts the ground state toward
the transition state or stabilizes the transition state would

explain the lower kinetic barrier foRa versus2b. The

preliminary X-ray structure shows that two arginine residues
at the active site are positioned to interact with the C-1 and

C-6 carboxylate groups of the substrate (Subramay,
1996).

Kinetic Competence of the Dienolic Intermediat€éhe

kinetic and NMR results presented above and those reporte

previously (Whitmanet al., 1991) show that the dienolic
intermediate2a reacts with 4-OT undek../Km conditions

nearly as fast as substrates, with a pH dependence
indicating the assistance of two enzymic groups wiky, p
values of 6.4 and 9.0. From thes&pvalues it can be

4 Using the equatione2"P = pKpze™e + log(1 + ks/kz) (Cleland,
1977), it is possible to estimate the partitioning raitk. (eq 5) using
the measured f4,e™® = 6.2 for 2b and the Ke*° = 5.2 for 2a
Such an analysis yieldslka/k; ratio of ~9. A similar calculation using
pKpedPP and Kyet™e yields aka/k, ratio of ~19.

5 This Kp value for2a was calculated from the measureg: = ks
andKm = (k2 + ks)/ki, the ratio 9< ks/k, < 19 estimated from the pH
dependence ok../Kn for 2a and 2b (see footnote 4), and the
relationshipKp = Ky — ka/k;. From this calculatiork; = 4.2 x 10°
M standk, = 90 s for 2a

& Washabaugh, 1991; Gerlt & Gassman, 1993) may facilitate
the conversion of2a to la without general acigbase
catalysis.

A Low pK, for Pro-1. As shown by Figure 3B, thela
of 6.4 for Pro-1 is~3 units lower than that of the model
compound proline amide, corresponding taAG° of 4.0
kcal/mol. Plausible mechanisms by which thi€,f the
amino group of Pro-1 might be lowered on the enzyme
include (1) the location of Pro-1 near the positive (amino)
end of a helix dipole, thereby shifting the protonation
equilibrium toward the neutral form (Hol, 1985; Lodi &
Knowles, 1993), (2) an active site environment of low
dielectric constant, and (3) juxtaposition of Pro-1 near other
cationic residues causing unfavorable electrostatic interac-
tions which favor the neutral form of Pro-1.

The first mechanism is eliminated by the crystal structure
of 4-OT (Subramanyat al, 1996) and by the solution
secondary structure as determined by NMR (Stiwadral,
1995a) which show that Pro-1 is the first residue of a parallel
B-strand and is more than 15A from the nearest positive end
of ana-helix. The second mechanism is suggested by the
1.3 nm red-shifted absorption maximum of Phe-50, the sole
UV chromophore of 4-OT, which is located at the active
site 6A from Pro-1 (Subramanyet al, 1996). This red-
shift, when correlated with the absorption maxima of

-acetylphenylalanine ethyl ester found in organic solvents

f varying dielectric constantg) yields a localeyor = 22
+ 4 at the active site of 4-OTsimilar to the value of 18-
2 found on ketosteroid isomerase i al., 1993). Using
the Born approximation (eq 8; Rashin & Honig, 1985;
Friedman & Krishan, 1973)

prot 1 Ewate) ®)

r

Ao 16490

With €prot = 22 + 4,1 = 2.17A for secondary amines and
ewater= 7 7.9 at 25°C, we calculate AAG° of 2.4 kcal/mol,
which is significantly lower than the 4.0 kcal/mol observed.
Hence the third mechanism is also required. The additional

6J. T. Stivers, unpublished observations, 1995.
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Scheme 3
K-G-H-F-G-1-G-G
47 49 50 54

effects of cationic arginine residues positioned~at.1A
(1.04 kcal/mol) and at~8.6A (0.86 kcal/mol) from the
nitrogen of Pro-1 (Subramanyat al, 1996), as calculated
with a form of eq 8 lacking the term &/, yield a total
AAGP value of 4.3 kcal/mol, comparable to that observed.
Therefore, the unusually lowqa of Pro-1 may result from

a site of low dielectric constant and the electrostatic effects
of nearby cationic residues.

The low K, values (Figure 4) for both histidines of 4-OT
exclude these residues as the general base. Nevertheles
His-49 is near the active site in a glycine-rich loop (Scheme
3) adjacent to Phe-50, a known active site residue which
receives transferred NOEs from the bound partial substrate
2-0x0-1,6-hexanedioate (Stiversal, 1994). Hence the low
pKa0f 5.1+ 0.2 for His-49 may result from the same factors
that lower the K, of Pro-1. In contrast, theky >9.8 for
the e-ammonium group of Lys-47 (Scheme 3) is not
significantly lowered, suggesting this residue to be in a
different environment.

Implications for Enzyme-Catalyzed Enolizatiolwo

Stivers et al.

is near unity, 4-OT would achieve a maximal catalytic
advantage of only 3.6 kcal/mol. Further stabilization of the
intermediate2a such that Kq> 1 is unlikely because no
catalytic advantage is gained if an enzyme binds an
intermediate significantly tighter than substrate or product
(Albery & Knowles, 1976). By itself, this purely thermo-
dynamic mechanism is therefore not sufficient to explain the
catalytic power of the enzyme because 4-OT lowers the
kinetic barrier to enolization afato 2a by at least 8.0 kcal/
mol8 These calculations suggest that Kieetic barrierfor
formation of 2a from 1a must be lowered by at least an
additional 4.4 kcal/mol. This conclusion differs significantly
from that obtained with ketosteroid isomerase (Hawkinson
et al.,, 1994), where it was concluded that the primary
function of the enzyme was to decrease termodynamic
barrier for formation of the dienolic intermediate derived
from 5-androstene-3,17-dione by lowering° by ~10 kcal/

mol, compared to the nonenzymatic reaction. The difference
in the catalytic mechanism for these two enzymes is due in
large part to the~10°-fold greater stability of the dienda

as compared to the dienol derived from 5-androstene-3,17-
dione in aqueous solution (Lian & Whitman, 1993; Hawk-
insonet al,, 1994). Hence, the catalytic mechanism utilized
by these enzymes depends upon the relative stability of the
intermediate and substrate when free in solution (Jencks,

general mechanistic strategies have been proposed to explaiﬁgso)_

the large rate enhancements observed for enzyme-catalyzed

enolizations (Scheme 1). In the first mechanism (Albery &
Knowles, 1976) the enzyme accelerates the reaction by
lowering the thermodynamic barrier for formation of the
enolic intermediate, such thdeq ~ 1 on the enzyme
(Scheme 1). An alternative mechanism (Gerlt & Gassman,
1993) proposes a substantial reduction in the intrinsic kinetic
barrier to formation of the enolic intermediate on the enzyme
as compared to the intrinsic kinetic barrier in solution. The

fundamental distinction between these mechanisms is thatb

the first predicts atable enolic intermediate and the second
requires an unstable intermediate

Assuming a mechanism of general acid-base catalysis
(Scheme 1), an upper limit value fa&xG° of 3.6 kcal/mol
for the keto-enol tautomerization ofato 2aon 4-OT can
be estimated from the equilibria shown in eq 9 (and

— KaCH KaHA — (K aHA 9
eq KaOH KaBH = enoDKaBH ©)
AG’ = 2.30RT[pKepe + pKaHA o pKaBH (10)

equivalently expressed in terms of a free energy difference
in eq 10), using the known keteenol equilibrium constant
Kenol = 1 (PKenoi = 0) in aqueous solution (Lian & Whitman,
1993), the [, value for Pro-1 (K27 = 6.4), and the K,
value for the putative electrophilic catalystkg” = 9.0)
(Figure 4 and Table 1). In eqRLH andK O are the acid
dissociation constants of the 3-proton Xd and the enol
hydroxyl, and the ratid,"H/K2" is Keno, the kete-enol
equilibrium constant. Thus, by lowering the thermodynamic
barrier to enolization4AGenoi = —RT In Keno) such thateq

7 The intrinsic kinetic barrier is the activation energy barrier in the
absence of a thermodynamic driving force (i.e., wiAg®® = 0).

8 This lower limit value of 8.0 kcal/mol was obtained by comparing
keat (1100 s%) with the nonenzymatic rate constant for enolization (1.6
x 1073 s71) (Whitmanet al, 1991).

Both the thermodynamic and kinetic barriers to enolization
on an enzyme may be lowered by either of two mechanisms.
In the first mechanism, concerted general atidse catalysis

of enolization occurs resulting in an enolic intermediate
which is stabilized by a strong, low barrier hydrogen bond
from the general acid (Cleland, 1992; &i al,, 1993; Gerlt

& Gassman, 1993; Cleland & Kreevoy, 1994; Zheaioal,
1995). In the second mechanism, general base catalysis
results in an enolate ion which is stabilized electrostatically
y a cationic residue in an environment of low dielectric
constant (Guthrie & Kluger, 1993). While for ketosteroid
isomerase the first mechanism is likely @tial., 1993; Zhao

et al, 1995), and the second mechanism can be excluded
because the active site has no cationic residues (Kuliopulos
et al,, 1989), for 4-OT, neither of these mechanisms can be
excluded.

ADDED IN PROOF

Tchou and Grollman (1995) have recently suggested that
the amino-terminal proline of the enzyme formamidopyri-
midine—DNA glycosylase may function as a nucleophile.
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