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ABSTRACT. The unusually low K, value of the general base catalyst Pro (g 6.4) in 4-oxalocrotonate
tautomerase (4-OT) has been ascribed to both a low dielectric constant at the active site and the proximity
of the cationic residues Arg-11 and Arg-39 [Stivers, J. T., Abeygunawardana, C., Mildvan, A. S., Hajipour,
G., and Whitman, C. P. (199@iochemistry 35814—-823]. In addition, the pHrate profiles in that

study showed an unidentified protonated group essential for catalysis Wwikh @t 0.0. To address these
issues, the g, values of the active site Pro-1 and lower limiKpvalues of arginine residues were
determined by direct®™N NMR pH titrations. The K, values of Pro-1 and of the essential acid group
were determined independently from pkéte profiles of the kinetic parameters of 4-OT in arginine mutants

of 4-OT and compared with those of wild type. The chemical shifts of all of the Argdsonances in
wild-type 4-OT and in the R11A and R39Q mutants were found to be independent of pH over the range
4.9-9.7, indicating that no arginine is responsible for the kinetically determigd$9.0 for an acidic

group in free 4-OT. With the R11A mutant, whekg/Kn, was reduced by a factor of 28 the K, of

Pro-1 was not significantly altered from that of the wild-type enzyni€, (g 6.4 + 0.2) as revealed by

both direct’>N NMR titration (pKy = 6.3 & 0.1) and the pH dependence lef/Km (pKa = 6.4 &= 0.2).

The pH-rate profiles of bothk.a/Km andke,: for the reaction of the R11A mutant with the dicarboxylate
substrate, 2-hydroxymuconate, showed humps, i.e., sharply defined maxima followed by nonzero plateaus.
The humps disappeared in the reaction with the monocarboxylate substrate, 2-hydroxy-2,4-pentadienoate,
indicating that, unlike the wild-type enzyme which reacts only with the dianionic form of the dicarboxylic
substrate, the R11A mutant reacts with both the 6-COOH and 6-Clomns, with the 6-COOH form

being 12-fold more active. This reversal in the preferred ionization state of the 6-carboxyl group of the
substrate that occurs upon mutation of Arg-11 to Ala provides strong evidence that Arg-11 interacts with
the 6-carboxylate of the substrate. In the R39Q mutant, wkef&, was reduced by a factor of 4Ghe
kinetically determined I, value for Pro-1 was 4.6 0.2, while the ionization of Pro-1 showed negative
cooperativity with an apparenkg of 7.1 & 0.1 determined by 1B°N NMR. From the Hill coefficient

of 0.54, it can be shown that the appareKt palue of 7.1 could result most simply from the averaging

of two limiting pKa values of 4.6 and 8.2. Mutation of Arg-39, by altering the structure ofstheirpin

which covers the active site, could result in an increase in the solvent exposure of Pro-1, raising its upper
limit pKs value to 8.2. In the R39A mutant, the kinetically determin&d of Pro-1 was also low, 5.6

0.2, indicating that in both the R39Q and R39A mutants, only the sites with kawadues were kinetically
operative. With the fully active R61A mutant, the kinetically determinkd @f Pro-1 (Ko = 6.5+ 0.2)

agreed with that of wild-type 4-OT. It is concluded that the unusually ld@ @f Pro-1 shows little
contribution from electrostatic effects of the nearby cationic Arg-11, Arg-39, and Arg-61 residues but
results primarily from a site of low local dielectric constant.

4-Oxalocrotonate tautomerase (4-OEC 5.3.2) is a amino acid residued(2), which catalyzes the isomerization
hexameric enzyme, consisting of identical subunits of 62 of unconjugated:-keto acids such as 2-oxo-4-hexenedioate
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Scheme 1 phenylalanine ethyl ester found in organic solvents of varying
y C0: co; co; dielectric constants, yields a localo = 22 + 4, corre-
H o H H sponding to aAAG° value of only 2.4+ 1.0 kcal/mol. Hence
H [ oH | o the unusually low K, of Pro-1 was proposed to result from
= H.~ -~ H . . . .
H H H H both a site of low dielectric constant and the electrostatic
R R R effects of nearby cationic residues).(
1:R=CO, 2:R=CO, 3:R=CO; In this paper, we report the effects of mutations of these
4 R=H 5:R=H 6:R=H active site arginine residues on pirate profiles and on the

_ _ o pKa values of Pro-1 determined by diré&iN NMR titrations.
(6), NMR (7, 8), and crystallographic studie$, @) identified |t is concluded that no arginine residue is responsible for
the amino-terminal proline as the catalytic base in the 4-OT- gjther the essential acid group witlpof 9.0 in the pH-

catalyzed reaction with aKa value of 6.4. In addition, the  rate profile or the unusually lowk of Pro-1.
descending limb in the bell-shaped plhte profile of wild-

type 4-OT yielded a g, of 9.0 for an unidentified essential EXPERIMENTAL PROCEDURES
protonated group), suggesting that 4-OT might utilize a
general acid catalyst to polarize the carbonyl group of the
substrate.

Materials. Wild-type 4-OT and the four single mutants
of 4-OT (R11A, R39A, R39Q, and R61A) were prepared as

The X-ray structure of the complex of 4-OT with the described in the preceding papé).(The uniformly *N-
affinity label 2-oxo-3-pentynoate showed Arg-11, Arg-39, labeled wild-type 4-OT f"md t_he R11A a”‘?' R39Q mutants
and Arg-61 to be at the active site, making them potential Wereé prepared as described in the preceding p&jet tie
candidates for the putative acid catalyst as well as ligandsSyntheses ofiscismuconate (CCM)?), an analogue of the

for the two carboxylate groups of the substra?g (n the

previous paper9), the®Ne and**NeH resonances of all six ) f co,
arginine residues in NMR spectra of wild-type 4-OT were 0.6~
assigned, the contributions to catalysis of the three active 7

site arginines (Arg-11, -39, and -61) were determined by site-

directed mutagenesis, and a mechanism was proposed whicleaction intermediate8], and of substrate (3, 12) and5
provides a quantitative explanation of the’6ld catalytic (13) have been described.

power of 4-OT. In this mechanism, Arg-11 interacts with  General Methods.Kinetic data were obtained on a
the 6-carboxylate of substrateto facilitate both substrate  Hewlett-Packard 8452A Diode Array spectrophotometer at
binding and catalysis, and Arg-39 interacts with the 1-car- 23 °C. Enzyme activity was monitored by following the
boxylate and the 2-keto group of substrdtéo promote  formation of3 at 236 nm ). The cuvettes were mixed by
carbonyl polarization and catalysis, while Pro-1 mediates a stir/add cuvette mixer. The kinetic data were fitted by
proton transfer from C-3 to C-5. However, th&gof 9.0 nonlinear regression data analysis using the Grafit program
for the essential protonated group is much lower than that (Erithacus Software Ltd., Staines, U.K.) obtained from Sigma
of a typical arginine (12.5), raising the possibility that Arg- Chemical Co. Protein was analyzed by tricine sodium

39, like Pro-1, might have an unusually lowg(1, 5). dodecyl sulfate-polyacrylamide gel electrophoresis under
The K, of 6.4 for Pro-1 is 3 units lower than that of the  denaturing conditions on 16% gels on a vertical gel elec-
model compound proline amide, corresponding /sG° trophoresis apparatus obtained from Gibtd)( Trichloro-

of 4.0 kcal/mol. The decreasedpvalue of Pro-1 ensures  acetic acid was used instead of acetic acid in the staining
that it is largely deprotonated at physiological pH so that it and destaining solutions. The concentration of wild-type
can function as the catalytic base. The mechanisms by which4-OT and the mutant forms of 4-OT (in micrograms per
the K, of the amino group of Pro-1 might be lowered on milliliter) was determined from the difference in absorption
the enzyme include (i) an active site environment of low measurements at 215 and 225 nm multiplied by the factor
dielectric constant and (i) juxtaposition of Pro-1 near other 144 @, 15).
cationic residues causing unfavorable electrostatic interac-  pH—Rate Profiles of R11A, R39A, R39Q, and R61A Using
tions which favor the neutral form of Pro-1,5). Assuming 2 The pH dependence of the rate of ketonizatior2 66 3
that the 3 unit lower K, value of Pro-1 results only froma  py the four mutants of 4-OT was determined in 50 mM
lower local dielectric constant, a dielectric constant near sodium phosphate buffer over the indicated pH range at 23
Pro-1 ofepor = 15.7 is calculated using the Born approxima- °C ysing the following modifications to a previously
tion: described procedure5), For the R11A 4-OT, the final
enzyme (monomer) concentration was either ;M (pH
_ 164.9(1f,0— Leyqe) 4.4-5.8) or 1.4uM (pH 6.0—9.0). For the R39A 4-OT, the

AAG r 1) final enzyme concentration was Q&M (pH 4.9-10). For
the R39Q 4-OT, the final enzyme concentration wasM2
with AAG® = 4.0 kcal/mol,eyaer= 77.9 at 25°C, andr = (pH 4.6-11). For the R61A 4-OT, the final enzyme

2.17 A for secondary amine$,(10, 11). An independent  concentration was 0,2M (pH 4.9-6.3 and 9.5-11) or 5.9
estimate of the dielectric constant near Pro-1 has beennM (pH 6.7-9.2). It was necessary to use different enzyme
measured from the 1.3 nm red-shifted absorption maximum concentrations of the mutants in order to facilitate the
of Phe-50 §), the sole UV chromophore of 4-OT, which is measurement of the reduced rates at the extreme pH values.
located at the active sit6 A from Pro-1 ). This red shift, The reaction was initiated by the addition of a quantityof
when correlated with the absorption maximaNacetyl- (final concentration 36600xM) from stock solutions made
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Table 1: Summary of the pH Dependences of Kinetic Paranfeders K, Values Determined by Dire¢®N NMR Titration for 4-OT and
Arginine Mutants

(kca{Krn)maX pKa of pKaa
enzyme substrate k)™ (s7Y) M-1s) Pro-» PKr2e PKue PKH2es PKHEes
WT 2 3500+ 500 1.9x 107 6.4+ 0. 52+0.1° 10.3+ 0.2 6.5+ 0.% 9.6+ 0.3
6.0+£0.1¢
8.2+ 0.1°
R61A 2 3500+ 500 (1.8+0.3) x 107 6.5+ 0.2 9.0+ 0.2 7.1+0.1 9.6+ 0.1
R11A 2 186+ 24 (8.94+ 1.4)x 10°f 6.0+ 0.1 6.4+ 0.2 >9 6.3+ 0.3 >9
15 7.4x 1049 5.6+0.14
R39A 2 25+1 (1.1+£0.1)x 1° 50£0.2 9.8+ 0.2 6.1+ 0.2 >10
R39Q 2 94+1 (1.9+0.2) x 10 7.1+0.1 4.6+ 0.2 10.0£ 0.1 58+ 0.1 >10
7.6+0.1"
WT 5 0.40+ 0.02 3.6x 177 6.4+ 0.2 6.2+ 0.3 9.0+ 0.3 7.7+ 0.2 85+ 0.3
R11A 5 1.1+0.2 (1.0£0.1) x 1¢® 6.0+ 0.1 58+0.1 >9 5.8+ 0.2 >9

aFrom pH-rate profiles performed at 2. P From 1DN NMR pH titration of the amino group of Pro-1 at 3C. ¢ From ref5. 9 At 42 °C.
€At 42 °C in the presence of 10 mM CCMFor the reaction with the 6-COOH form of substrate For the reaction with the 6-COCform of
substrate2. " At 30 °C in the presence of 10 mM CCM.

up in ethanol. The pH dependence of the kinetic parameterswheren is the Hill coefficient and); andd, are the limiting
was fitted and analyzed as described previouS)y ( chemical shifts at low and high pH values, respectively. The

pH—Rate Profiles of R11A Using Substraie The pH 15N chemical shift of the secondary amino nitrogen resonance
dependence of the rate of ketonizatiorbdb 6 by the R11A of Pro-1 in the R11A mutant was not detectable atp5l7
mutant was determined in 50 mM sodium phosphate buffer, (30°C) and pH<4.7 (42°C), probably due to denaturation,
pH 4.9-10.6, at 23°C using the following modificationsto  so the limiting chemical shift at low pH could not be
a previously described procedus.(The final concentration  determined. A limiting K, value was therefore determined
of enzyme monomers was 18/1. The rate of formation of ~ from a nonlinear least-squares fit of the data to eq 2, using
6 was monitored at 232 nm. The assay was initiated by the 6, = 48 ppm for the limiting chemical shift at high pH and
addition of a small quantity (26 uL) of 5 from a stock differing trial values 0%, = 55.1—58.3 ppm for the limiting
solution (44 or 88 mM) made up in ethanol. The concentra- chemical shift at low pH.
tions of 5 used ranged from 40 to 53tM.

1D N NMR Spectroscopf¥he NMR data were collected RESULTS AND DISCUSSION
on a Varian Unity Plus 600 NMR spectrometer operating at N o .
60.783 MHz for'®N. Spectra were acquired without proton PH Titration of Psro-l n W|Id-.Type 4-OT and in the R1IA
decoupling usig a 5 mmbroad-band detection probe. The Mutant of 4-OT by*N NMR An important property of wild-
15\ chemical shifts are measured with respect to external YP€ 4-OT is the unusually lowkp of Pro-1, which serves
NH,CI (2.9 mM in 1 M HCI) at 20°C, which is 24.93 2 Lfc‘e{ }gef;‘;‘rg'ztfsoeéggfe'gg‘iv“ﬁﬁ”&’]edsﬁag"gfgféuze

H H 1 H al m . . .

ppm downfield from liquid ammonialf), and are reported obtained by direct®N titration of Pro-1 at 30C (Table 1)

with respect to liquid ammonia. The acquisition parameters ; .
were as follows: spectral width, 12 001.2 Hz; acquisition (5)'_ These [, values are 3 units lower than that of proline
time, 0.683 s; relaxation delay, 0.1 s: total number of @mide, a model compound with &pof 9.4 (5). The low
transients, 10 009100 000. pKa value of Pro-1 was ascribed to both a low dielectric

This 1D N NMR procedure was used to determine the constant at the active site and the proximity of the cationic

pK, for the amino group of the general base, Pro-1, and lower Lesiduhes _Arg-ll ar_1d Arfg-ﬁgl;( .?)' In support of IT:S h
limits to the K, values of all of the arginines in wild-type YPOt esis, satgratlon of t e wi d-type enzyme with the
4-OT and the R11A and R39Q mutants by monitoring the dicarboxylic acid, CCM, which would be expected to
pH dependence of thelfN chemical shifts. The titrations neutralize the positive charge on these two residues, increases
were performed using samples which were 3.0 mM in thefKa of Pro-1 py 2.2 un'FS from a valu.e OT 6.0 t(.) 8.2 at
monomers of uniformly’®N-labeled wild-type 4-OT, the 42 °C as determined by. dw_eé?N NMR titration (Figure
R11A mutant, or the R39Q mutant in 8 mM potassium 1A) (Table 1). The availability of mutants, uncharged at

phosphate buffer at 3T (R11A and R39Q) or 42C (wild positions_ll and 39, permits an independent test of this
type and R11A) by addition of small amountsloM HCl ~ hypothesis.

or 1 M NaOH to the sample. The titrations were found to ~ Over the pH range 4:79.6, the’>N chemical shift of the

be reversible in the range pH 4:10.0, and each mutant —amino nitrogen of Pro-1 in the R11A mutaftNo = 47.5-
enzyme retainea 85% of its initial activity at the conclusion 57 ppm) is upfield and well resolved from the othéN

of the experiment. Thek, value for Pro-1 in wild-type 4-OT ~ resonances of the enzym& §). The*N resonance of Pro-1
and the R39Q mutant in the absence and presence of CCMvas not detectable at pH5.4 at 30°C and pH<4.7 at 42
was determined from a nonlinear least-squares fit of the data’C; therefore, the data were fitted to eq 2 to obtain tKg p

to the equation: and Hill coefficient ) at differing trial values for the limiting
chemical shift at low pH ¢ = 56—59 ppm) using the
8, + 0,(10PHPKan directly determined value af, = 47.5 ppm for the limiting

O(ppmfPP= 12 (2) chemical shift at high pH. Figure 1B shows that the best fits

(A0 4 g to the data at 30C occur ford; values between 56.5 and
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result from the proximity of Arg-11. From the X-ray
wr A structures of 4-OT32), the distance between thenitrogen
of Arg-11 and the amino nitrogen of Pro-1 is 11.0 A in the
free enzyme and 8.3 A in the affinity-labeled enzyme.
Similar analysis of the pH titration of Pro-1 in the R11A
mutant at 42°C yields a value of i, = 5.6 £ 0.1 andn =
1.15+ 0.10 (Figure 1B) (Table 1). The 0.4 unit decrease in
pK, for the ammonium group of Pro-1 with increasing
temperature from 30 to 42C is typical of nitrogen-
containing bases that generally have high heats of ionization.
8 R11A B Because of the low affinity of the R11A mutant for CCM
56 (Kg = 21.7 mM) @), this site could not be completely
saturated. Hence, no attempt was made to determine<the p
of Pro-1 in the R11ACCM complex.
pH Titration of Pro-1 in the R39Q Mutant of 4-OT BN
NMR. From the X-ray structures of 4-OR), the distance
between the-nitrogen of Arg-39 and the amino nitrogen of
Pro-1is 7.1 A in the free enzyme and 6.5 A in the affinity-
labeled enzyme. Direct pH titration of the uniformi§N-
R39Q C labeled R39Q mutant enzyme was carried out &t30sing
N NMR (Figure 1C). Thé®N chemical shift of the amino
nitrogen of Pro-1 in the R39Q mutartfllo = 47—56 ppm)
over the pH range 5:710, in the absence and presence of
10 mM CCM, is upfield and well resolved from the other
N resonances of the enzyme similar to wild-type 4-OT
(Figure 1A) @, 5) and the R11A mutant of 4-OT (Figure
1B). The titration data of R39Q were fitted to eq 2 to yield
an apparentlf, = 7.1+ 0.1 andn = 0.54+ 0.1 for Pro-1
4 6 8 10 in the free enzyme and an appareKt = 7.6 &= 0.1 andn
pH = 0.76 &+ 0.05 for Pro-1 in the R39Q mutant of 4-OT
FiGure 1: Determination of thel§, for the amino proton of Pro-1 ~ complexed with 10 mM CCM, conditions under which the
by N NMR spectroscopy. (A) pH titration curves for the amino  tight binding sites were 71% occupied and the weak binding
nirogen atom of Pro-Lin wid-ype 4-OT at 4 with 0 MM gies were 23% ocoupied) The Significant departure o
(@) is described by eq 2 usiny = 56.7+ 0.9 ppm,d, = 47.5+ the Hill coefficient of R39Q from 1.0 to lower values implies
0.3 ppm, &Ka = 6.0+ 0.1, and Hill coefficienin = 0.82+ 0.17. negative cooperativity in proton binding by the R39Q mutant.
The curve for 10 mM CCM 4) is described by eq 2 usinyy = Hence, the [, value of the R39Q mutant is referred to as

0:65.: 0,14 (B) pi tiration curves for ihe amino niragen atom 2 2PPareNtik While the ia of Pro-L in wild-type 4-0T
of Pro-1 in the R11A mutant of 4-OT at 3@ (®) and at 42°C INCreases by 2.2 units tOKQ = 8.2 In the presence of
(O). The curves for the data at 3C (®) are described by eq 2~ Saturating 32 mM CCM (Figure 1A), the appare,mf
using a limiting chemical shift at high pHb§) of 47.5 ppm and Pro-1 in the R39Q mutant is only slightly increased by 0.5
pKa= 6.14, 6.01, and 5.88 ant= 1.01, 0.87, and 0.79 for limiting  unit upon complex formation with 10 mM CCM, presumably

chemical shifts at low pHdy of 56.5, 57.5, and 58.5 ppm,  gye to less than optimal binding of the analogue near Pro-1.
respectively. The complete solid line describes the best overall fit
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using [Ka = 6.01+ 0.1 andn = 0.87 + 0.1 for 61 = 57.5 ppm. Effect of pH on the®™Ne Chemical Shifts of Argining
The curves for the data at 4Z (O) are described by eq 2 using Residues of 4-OTThe enzyme 4-OT has a total of six
a limiting chemical shift at high pHd) of 47.6 ppm and K, = arginine residues per subunit (Arg-11, -21, -29, -39, -61, and

5.72, 5.60, and 5.48 and Hill coefficient= 1.4, 1.2, and 0.97 for -62) The N resonances of all these residues have been

limiting chemical shifts at low pHd;) of 55.2, 56.2, and 57.2 ppm, assigned 9. The chemical shifts of all of the Arg &

Li?ﬁgﬁ;ﬂy .5T£11<e ic%r%p?le;ﬁ;noh:d 1'_”26 f %fgr%gsglth:e 5bee_ Sét 8;5{?“ fit resonances in wild-type 4-OT and in the R11A and R39Q

(C) pH titration curves for the amino nitrogen atom of Pro-1 in the mutants ®) were found to be independent of pH over the
R39Q mutant of 4-OT at 38C with 0 mM CCM (@) and with 10 range 4.9-9.7 (data not shown), indicating that no arginine
mM CCM (a). The curve for 0 mM CCM@®) is described by eq  residue is responsible for the kinetically determinéd pf

2 usingo; = 55.8+ 0.6 ppm,d, = 46.94+ 0.3 ppm, K= 7.1+ ; ; B
0.1, andn = 0.54+ 0.10. The curve for 10 mM CaCMQ) s 9.0 for an essential protonated group in free 4-G) (

described by eq 2 usind, = 55.8+ 0.1 ppm,d, = 47.0+ 0.1 pH Dependence of the Kinetic Parameters of Wild-Type
ppm, Ka= 7.6+ 0.1, andn = 0.76+ 0.05. At 10 mM CCM the 4-0OT and of the R61A Mutant of 4-OThe large values of

tight sites were 71% occupied and the weak sites were 23% k., andkes/Knm for ketonization of the dicarboxylate substrate
occupied when calculated as previously descrit8d ( 2 by the wild-type enzyme (Table 1) were interpreted to
58.5 ppm, yielding a value ofth, = 6.0+ 0.1 andn = 0.87 indicate that? is a sticky substrate5]. The R61A mutant

+ 0.11 for the R11A mutant as shown by the solid line. shows very similar behavior to that of the wild-type enzyme
Thus, the enzymatic environment of the R11A mutant lowers with substrate2 (Table 1). With sticky substrates, the
the K, of Pro-1 by 3.4 units as compared to proline amide expressions fok../Kn andk.,:under steady-state conditions
and by 0.4 unit as compared to wild-type 4-OT (Table 1), are complex, and a rigorous analysis of the pH dependence
indicating that the low K, of Pro-1 in free 4-OT does not  of the kinetic parameters would require knowledge of the
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Ficure 2: pH dependence of the kinetic parameters of wild-type 4-OT and its mutants R61A and R11A. Diagram summarizing the effect
of pH onk:./Kn, (solid curve) andk., (dashed curve) for the reaction of wild-type 4-OT with (A) the monocarboxylate subSteate (B)

the dicarboxylate substrax(5). In ref 5 the values of K.o/Ky)™ and ko)™ were 3-fold lower than those currently measured (Table 1).
Such variability in the activity of homogeneous 4-OT is commonly seen. pH dependence of the kinetic paragi&ig(©) andk:a (O)

for the reaction of (C) the R61A mutant wifh (D) the R11A mutant witt2, and (E) the R11A mutant with. The curves were computed

from a nonlinear least-squares fit of the data to the equations described in the text, and the results are summarized in Table 1.

relative stickiness of the substrate and of protons to the descending limbs, respectively (Figure 2C), similar to that

enzyme 17), which are unknown. In the absence of this observed for wild-type 4-OT (Figure 2B3) A simple model

information, it is reasonable to model the data using which best fits these observations is shown in Scheme 2

equilibrium assumptions and then qualitatively compare the where o. = 0, K" is the ionization constant of the

results obtained for the R61A mutant with those obtained 6-carboxylic acid group of the free substratépK.S" = 5.4

for wild-type 4-OT. For such comparisons, the curves used + 0.1),Ks is the dissociation constant of the dianionic form

to fit the data for wild-type 4-OT are summarized in Figure of the substrate (S) from the enzym&,.e and Ky2es are

2AB (5). the ionization constants for the base catalyst (Pro-1) in the
The pH-rate profiles ofk.a/Km andke, for the reaction free enzyme and in the enzymsubstrate complex, respec-

of wild-type 4-OT with the nonsticky monocarboxylate tively, Kye and Kpes are the ionization constants for a

substrates, in which rapid equilibrium kinetics apply, have required acid group in the free enzyme and in the enzyme

previously been shown to be bell-shaped with limiting slopes substrate complex, respectively, amds a proportionality

of unity for both the ascending and descending limbs (Figure constant relatingic.: of the reactions of the two different ionic

2A), yielding K, values of 6.2+ 0.3 for the general base forms of the enzymesubstrate complex, ES and HES.

and 9.0+ 0.3 for an essential protonated groug).(The Assuming rapid equilibrium, the pH dependence&efK,

pK, value for the general base agreed with that of Pro-1 andk.yare given by egs 3 and 4, respectivelg), For both

measured by direéfN NMR titration (pK, = 6.4+ 0.2) as e N

expected for a reaction occurring under rapid equilibrium  Keat (Keaf Ki) " (1 + oK yed[H]) @)

conditions (7). With the sticky dicarboxylate substra?e K.~ +1/1¢ S + +

the slope of the ascending limb of lég{/K,) vs pH (Figure m (@ HYKA+H VK + KigllH )

2B) increased to 2, resulting from the simultaneous depro- ma +

tonation of both Pro-1 and the 6-carboxyl group of substrate Koo = (kea) ™1+ 0Kped[HD) (4)

2 (pKa = 5.4 + 0.1) (). With a sticky substrate in which 1+ [H VK gst Kped[H ]

steady-state rather than rapid equilibrium kinetics apply, the

pKa values of the ionizing groups of the free enzyme are the wild-type enzyme and the R61A mutant= 0 since ES

perturbed 17) such that the apparenkKpof the basic group  is catalytically inactive. Nonlinear least-squares fits of the

is lowered and that of the acidic group is raised (Table 1). pH dependence d¢./Kn to eq 3 and the pH dependence of
For the reaction of the fully active R61A mutant wigh Keat to €q 4 using K" = 5.4 ando. = 0 (Figure 2C) gave

a plot of logk.afKm) Vs pH shows a bell-shaped dependence the (K, values listed in Table 1. While the R61A mutation

on pH with limiting slopes of 2 and 1 on the ascending and had little effect onk../Km or keos at pH 7.3, it increased the
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Scheme 2 In Scheme 3Ksy andKs are the dissociation constants
ake from the enzyme of the monoanionic (SH) and dianionic (S)
S + E ES--—-» P forms of the substrate, respectivel§,e andKizesyare the
Kue Kues ionization constants of the base catalyst (Pro-1) in the free
o enzyme and in the enzymsubstrate complex, respectively,
SH K S + HES HES— o p KSH and K7ESH are the ionization constants of the 6-car-
boxylic acid group of2 free in solution (K, = 5.4+ 0.1)
Kig Kiiges and in the enzymesubstrate complex, respectively, and
is a proportionality constant relatirgs for the reaction of
S + HE == H;ES the enzyme with the two different ionic forms of the
h substrate. With the rapid equilibrium assumption, the pH
Scheme 3 dependences df../Kn and ke, are given by eqs 5 and 6
s + HE HE oKeat p (18). From egs 5 and 6 (with & a < 1), maximum values
KaSH KﬂHESH kc_at= (kca/Km)maY:L + (lKaHESH/[H Jr]) (5)
K K SHyp g+ +
SH + HE HESH&_» o m (QA+K/HTDA+[H ]/KHZE)
K K eon - (kead "™ (1 + K, THTD) ©
at™ + HESHrp +

apparent K, values for the base catalyst in both the free qof | /K. andk.,would occur for the reaction of the R11A
and substrate-bound enzyme and decreased the appiEent P mytant with the monoanionic form of the substrate, and
of the required protonated group in the free enzyme to values, gjyes ofk../Kn andkein the plateau region (pkt 7) would
obtained with wild-type 4-OT using the nonsticky substrate qccyr for the slower reaction with the dianionic form of the
5 (5), suggesting substrateto be less sticky in the R61A  gypstrate, resulting in a hump. With Scheme 3, the lack of
mutant as reflected in a small 1.6-fold increaseKin (9). a descending limb at high pH indicates that if there is an
Sincekqy is unaltered and the increaselg, is small in the essential acidic group on the enzyme, i must be greater
R61A mutant, the decrease in substrate stickiness could havgnan, 92

resulf[ed from comparable increases in bkghanq Korr Of Experimentally (Figure 2D), with the measured.f the

the dicarboxylate substra®aupon decreasing the size of Arg- 6-carboxyl group of substrat2 (5.4 + 0.1) as an input

61 to Ala. If equilibrium kinetics are applicable, then the parameter, both Scheme 2 and Scheme 3 provide reasonable
PKa values derived from the effect of pH dax indicate fits to the data orkeafKm andkes with similar error values.
that the binding of the dianionic substrate to the R61A mutant However, in fittingkea/Km, Scheme 2 predicts gfor Pro-1

ha_s increased thekp valyes of both the general base and (PKi126) Of 4.9 while Scheme 3 predicts thiKpto be 6.4,
acid catalysts by 0.6 unit (Table 1). in excellent agreement with the independently measured

pH Dependence of the Kinetic Parameters of the R11A 5)ye of 6.3+ 0.1 obtained by NMR titrations at 42 and 30
Mutant with Substrate2. With the kinetically damaged o gng extrapolation to 23C (Figure 1B) (Table 1).
arginine mutants (Table 1), the relatively low valuesaf Moreover, to generate the descending limb of the hump,
K andkea for ketonization of substrate by R11A and of  gcheme 2 requires thekp of the required acidic group of
substrate? by the R11A, R39A, and R39Q mutants suggest the enzyme (fye) to have decreased from 9.0 in the wild-
that the enzymesubstrate complex is indeed in rapid type enzyme to a value of 5.9 in the R11A mutant. Setting
equilibrium with the free enzyme and substrate. Hence, the {,¢ K, of Pro-1 in the free R11A mutant enzyme to 6.3,
pH dependence of the steady-state kinetic paramétghs  sing Scheme 2, further decreasé&pto 4.6. In the next
Km andkea were analyzed using rapid equilibrium assump- gection, evidence establishing Scheme 3 is presented, using
tions as described previously for the reaction of wild-type g pstrates, which lacks a 6-carboxyl group and shows no
4-OT with substraté (5). . . hump in its pH-rate profile.

For the reaction of the R11A mutant with the dicarboxylate Using Scheme 3, the value of the proportionality constant
substrate, plots of both logkea/Kim) and logkea) vs pH show = 0,083, determined from analysis of bdti andkea/Kn
humps, i.e., sharply defined maxima near pH 6 followed by ith egs 5 and 6, indicates that the R11A mutant converts
plateaus (Figure 2D)indicating that more than one ionic  the monoanionic form of the substrate to product 12-fold
form of the enzyme substrate complex undergoes catalysis aster than the dianionic form. This change in the preferred
(18). In principle, the ionizing group in the enzymsubstrate ionization state of the 6-carboxyl group of substrafieom
complex could be provided by the enzyme (Scheme 2) or gpjonic to neutral, which occurs upon mutation of Arg-11
by the enzyme-bound substrate (Scheme 3) with@ < 1 to Ala, provides strong evidence that Arg-11 interacts with
in both cases. It will be shown below that the kinetic and the 6-carboxylate of the substrate. Protonation of the 6-car-
thermodynamic data are consistent with Scheme 3 and _““eboxylate group of the substrate on the R11A mutant would
out Scheme 2 for the reaction of the R11A mutant with yestore some of the inductive and resonance effects of a
substrate?. hydrogen-bonded 6-carboxylate grouplegas on the wild-

. . type enzyme (Table 1)5( 9, 19).

2 Above pH 9, the R11A mutant becomes unstable with a very high S
K such that it becomes difficult to distinguish the enzymatic rate from ~ PH Dependence of the Kinetic Parameters of the R11A
the base-catalyzed nonenzymatic rate. Mutant with Substrat®. To further distinguish between the
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Scheme 4 or substrate. If it is assumed that the dianionic form2of
Ks Ko binds to both the R39A and R39Q mutants, an assumption
S + HE HES—— P which fit the data for the wild-type enzyme (Figure 2B),(
Kie Kepco then one of the two g, values responsible for the ascending
: : limb corresponds to the ionization of the 6-carboxylic acid

S + HE =—= HES group of substrat@ (pK,S" = 5.4 4+ 0.1). A simple rapid
equilibrium model which best describes these observations

mechanisms of Schemes 2 and 3, the pH dependences off Shown in Scheme 2 with = 0 so that product formation

the kinetic parameters were determined for the reaction of 9¢CUrs only from the HES complex. A nonlinear least-squares
the R11A mutant with the monocarboxylate substrate i ogche pH dependence da/Kn to €q 3 usingx = 0 and
which does not contain the 6-carboxylic acid group and in PKa™" = 5.4 gave [Ka values for the free enzyme of 58
which the 1-carboxylic acid group Kac°H ~ 2.4 () does 0.2 and 9.8+ 0.2 for the R39A mutant and 4% 0.2 and

not titrate in the pH range studied. Plots of both loglKn) 10.0+ 0.1 for the R39Q mutant (Table 1).

and logkes) Vs pH show ascending limbs with slopes of unity The k|r_1et|cally determinediy, of 4.6 £+ 0.2 for the R39Q
followed by plateaus (Figure 2E). The disappearance of the Mutant differs greatly from the appareri{qvalue of 7.1+
hump in the pH profiles with the monocarboxylate substrate 9-1 for Pro-1 determined by direct NMR titration (Figure
5 confirms that the 6-carboxylic acid group of the dicar- _1C). Three possible ex_planatlon_s for the 2.5 unit dlfferen_ce
boxylic acid substrat€ is responsible for the descending " PKahave been considered. First, a change in mechanism
limb of the hump (Figure 2D) in accord with Scheme 3 and " the R39Q mutant to one in which either His-6 or His-49
eqs 5 and 6. For substraevhich is not ionizable in the pH ~ (akes over the role of general base may be excluded.
range studied, Scheme 3 simplifies to Scheme 4 in which Although His-6 and His-49 have appropriately lovkKq
Pro-1 is the only ionizable group with dissociation constants 2/ues 0f=5and 5.1, respectively, in the wild-type enzyme
Kize in the free enzyme aniesin the enzyme-substrate (5), their nearest imidazole nitrogens are 9.0 and 14.7_A fr_om
complex. The assumption of rapid equilibrium leads to egs the Pro-1 nitrogen2). Second, a departure of the kinetic

7 and 8 which were fit to the kinetic data for the reaction of Scheme from rapid equilibrium would result in a lower
apparent g, as is observedl(). However, the 372-fold

K, (koK ymax decr_ease inl<£§“)”‘ax of the R39Q mutant together V\_/ith a_2.7-
cat_ Veat''m! (7) fold increase irKy, (Table 1) renders this explanation highly
Km 1+ [HVKye unlikely but does not rule it out. Third, as a result of negative
: cooperativity in the deprotonation of Pro-1 (Figure 1C), the
(Keg) ™ apparent g, of 7.1 determined by direct titration actually
Keat= (8) represents an average of thEspvalues of the six Pro-1
1+[H ]/KHzES residues of the homohexamer. From the Hill coefficient of

0.54, it can be shown that the appareHt palue of 7.1 in

the R11A mutant with substrafe(Figure 2E). This analysis  the titration could result most simply from the rapid
gives a X, value of 5.8+ 0.1 for the base catalyst in both averaging of two limiting K, values of 4.6 and 8.2 at a rate
the free enzyme and enzymsubstrate complex. This value  >27A0 or 3400 s* (Figure 1C) The K, value of 4.6 would
is comparable to the value of 6430.1 (23°C) obtained by agree with the kinetic data, and th&jvalue of 8.2 is not
direct'®N NMR titration and extrapolation (Figure 1B, Table unreasonable for a Pro-1 which is partially exposed to solvent
1) and 6.4+ 0.2 obtained from the pH dependencekg/ since the model compound proline amide haska @f 9.4
Km for the reaction of R11A witl2 (Figure 2D, Table 1). in aqueous solution5]. From the X-ray structure of 4-OT
Analysis of the effects of pH ok, of R11A with both (2), Arg-39' is in molecular contact with th¢-hairpin
substrate2 and substraté indicates that thelg, of Pro-1 is (residues 50to 57) which covers the active site, and the
not affected by the binding of either substrate, consistent backbone'®N and NH resonances of residues in this region
with substrate? functioning as a monoanion. show changes in chemical shift as a result of the R39Q

If, in addition, there is a g, for an essential acidic group  mutation ©). Hence mutation of Arg-39, by altering the
in the free or substrate-bound R11A, it must be greater thanstructure of thes-hairpin, could result in an increase in the
9.2 Although the descending limb at high pH could not be solvent exposure of Pro-1, raising its upper limt,pvalue.
reached with the R11A mutant, it is unlikely that Arg-11is If in the R39Q-catalyzed reaction only the sites with the
responsible for thelf, of the acid group in wild-type 4-OT  lower limit pK, values were operative, the discrepancy in
(9.0 +£ 0.3, free enzyme; 8.5+ 0.3, enzyme-substrate pKa values would be resolved. The R39Q mutant also shows
complex) since thé®N chemical shifts for the side chain  negative cooperativity in binding the substrate analogue CCM
e-nitrogen of Arg-11 and of all other arginine residues were with Ky values ranging from 3.5 to 29 mM9). This
independent of pH over the range 49.7 (see above). observation and the low, of substrate? with the R39Q

pH Dependence of the Kinetic Parameters of the R39A mutant (0.5 mM) indicate that the tight substrate binding
and R39Q Mutants of 4-OFor both the R39A and R39Q sites are likely to be the ones with the lower limikpvalues
mutants, plots of lod¢./Km) for the dicarboxylate substrate for Pro-1.
2 (Figure 3) show bell-shaped dependences on pH with The Kuesvalues of 9.8 and 10 for the required protonated
limiting slopes of 2 and 1 on the ascending and descendinggroup observed in log{./K) versus pH for the R39A and
limbs, respectively, although only limited data could be
obtained at the extremes of pH. This pH behavior indicates s This may be shown by solving the equatidfp= (PK1 x pK2)".
the importance of three ionizable groups in the free enzyme In the present case 72 (4.6 x 8.254
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1og(k,q) (s7) or logk,/K,) (M s7)

log(k,,) (s) or log(kJK,) (M s7)

pH

Ficure 3: pH dependence of the kinetic parametiergKy, (O)
andk. (O) for the reaction of (A) the R39A mutant and (B) the
R39Q mutant with substrat The curves were computed from a
nonlinear least-squares fit of the data to eq 3KarKn, with a =

0 and to eq 8 folk., as discussed in the text, and the results are
summarized in Table 1.

R39Q mutants, respectively (Figure 3), were not greatly
altered from that found with the wild-type enzyme (Table
1). This observation, together with the finding that th&, p
values of all of the arginine residues of 4-OT exceed 10,
indicates that Arg-39 is not responsible for thegg yalues
detected kinetically. The enzyme contains three lysine
residues, K16, K47, and K59, surrounding the entrance to
the active site withe-NH, nitrogens 12.9-13.8 A from the
amino nitrogen of Pro-12). One of these lysines begins to
titrate at pH 9.2 in"®N NMR spectra of wild-type 4-OT and
may be responsible for the descending limb of the-p&te
profile. This is currently under investigation.

For both the R39A and R39Q mutants, a plot of lag)
vs pH for2 shows a single ascending limb with a slope of
1 (Figure 3). A fit of the pH dependence &, to the
logarithmic form of eq 8 gives K2es values for the
enzyme-substrate complex of 6.& 0.1 and 5.& 0.1 for
the R39A and R39Q mutants, respectively (Table 1). If there
is a K, for a required protonated group in the enzyme
substrate complex, it must be greater than 10. Thus the
binding of the dicarboxylate substrate has increased the
kinetically determined I§; values of both the general base
and acid catalysts.

CONCLUSIONS

The K, values of the active site Pro-1 and the limiting
pKa values of the arginine residues of the active site arginine
mutants of 4-OT were determined by diréél NMR pH
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titrations and compared with those of wild-type 4-Cd). (

In addition, pH-rate profiles were carried out with the
arginine mutants to provide independent determinations of
the K, values of Pro-1 and of the essential acidic group in
catalysis. In the R11A mutant, th&pof Pro-1 is unaltered,
but now the protonated 6-COOH form of the substrate is
preferred over the unprotonated 6-CO@rm by a factor

of ~12. This reversal of substrate preference establishes a
functional interaction between the 6-CO@roup of the
substrate with Arg-11, in accord with the results of the
preceding paper9dj.

The R39Q mutation introduces negative cooperativity in
the deprotonation of Pro-1 and in the binding of the substrate
analogue CCM 9). Both of these effects may result from
increased exposure to solvent due to an altered structure of
the S-hairpin which covers the active site. These observa-
tions, together with the low, of substrate with the R39Q
mutant and the effects of pH da./Kn, indicate that only
the sites with low g, and tight substrate binding are
kinetically operative in the R39Q mutant. The results from
these studies indicate that no arginine residue is responsible
for the kinetically determined i, of 9.0 for the essential
acidic group in free 4-OT and that proximities of the cationic
residues Arg-39 and Arg-11, which interact with the 1- and
6-carboxylate groups of the substrate, respectively, contribute
little to the unusually low K, value of the general base
catalyst Pro-1 (l§a = 6.4) in 4-OT, which likely results from
a low local dielectric constant e¥16. The 2.2 unit increase
in pKa of Pro-1 upon binding the dianionic substrate analogue
CCM (Figure 1A) may result from an increase in the local
dielectric constant or from the proximity to Pro-1 of the two
negative charges of the ligand.
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