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SUMMARY

The 13C kinetic isotope effects in the urease-catalyzed hydrolysis of urea have been
measured with several preparations of the enzyme in two buffers (maleic acid-maleate,
and Tris—sulfuric acid) in which the kinetics have been studied previously. The results
indicate that the mechanism of the hydrolysis possesses complexities not reflected
in the gross rate phenomena which do influence the isotope fractionation. The isotopic
analogues of the several mechanisms found adequate to explain the kinetics of the
reaction are examined in detail. It is concluded that complexity at the molecular
level, probably involving temperature-dependent interconversion of two or more types
of active sites (directly, or indirectly through enzyme conformational changes), is
responsible for the isotope-effect results obtained.

INTRODUCTION

Kinetic isotope fractionation effects afford a method for the elucidation of the changes
in bonding, about a position of isotopy in a molecule, which occur during the passage
of that molecule from an initial reagent state to the transition state (or activated
complex configuration). The method has been applied with success to the investigation
of the mechanistic details of a number of chemical reactions; BIGELEISEN AND
WOLFSBERG! have published recently a comprehensive review of such applications.

A number of brief studies of isotope fractionation in enzyme-catalyzed reactions
have been reported in the recent literature. SELTZER, HAMILTON AND WESTHEIMER?
investigated the 13C isotope effect in the decarboxylation of [1-13CJoxalacetic acid
catalyzed by the enzyme isolated from Micrococcus lysodeikticus and observed a very
small effect (approx. 0.29,). RABINOWITZ et al.3, reported a large 4C isotope effect
in the reaction of formic acid and formic dehydrogenase. Appreciable carbon isotope
effects (i.e. greater than 0.29;) have been found in several studies of the urease-
catalyzed hydrolysis of urea. SCHMITT, MYERSON AND DANIELS? examined the carbon
isotope fractionation during hydrolyses of [1*Clurea and ['4C]urea in phosphate buffers
at pH 5.0. Only one preparation of enzyme was employed in this work, and phosphate

Abbreviations: TIF, temperature-independent factor; TDF, temperature-dependent factor.
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buffers have been reported® to inhibit the activity of urease. More recently, RaBINO-
wITZ et al.37 measured the varying specific activity of 1#CO, produced during the
hydrolysis of [14Clurea by urease in 3 M acetate buffer at pH 5.0 and 37°; they found
that the minimum in specific activity of 4CO, occurred at about 109, reaction and
was equivalent to an approximately 109, isotope, effect. A 14C kinetic isotope effect
of this magnitude would be considered large even in a purely thermal reaction; further,
the kinetics of the urease-catalyzed hydrolysis have not been studied extensively in
acetate buffer.

Two buffer systems are known in which there is no apparent inhibition of urease
by the buffer itself, and in which the kinetics of the hydrolysis of urea have
been studied. These systems are maleic acid-maleate, which was employed by
KisTrakowsKY ef al.8, and Tris-sulfuric acid, which was used by WALL AND LAIDLERS.
K1strakowsky AND ROSENBERG? interpreted their kinetics results in terms of a pair
of two-site mechanisms, though the deviations from simple Michaelis-Menten kinetics
are modest; WALL AND LAIDLER found that the hydrolysis conformed to simple
Michaelis-Menten kinetics, but their investigation was not as comprehensive as that
of KISTIAKOWSKY ¢t al.

This article reports the results obtained in the first part of a broad investigation
of the 13C kinetic isotope effect in the urease-catalyzed hydrolysis of urea containing
12C and 33C at their natural abundance levels. The atomic displacements which occur
in tbe actual rate-determining step of a chemical reaction contribute a temperature-
independent factor to the observed ratio of the isotopic specific rate constants®-12,
This TIF is accessible only through a study of the temperature dependence of the
isotope effect; it is to such an investigation that this research is devoted. The steps
in the reaction which precede that which is rate-determining, as well as the genuine
vibrational motions occurring during the rate-determining process, contribute a TDF
to the ratio of the isotopic specific rate constants!®; TDF is a primary derived quantity
in an investigation of isotope effect temperature dependence, but, because of our
interest in the molecular details of dynamic processes, TIF is the ultimate object.

EXPERIMENTAL
Reagents

Urease was prepared from jackbean meal (Nutritional Biochemicals Corp.) by
the method of SuMNER! and DouNCE!. From one to four crystallizations of the
enzyme were carried out with different preparations; but, as has been reported by
other workers!®-3, the ease with which urease is denatured makes repeated crystal-
lization unprofitable as a method of purification. The several preparations of urease
were stored as solutions in 509, aqueous glycerol (Fisher ““Certified” reagent) in
stoppered vessels at pH 7.0; a refrigerated bath was employed to maintain a storage
temperature of 3-5°. From these reservoirs, small aliquots were withdrawn as required
and diluted with the appropriate buffer. Solutions so prepared were then allowed
to “age”%18, at the temperature at which the reaction was to be carried out, for
not less than two hours before being used.

The urea (Baker “Analytical Reagent”) was used without further purification.
Maleic acid-maleate buffers were prepared from maleic anhydride (Eastman ‘“White
Label”) and sodium hydroxide (Mallinckrodt ““‘A.C.S. Grade”). The buffers of Tris
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and sulfuric acid were prepared by titrations of solutions of the amine (Commercial
Solvents Corp.; recrystallized) with standard acid (““Acculute”, Anachemia Chemicals,
Ltd.). The citric acid—citrate buffers employed in the crystallization of ureasel® were
ov.ained by mixing solutions of citric acid and sodium citrate (both Baker and
Adamson “A.C.S. Grade”). All buffer solutions were calibrated against standards
(Leeds and Northrup Co.) using a Beckman pH Meter (Model G).

The water used throughout this work was de-ionized by passage throu.  a mixed
bed - 1 exchange resins (Rohm and Haas, Amberlite I.R.A.-400; Dow Chemical €o.,
Dowex-50). Before use all apparatus was cleaned with either an acid® or detérgent
bath, rinsed liberally with de-ionized water, and then rinsed several times with the
buffer solution to be employed.

Procedure for kinetics measurements

The stability and reproducible behavior of each preparation of urease employed
in the isotope effects measurements was established by observation of the kinetics of
the hydrolysis. The procedures employed in this phase of the investigation were those
of KISTIAKOWSKY ¢t al.8; kexp values appearing later in this report are pseudo-first
order rate constants. Unless specifically noted, isotope effect measurements were made
only with preparations of urease which gave a constant value of kexp over whatever
extent of reaction was examined and one which was invariant within experimental
error for a period sufficient to permit completion of the isotope fractionation studies.
The stock solutions of enzyme were diluted to concentrations of the order of a few
SuMmNER Units®/ml, a range used in the previous kinetics studies cited. Estimation
of the protein content of the enzyme preparations was made by conventional pro-
cedures?.

Procedure for isotope effect measurements

Into flasks (200 ml) carrying two side-arms and a “‘break-seal” tube connected
through a capillary were measured aliquots of the buffer solution (85 ml) and of a
standard solution of urea (0.5 M) in that buffer (10-ml). Five milliliters of a solution
of the enzyme in the same buffer were placed in one side-arm, and in the other an
identical volume of 5 M sulfuric acid. The reaction flasks were evacuated to approx.
20 mm Hg on a vacuum manifold, sealed from the atmosphere, and removed from
the manifold. The vessels were then placed in a constant (4 0.1°) temperature bath
and 2z h allowed for attainment of thermal equilibrium and “‘aging” of their contents.
Reaction, begun by tilting the side-arm containing the enzyme solution, was allowed
to proceed for a pre-determined time interval (usually somewhat less than that
required for the hydrolysis to reach 39, of completion?!), and then “quenched” by
denaturation of the enzyme with the acid in the second side-arm. The extent to which
reaction had proceeded was checked by determination of the concentration of am-
monium ion in the mixture using the method employed in the conventional kinetics
measurements. Product carbon dioxide was distilled fror the now strongly acidic
medium to the “break-seal”’ tube, which was then sealed; tie gas was purified and
dried by distilling 'several times, on a vacuum manifold, between traps at —78°
and — 196° through columns packed with magnesium perchlorate. Carbon isotope
analyses were carried out with a Consolidated-Nier Isotope-Ratio Mass Spectrometer;
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the analytical procedures and methods for correcting the raw output data have been
described in earlier publications from this laboratory??, 23,

Conditions employed

The isotope fractionations in the hydrolyses catalyzed by a number of prepa-
rations of urease were measured at several temperatures between 1.8° and 432°;
another group of preparations was studied only at 11.4°. All experiments were carried
out at pH 6.5; the urea concentration in all reacting solutions was 0.050 M. During
reactior, solutions in maleate-buffers had a buffer concentration of 0.032 M and ionic
strength of 0.066 M ; in the experiments with Tris-sulphuric acid buffers, the buffer
concentration was 0.130 M and the ionic strength o.127 M.

RESULTS
..y nbols

Individual enzyme preparations are designated by Roman numerals; Arabic
subscripts to these numerals indicate the number of crystallizations (by the procedure
of DoUNCEY) to which the extracted material was subjected before the preparation
of the final “‘reservoir” solutions. The enzyme concentration employed in any series
of experiments with « given preparation of urease was constant, the same volume
of reservoir solution being used in each run. In the Tables, maleate-buffers dre indi-
cated by the symbol M and Tris-sulphuric acid buffers by T; the appended Arabic
numerals indicate the order of preparation of the buffer stock solutions.

Calculation of results

The isotopic pair of reactions under consideration may be represented as follows:
12CO(NHz)s — 12CO; (1)

13CO(NHg)z —> 13COq (2)

When the reaction is allowed to proceed to the extent of 59, or less of completion?,
(Ra/Rp) = (F12/h13) (3)

where Ry is the corrected ratio of (13CO,/*2CO,) observed for carbon dioxide obtained
by combustion (in a conventional Pregl apparatus) of a sample of substrate urea,
Ryp is the analogous ratio of the product carbon dioxide, and %,, and k.5 are the
isotopic experimental pseudo-first order specific rate constants. For the experiments
reported here, Ry X 10® = 10800 + 2. This result is the average obtained for four
combustions of urea. (Uniformly in this paper, appended errors are average deviations
from the mean.)

Tabulations of experimental resulls

Experimental rate constants, Rexp, and isotopic rate constant ratios, (k;,/%,3),
observed for 8 enzyme preparations at various temperatures are collected in Tables
I and II; in Tables IA, IB, and IC, the isotope effects are shown for each experiment,
while in Table IT only the averaged results are given.

The sensitivity of the catalytic activity of urease to the presence of heavy metal
ions is well known, even 1o~ M silver ion causing reversible inactivation of the
enzyme?®, Colorimetric tests with diphenylthiocarbazone showed that the maximum
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TABLE I

EFFECTS OF TEMPERATURE ON RATE AND ISOTOPE FRACTIONATION

Temperature Buffer kexp (sec™t X 10%) Ry X 10t (RyafR1s) Average (ky,[kys)

A. Preparation VIII,

2.3 M1z 0.22 10 691 1.0I02
10 694 1.0099
10 690 1.0103 1.0102 4 0.000I
1I.4 Mix 0.31 10 675 1.01I7
10 666 1.0126
10 672 1.0120
10 670 1.0122 1.0I121 + 0.0003
19.0 Mro 0.55 10 689 1.0104
10 701 1.0093
10 684 1.0109
10 706 1.0088 1.0099 -+ 0.0008
31.0 Mro 1.00 10 751 1.0046
10 746 1.0050
10 738 1.0058
10 748 1.0048 1.0051 + 0.0004
B. Preparation IX,
3.5 Mi2 0.076 10 681 1.0I1I
10 694 1.0099
10 686 1.0107 1.0106 -+ 0.0003
11.4 Miz 0.13 10 715 1.0079
10 720 1.0075
10 716 1.0078
10 710 1.0084 1.0079 4 0.0003
21.8 Mi2 0.25% 10 761 1.0036
10 753 1.0044
10 751 1.0046
10 761 1.0036 1.0041 1 0.0004
C. Preparation XII,
1.8 Mi16 0.30 10 675 1.011%7
10 671 I.0I21 1.0II9 4 0.0002
T2 0.29 10 603 1.0186
10 619 1.0170 1.0178 4+ 0.0008
I11.4 Mi6 0.51 10 670 1.0122
10 668 1.0124 1.0123 + 0.0001L
T2 0.46 10 608 1.0181
10 604 1.0183 1.0183 - 0.0002
20.5 M1z r.00*" 10 674 r.o118
10 676 1.0116 I1.01I7 + 0.0001
T2 r.oo™* 10 636 I.0154
10 633 I1.0157 1.0156 + 0.0002
31.0 Mi16 L7 10 672 1.0120
M1z 1.7 10 673 1.0IIg 1.0720 4 0.000I
T2 1.7 10 619 1.0170
10 620 1.0168 1.0I69 + 0.000I

* Rate measurements indicated inactivation occurring within time required for isotope fraction-
ation experiments.
** Estimated from absorption measurements after fractionation experiments.
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TABLE II

EFFECTS OF TEMPERATURE ON RATE AND ISOTOPE FRACTIONATION

Tomperature Bufer  kpgp(sectx 1% g 0 Average (Rafhss)

Preparation I,

I1.4 M1 0.004 1 1.0347 + 0.0022
31.0 M1 0.017 12 1.0338 + o0.0017
43.2 M1 0.040 10 1.0327 + 0.0020

Preparation XII1I,

2.6 M28 4.8 4 1.0108 4 0.0004
T3 5.0 3 1.0116 -4 0.000I

I1.4 Mz27 8.6 4 1.0094 + 0.0004
Tz 8.6 4 I.0106 + 0.0003

20.5 M27 17.0" 2 1.0104 + 0.0004

Preparation XIV,

2.6 T3 0.070 2 I1.0I154 4 0.000I

I1.4 T3 0.12 2 1.0144 4+ 0.0002
T4 012 4 1.0145 + 0.0002

31.0 T4 0.25 3 I.0II2 4 0.0002

Preparation XV,

2.6 Mig 0.013 4 1.0238 £+ o.0020
1I.4 Mi8 0.023 4 1.0167 + 0.0006
31.0 Mig o.10" 4 1.0218 4 0.0013

Preparation XV,

2.6 Mig, M2o 0.0094 4 1.0107 4+ 0.0017
31.0 Mig 0.065 4 1.0232 + 0.0008

* Rate measurements indicated inactivation occurring within time required for isotope fraction-
ation experiments.

concentration of heavy metal ions in the water used during these experiments was
less than 10-8 M. However, to establish that heavy metal ions were without effect
on our results, hydrolyses were carried out at 11.4° with several enzyme preparations
in the presence and absence of 10* M EDTA (Hack Chemical Co.), a powerful
sequestering agent. The results of these experiments are collected in Table III.

The specific activity of a preparation of urease may be defined as the rate of
reaction in a standard hydrolysis mixture per unit weight of protein present. KisTia-
KOWSKY ¢t al.% 20 have reported that the specific activity is essentially constant.for
all preparations of urease which have attained a stable and reproducible degree of
catalytic activity. Comparative data bearing on this point, and isotope effect data,
were obtained for several preparations at 11.4°; these results are shown in Table IV.

The Arrhenius activation energy, Ea, computed for each preparation used in
the study of temperature effects, is shown in Table V. The precision of the individual
kexp values averaged about 4 39%; if this were the only source of imprecision in
the E4 values, they would be reliable to + 0.4 kcal/mole.
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TABLE III

TESTS FOR EFFECTS OF POSSIBLE HEAVY METAL ION CONTAMINATION*

No. of

Buffer ** kexp (sec™? X r0%) Experimens

Average (kya/ky3)

Preparation XIV,

Mar 0.06 6 1.0I85 4 0.0003
M21E 0.06 4 1.0187 4 0.0004

Preparation XVIII,

M26 0.77 2 1.0162 -+ 0.0007
M26E 0.77 2 1.0178 4 0.0000

Preparation XIX, il

Mz2s 2.2 5 1.0148 4 0.0014
Mzs5E 2.2 4 1.0134 4 0.00I5

Preparation XX,"**

M26 3.2 4 1.0178 4 0.0002
M26E 3.2 3 1.0174 + 0.0009

Prepavation XXVI,

Tog 4.6 3 1.0208 -+ 0.00I0
ToE 4.6 3 1.0189 + 0.0030

* All experiments at 11.4°.
** E indicates buffer containing 10~4 M EDTA.
*** Preparations XIX; and XX, were from the same crude extract of meal.

TABLE 1V

RELATION OF ENZYME SPECIFIC ACTIVITY TO OBSERVED RATE AND ISOTOPE FRACTIONATION*

Buffer kup (sec1 X 10%) Specific activity™* P’Zi'""’fms Average (Rralbrs)

* ok k

Preparation XXI,

M2y 37.0 9.0 4 1.0209 + 0.0007
Ts 37.6 9.0 2 1.0I143 -+ 0.0006

Preparation XX11,***

Mz27 37.0 9.0 4 1.0165 4+ 0.0027
Ts 37.6 9.0 2 1.0060 + 0.00I5

Preparation XXIII,

T7 1.04 0.035 2 1.0054 -+ 0.0004

Preparation XXV,

Ty 1.04 0.0I7 4 1.006I -4 0.0007

* All experiments at 11.4°.
** Specific activity given in units of sec~! (mg of protein}~! x 103
*** Preparations XXI,; and XXII, were from the same crude extract of meal.
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TABLE V
ARRHENIUS ACTIVATION ENERGIES

M, maleate; T, Tris—sulphuric acid buffer.

Preparation Buffer E4, (keal/mole)

I, M 12.2

VIII M IO.Q*
IX, M 10.1
XII, M 10.4
XII, T 10.6
XIII, M 11.2

X111, T 1.0
X1V, T 9.8
XV, M 11.8
XVI, M I1.3

* From experiments at two temperatures only.

DISCUSSION
Kinetics results

The final concentration of urea in all reacting solutions, 0.050 M, is sufficient
to yield essentially the maximum rate of hydrolysis, but not so high as to produce
substrate inhibition. The values of Ej refer, therefore, to %,, the specific rate constant
for the formation of products by breakdown of the enzyme-substrate complex, and
the values of. kexp being proportional to %, The figures for E, recorded in Table V
appear to be significantly different from those reported for the same buffers by other
investigators. The average E4 for the experiments in maleate-buffers is 11.0 4+ 0.6
kcal/mole, while KisTIAKOWSKY AND ROSENBERG?® found 8.85 4 0.2 kcal/mole; the
average value in Tris-sulphuric acid buffers is 10.I 4 0.3 kcal/mole, while WALL AND
LAIDLER® recorded figures at two acidities from which we estimate E 5 = 8.6 kcal/mole
at pH 6.5. Our value for E, in Tris-sulphuric acid buffers is not as reliable as the
smal; error appended seems to indicate, and the difference between our average values
in the two buffer systems employed is small. The average value of E, derived from
our experiments in maleate-buffers is based on data collected at a pH one-half unit
lower than the figure given by KISTIAKOWSKY AND ROSENBERG; and, even after
allowance for this fact, we believe the differenc between the two isreal.

As our discussion of the isotope effects and 'of the lack of correlatlon between
isotope fractionation and rate results will 1ndlcate it is quite possﬂ)ld that the results
tabulated above were secured with urease preparations inhibited o otherwise con-
taminated in a manner which could not have been reflected in the results of any
kinetics test which was, performed. On the other hand, our higher E, values may
be due simply to the fact-that a wider range of temperature was employed in the
experiments reported here than in those of the earlier investigators. It is worthy of
note that there does notl appear to be an effect of buffer type on kexp (vide: Prepa-

ration XII,, Table IC; Preparatlon XIII,, Table II; Preparations XXI, and XXII,,
Table IV).

Our higher value for the Arrhenius activation energy may reflect the occurrence
of partially non-competitive inhibition, or the existence of a temperature-dependent
equilibrium between two or more configurations of the active site on the enzyme
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(though the activation energies associated with activity of the different types of site
should not differ by more than a few kcal/mole). Inhomogeneity of urease at the
molecular level has been proposed!®: 20 and indications of it sought®8,° 16-18,24 and
the evidence is increasingly positive. It is entirely probable that many of the physical
characteristics of urease would be only subtly altered by reactive site interconversion,
and the chemical detectability of such an equilibrium situation would be low if the
activation energy differences among the site types were as small as indicated above.
Isotope fractionation, however, is a very sensitive probe.

Isotope effect results

The average error of values of (k,/k5) in Tables I and II is &+ 0.0009, which
corresponds to -+ 4.7%, of the average isotope effect (i.e. of the average deviation
from unity of the isotopic ratio of specific rate constants); an error of this size is
comparable with those reported from similar studies of very well-behaved thermal
reactions. SCHMITT, MYERSON AND DANIELS? reported a 1.0%, 13C isotope effect, while
the result given by RABINOWITZ ef al.%, is equivalent to about a 5%, effect; none of
our results is as high as the latter, and their average is almost double the former,
the range (all temperatures) being 0.41-3.47%,.

A number of conclusions can be drawn from the data in the Tables without more
detailed analysis. First, the magnitudes of the isotope effects are reasonable for a
process involving bond rupture!.13,2%,26 and an “‘equilibrium” before the rate-deter-
mining step; second, there is no correlation (for the several preparations at any one
temperature of reference) between Zexp and (k,/k,3); third, neither Zexp nor (,,/k;3)
shows influence of possible heavy metal ion contamination of the reacting mixtures
(Table III); fourth, there appear to be inconsistent effects of buffer type (but no
effect of using different preparations of the same buffer) on the isotope fractionations
observed for different samples of enzyme (maleate results lower than Tris—sulphuric
acid, Preparation XII,, Table IC; about the same, Preparation XIII,, Table II;
higher, Preparations XXI,; and XXII,, Table IV), but there is no similar effect on
kexp; fifth, there is no correlation between (k,5/k;5) and enzyme specific activity
(Table IV, especially the results for Tris—sulphuric acid buffers); sixth, while one
would expect (ky5/ky3) to decrease uniformly with increasing temperature, the ob-
served temperature dependence varies in magnitude and sense from preparation to
preparation (normal: Preparation IX,, Table IB, and Preparation I, Table II;
reverse: Preparation XVIg, Table II; zero: Preparation XII,-M, Table IC, and Prepp-
rations XIII, and XIV,, Table II; composite: Preparation VIII,, Table IA, Prepa-
ration XII,-T, Table IC, and Prepara ion XV, Table IT; some of these assignments
are altered if isotope effect data are rejected which are suspect because of the kinetics
observations, but the general chaos is not reduced).

Normal isotope effects in enzyme reactions

Before discussing the isotope fractionation data in detail, we shall derive ex-
pressions which permit one to make an educated guess as to the isotope effects which
one would expect to observe in the study of an uncomplicated enzymic reaction.
The simple Michaelis-Menten mechanism is represented as follows:

k1 ks
E+S=—=ES—>E +P (4)
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where E represents a molecule of enzyme, S a substrate molecule, ES the enzyme-—
substrate complex, and P the products. The Briggs-Haldane treatment leads to

_ *s(Eo) (So)

Vo =
T K + (So) (s)
where V is the velocity, the subscripts o denote initial values, and
k k
K = 2_+_E (6)
31

At the levels of (S,) employed in this research, Eqn. 5 yields

kexp = ks (7)
The competition of an isotopic substrate molecule, S’, for reaction with the enzyme
requires the addition to the mechanism of-the following steps:

¥ %
E+S'W———£,;ES’—3>E+P’ (8)

Application to Eqns. 4 and 8 of the steady-state approximation yields?’-%
Vo _ hsK'(So) )
Ve K3K(Sh) (©
which, upon rearrangement, becomes
B Vo (So) _ kK’ (Ra/ks) _ ki (10)
Ry Vo (S0 KsK (K/K) ks

It is important to note that, unlike kexp, at no concentration is the experimentally
accessible quantity (k;5/kys) independent of the substration constants K and K'.
The specific rate constant ratio (kg/k’s) refers to the process in this hydrolysis
in which, presumably, the C-N bond is ruptured. If this step required an activation
energy charagteristic of an uncatalyzed thermal reaction (30-35 kcal/mole), the TIF
in (k,/k'5) would be about 1.015, and the TDF would be approx. 1.039 at the lowest
temperature studied in the experiments and 1.034 at the highest; thus we would
expect (kg/k's) = 1.055 near 0° and = 1.050 near 45°. BuisT AND BENDER¥ reeently
have summarized the evidence for a strong direct correlation between activation
energy and the magnitude of the kinetic isotope effect®-3¢, and the result of the
enzymic catalysis on the hydrolysis of urea should be to reduce both TIF and TDF
(and, therefore, the expected temperature dependence) in (k5/k’5). It seems reasonable
that (k4/k’5) for the enzyme reaction should be of the order of 1.030-1.040 and change
by perhaps 0.003-0.004 over the range of temperatures employed in this research.
Estimation of reasonable values for (K/K') is more difficult, primarily because
one must first have an estimate of the relative magnitudes of &, and %,. LAIDLER3®
has interpreted the non-competitive pH dependence of the rate of urease-catalyzed
urea hydrolysis® as evidence that %, is insignificant in comparison with %, and that
K has, therefore, the form of an equilibrium constant. While we shall adopt this
view as our own, we prefer to base it on evidence brought to our attention by NrEmann
anD HEIN®?: that with chymotrypsin and several other enzymes, determination of
the various parameters of Eqn. 5 has shown that changes of several orders of magni-
tude are produced in k4 by variation of the structure of the substrate without being
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accompanied by significant changes in K. The specific rate constants &, and %, refer
to the forward and reverse of the same process; their TIF’s are the same3®. If our
view that k; is small with respect to %, is not correct. there would be associated
with K a small temperature-independence—probably smaller than that in (ky/k";)
for there is no evidence that %, for urease-urea is large with respect to %, and the
TIF in %, has the opposite sense to that in %, in contributing to the character of K.

The form of (K/K’), when K and K’ are regarded as equilibrium constants, is
that of the equilibrium constant for an isotopic exchange reaction. The value of such
a (K/K') can be calculated, in principle, by methods which have been described by
UREY® and BIGELEISEN AND MAYER?’; however, the necessary molecular data are
not available in the present case. It is necessary to estimate the value; this problem
has been considered in some detail by a number of workers!13,22,23,26,41,42. When K
is of the order of 0.04 M, (K/K’) is found experimentally to be approx. 1.010 (see
refs. 26, 42). The earlier kinetics studies on ureolysis by ureases:® indicate K = 0.002—
0.005 M, and we estimate that (K/K’) should be approx. 1.010-1.015 and change
by perhaps 0.001-0.002 over the range of temperatyge in the present experiments.

The predictions for (k,/k’;) and (K/K’) can be combined to yield the following
extremes for (k,;,/k;3): a mean of 1.030 with a change of 0.003 over the temperature
range of the experiments; a mean of 1.015 with a change of 0.001 with temperature.
Where normal temperature dependence was observed, these estimates contain the
experimental observations, within reasonable limits, except for the cases where the
temperature dependence was unusually high and led to very low isotope effects at
the higher temperatures (Preparation VIII;, Table I4, and Preparation IX,, Table
IB). The problem of abnormally large temperature dependence of normal sense has
been encountered in the investigation of isotope fractionation in some purely thermal
reactions in solution??23,26,41,42 and is not yet understood.

These few very small isotope effects might be due to enzyme inactivation oc-
curring at the higher temperatures, but neither the plots of log kexp versus (1/T) or
of log (Rys/k1s) versus (1/T) for those sets of runs show sufficient deviation from
linearity to support such a conclusion. Four sets of runs are identified as having been
carried out under conditions such that the kinetics measurements showed the possi-
bility of enzyme inactivation. It is to be noted that of these four sets, two (Preparation
IX,, Table IB, and Preparation XIV,, Table II) show a lower isotope effect than
expected, one (Preparation XV, Table II) a higher, and one (maleate-results, Prepa-
ration XIII,, Table II) exhibits no difference from the results obtained at lower
temperatures.

Eqn. 10 should be applied strictly only to the results obtained in Tris-sulphuric
acid buffers, for it is in that system that the work of WALL AND LAIDLERS indicates
that the hydrolysis follows the simple Michaelis-Menten mechanism. Consideration of
these experiments reveals that all of the isotope effect results lie in the expected
magnitude range. Further, all of the isotope fractionations in Tris—sulphuric acid
buffers exhibit temperature dependence normal in sense and nearly normal in magni-
tude. Since our value for the experimental activation energy in Tris—sulphuric acid
buffers is only about 1 kcal/mole higher than that reported by WALL AND LAIDLER,
-one might well conclude that the isotope effects in that buffer are explained ade-
quately by the simple treatment outlined above.

Ki1sTIAKOWSKY AND ROSENBERG® proposed twe double-site mechanisms to
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explain their kinetics results for the hydrolysis in maleate buffers. Their second, or “B”,
mechanism assumes that there are on each molecule of the enzyme “pairs of identical
Michaelis-Menten active sites with interaction, such that the kinetic parameters of a
site are altered when the neighbor site becomes combined with urea”. Where a re-
presents asite of first combination and b a site of second combination, the mechanismis >

2R k
Ez + S o> EyS —2> By + P (11)
a2
k 2k
EsS + S \2”‘\ EsSs — 5 EqS + P (12)
b2

‘The steady-state treatment leads to:

Vo = (Eo) (Se) [Kbkaa + (So)kvs]
= TSoP 1 2(50Ks 1 KoKs (13)

At high substrate concentrations, Eqn. 13 yields

kexp = Ro3 (14)

The availability of a competing isotopic substrate molecule, S, requires the inclusion
of the following steps in the mechanism:

-Zk,al\ Ra3
= Ep% E P’
St m 2 2 + (15)

Es + &

R 2k’
EsS + 8 % EgS's — 5 BeS’ + P/ (16)
b2

k
> E,S'S 25 ByS + P (17)

2

ka

EsS’ +§

EsS + & % EsS'S é"‘a EsS + P/ (18)
A number of equalities can be employed to simplify the mathematics involved in
the steady-state treatment of the mechanism represented by Eqns. 11, 12, 15-18.
While transmission of kinetic effects between the sites is assumed, transmission of
isotope effects between the sites would be of second order importance; hence:
ks = kes, B'b3 = R'e3, Kv = K¢, and K’y = K'c. The four substances E,, E,S, E,S'S,
and E,S’ form a stoichiometric cycle, and there is a thermodynamic requirement
that K.K's — K'cKa. When these equalities are used, the following expression is
obtained for high substrate concentrations:

& _ kcsK’a _ (kca/k/cs) _ k12
Ry FaKe  (KaKa)  Fio (x9)

which is exactly the same form as Eqn. 10. The similarity of Eqns. 7 and 14, and
10 and 19, means that at high substrate concentrations neither conventional kinetics
nor isotope fractionation experiments can distinguish between enzyme behavior
characterized as simple Michaelis-Menten on the one hand or interacting pairs of sites
on the other.

Abnormal isotope effects in enzyme reactions

To account for the observation of reverse, zero, and, possibly, composite tempera-
ture dependence of these isotope effects, it is necessary to postulate mechanisms more
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complicated than those discussed above. The likely schemes would seem to involve
the accessibility in the enzyme preparations of more than one kind of active site,
but without direct interaction of the different kinds. One can, of course, explain any
findings by taking a sufficiently large number of parameters; to avoid this situation
we confine the following development to cases involving only two kinds of active site.

The first, or “A”’, mechanism of KISTIAKOWSKY AND KOSENBERG? assumes “‘two
types of active site on the enzyme, differing in their Michaelis-Menten parameters’”.
It is clear from the formulation that either there are two distinct types of enzyme
in a preparation, each with its own kind of enzymic site, or that each enzyme molecule
contains both types of site, that only one kind can be occupied at a time, and that
the relative reactivity of the two types is constant. Where the different site types
are distinguished by the subscripts 4 and b, the mechanism is:

k k
EE+S%E¢,SJ—‘LE“+P (20}
2a
ki kap
Ey, +S V———kg E)S——> Ey + P (21)
2b

Application of the steady-state treatment leads to:

1 [A3a(Ea0) + A3v(Eeo)] (So)® + [ksa(Ea0)Kas + k3s(Evo) K] (So)
2 (So)2 + [K4 + K] (So) + KaKp

At high substrate concentrations, Eqn. 22 yields

_ kaa(Eao) + ksv(Ewo)
kexp = Fo) + [Ew0) (23}

from which we obtain the following relation for the experimental activation energy:

E, = Eack3aXao + EavkasXpo
A k3aXao + k3o Xvo

where Eaq and Eap are the activation energies for operation of the two kinds of
catalytic sites and X4 and Xpo are their initial mole fractions in the preparation.
KISTIAKOWSKY AND ROSENBERG's results led them to the conclusion that

k3a(Eao) = k3u(Evo), or k3eXao = k3o Xn0 (25)

They did not consider the possibility of interconversion of the two types of sites,
Tor is it clear from their exposition whether or not the condition laid down by Eqn. 25
is presumed to hold at all temperatures; if it does, Xao and Xy being taken as
temperature-invariant, then Eaq = Eap, a seeming inconsistency with the as-
sumption that the two sites have different rate parameters. It.is likely that the two
activation energies differ at most by a few kcal/mole; under such circumstances,
Eqn. 24 leads to the prediction that over a range of temperature such as employed
in the experiments reported here the activation energy would change by only a few
tenths of one kcal/mole, an un-noticeable amount*.
Isotopic competition is added to the mechanism through the following steps:

(22)

(24)

I B
Eq + 8 ﬁ}A EoS —% Eq + P/ (26)
2a
, R, , Rap ,
Ey + S ik' EpS —— Ep + P (27)
20
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The steady-stdte treatment of Eqns. 20, 21, 26, and 27 yields the following expression
applicable to high substrate concentrations:

Ry k3aXao + RspXvo _/ig (28)
R, F3aKaXao N FanKpXpo  Fus
K’y K’

The form of Eqn. 28 is such that the temperature dependence of (%,,/%,5) which would
be observed depends upon the relative values of k3, Xap and A3pXpo; if one of these
factors is much larger than the other, (k,,/%,5) will have all the properties of the
appropriate single-site version of Eqn. 10. Given comparable values of k3 Xq0 and
kepXvo, {(Rio/R13) will have some weighted average behavior; it is the possibility of
such weighting, particularly if it is variable, that makes this model attractive for
the explanation of anomalous temperature dependences.

The applicability of Eqn. 28 to the experimental data tabulated above can best
be tested, and demonstrated, by means of specific calculations. It is necessary to
assign values to the various isotope effects at a pair of temperatures. As a matter
of convenience, the selected input parameters in Table VI are given for 11.4° and

TABLE VI

PARAMETERS FOR ISOTOPE EFFECT CALCULATIONS

. Ratioof . Temperature
?su}wase) 11.4° 43.2°
RsalR'sq 1.030 1.027
Rk 3p 1.040 1.036
K. K’y (LS) 1.020 1.016
Kg|K'y (LL) 1.012 1.0I0
Ky/K’, (LS) 1.01I2 1.010
Kyp/K’y (LL) 1.020 1.016

43.2°. At pH 6.5, one of the K values was found experimentally to be about five
times the other?, both were a few thousandths molar, and (these measurements being
made at pH 7.0) their ratio was relatively insensitive to temperature change. We
conclude from these facts that (K4/K's) and (Kp/K’p) are somewhat different. These
ratios of constants and (sa/k'sa) and (ksa/k'sv) are assigned magnitudes and tempera-
ture dependences within the ranges estimated above. There is no way of deciding
from the little pertinent data available® whether the larger kinetic isotope effect
should be associated with the larger or the smaller of the substration isotope effects;
such a decision is debased by the argument above concerning the relative magnitudes
of ky and k;. Accordingly, the calculations are made for both possibilities, identified
as sub-cases LL, and LS, respectively. While there are some guideposts to the selection
of reasonable values for the isotope effect parameters, there is a degree of arbitrariness
in all the choices; in particular, the figures tabulated were picked so that in one
certain extreme the net isotope effect would have a small abnormal temperature
dependence—one of such size that it would have been hidden in experimental errors
of the average magnitude recorded above.

Consider first a situation in which there is no interconversion of the two types
of sites. We assume that kgq and ksp have similar magnitudes at the two temperatures,
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their differences being associated with a small difference in activation energy,
2.0 kcal/mole. The results of calculations for this model are shown in Table VII. For
all cases the temperature dependence is small; (k;,/k,,) is relatively insensitive' to
the proportions of the two sites for the LL combination of isotope effect parameters,
but quite sensitive for the LS combination. The variation of (k,,/k,,) with temperature
is near the limit of detectability except for the LS situation at Xg9 = 0.75, where
it has a sense the reverse of normal. No case yields a temperature dependence of
large magnitude. It is, of course, possible to confer normal temperature dependence
on (k;,/k,3) so calculated by assigning almost identical values to the a and b sets oi
input parameters, thus reducing Eqn. 28 to the form of Eqn. 10; such assignments,
however, deny the basic postulate of the model which requires that the two sites

TABLE VII

CALCULATED ISOTOPE EFFECTS: TWO TYPES OF ACTIVE SITE WITHOUT INTERCONVERSION

(kyalkya) calculated for

Xa0 Sub
1r1.4° 43.2°
0.25 L1 1.0192 1.0I9T
LS 1.0231 1.0229
0.50 LL 1.0187 1.0185
LS 1.0187 1.0I95
0.75 LL 1.0182 1.0178
LS 1.0142 1.0156

have different Michaelis-Menten parameters. The same result is achieved when very
different values are assigned to k3, and %ap, or, if they are equal at some one tempera-
ture, their activation energies are assumed to be very different; the effect of such
characterizations is to reduce the model to the simple Michaelis-Menten form. The
most uncertain element in the estimated isotopic specific rate constant ratios in
Table VI is TIF, which was taken as approx. 1.012. A slightly lower value for TIF
would bring the general predigtions of this model into correspondence with the smaller
isotope effects observed with Preparation XII,-M, Table IC, and Preparation XIII,,
Table II.

Next we consider a variant of the KISTIAKOWSKY AND ROSENBERG ‘A’ mecha-
nism, subject to the limitation imposed by Eqn. 25; but it will be assumed that the
activation energies Eaq and Eap differ by z.0 kcal/mole. The limitation and the
assumption taken together imply the equilibrium

E, = Ey; 4H = -4 2.0 kcal/mole (29)

The values of k3, and ksp are chosen to maximize the effect of the site interconversion,
(X a0/ Xvo) having reciprocal values at the two temperatures, and the larger of (ksa/%sa)
and (ksp/%k'3p) is associated with the site species assigned the higher activation energy.
In addition to the groupings of ratios of isotopic constants denoted by the symbols
LL and LS, one must consider in this version of the mqgdel the situations in which
the enthalpy change in. Eqn. 29 is taken with positive (P) or negative (N) sign. It is
not necessary to tabulate the results for the four cases PLL, PLS, NLL, and NLS,
because they yield the same results: (k;5/k;5) = 1.0187 at 11.4° and = 1.0183 at 43.2°.
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As in the variant of the “A’” mechanism considered immediately above, this version
accounts well for those sets of (k,5/%y;) results which show little change with tempera-
ture; application to normal temperature dependence requires assumption of virtual
identity of the kinetic properties of the two types of enzymic site.

The condition imposed by Eqn. 25 is apparently too restrictive, and other
temperature-dependent site-interconversion mechanisms can be devised which are not
subject to that limitation; in effect, such mechanisms involve an enthalpy of con-
version which is independent of the activation energies associated with the different
site types. However, if the process of interconversion involves changes in the general
or local conformation of the enzyme, or madest structural change. in the sites them-
selves, the associated enthalpy change cannot be too large. In characterizing such
a model for the situation in urease it has been assumed that Exp—Eaqs = 2.0 kcal/
mole, that AH = - 12.4 kcal/mole, and matters have been adjusted so that (Xao/Xs0)
= 3 at one temperature and = 1/3 at the other, and k34 has been taken equal to ksp
at the lower temperature. As above, these choices are made to secure the maximum
influence on (k,5/%,5) of the interconversion of sites. The results of the calculations
for this model are shown in Table VIII. It is apparent from consideration of these

TABLE VIII

CALCULATED ISOTOPE EFFECTS: TWO TYPES OF ACTIVE SITE WITH INTERCONVERSION

(k1afks) calculated for

Case " "
11.4 43.2
PLL 1.0182 1.019I
PLS 1.0I42 1.0229
NLL 1.0192 1.0178
NLS 1.0231 1.0I56

figures that this model is capable of reproducing all of the observed varieties of
temperature dependence of (k,/k,5) except those which we designated composite.
Close correspondence between the calculated results and the various sets of experi-
mental observations may require adjustment of the several thermal and isotopic input
parameters, but none of these adjustments is major. There does not appear to be
any way of deciding at the present time whether the LL and LS pairings of the
kinetic and substration isotope effects are equally reasonable. This is a matter of
some importance since it is the LS combination of constant ratios which yields the
higher temperature dependence of (k,5/%;;), whether its sense be normal or reverse.

Effects of inhibition

It was suggested in the first part of this pIscussion that one explanation for
the observation of experimental activation energies slightly higher than those reported
previously was the occurrence of partially non-competitive inhibition in the hy-
drolyses. The isotope effects furnish some information bearing on this possibility.

We have examined the several major classes of non-product, non-substrate inhi-
bition which might apply in the enzymic hydrolysis of urea. The single new element
involved in the analysis of the isotope effect consequences of inhibition arises in the
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value to be assumed for the ratio of the isotopic inhibition constants Ky and Ky,
which are the dissociation constants, respectively, for the reactions

EIS = ES +1 (30)
and EIS' = ES’ + 1 (31)

These reactions involve the binding to isotopic enzyme-substrate complexes of a single
kind of inhibitor species, I. Even if the binding of the inhibiting substance occurs
close to the active site, deviation of (K;/K'r) from unity would require that isotope
effects be transmitted from the site of substration to the inhibitor site. As stated
in the argument concerning the isotopic case of KISTIAKOWSKY AND ROSENBERG’s
“B’”’ mechanism, such transmission effects should be of second order or lesser im-
portance; hence, Ky = K';. The result of this equality is to reduce all but one of
the expressions for (k;,/k,;) where inhibition is included in the mechanism to the
simple Michaelis-Menten form of Eqn. 10.

Where the inhibition is partially non-competitive, however, (£3/%’;) must be re-
placed by a ratio of effective rate constants defined as follows:

Rett k3 + kar(I)/Ky
Rett  R's + Rar(I)/Kr

where k3r and &’3; apply to the decomposition of EIS and EIS’, and (1) 1s the inhibitor
concentration. The effect of temperature on this ratio of effective rate constants
depends upon the activation energy difference between k3 and %3z, the isotope effects
associated with (ks/A’s) and (ksz/&'ar), and the enthalpy of dissociation of the EIS
complexes. Consistent with the reasoning detailed in earlier paragraphs, if I is truly
an inhibitor the activation energy E ar will be somewhat larger than E5 and (ksr/%'sr)
will exceed (ks/k's). The temperature dependence of (Rert/R err) Will thus always be
normal in sense and intermediate in magnitude between that expected for (ks/&’s)
and (kgr/k'sr). Partially non-competitive inhibition cannot, therefore, be employed
to explain isotope effect temperature dependences normal in sense but either ab-
normally large or small in size, reverse in sense, or zero

(32)

CONCLUSIONS

Kinetic and isotope effect data for 17 enzyme preparations are shown in Tables I-1V;
for 16 of the preparations results are available for 11.4°. If the hydrolysis of urea
catalyzed by urease were an uncomplicated reaction, the same value of (Ry,/k3)
would have been obtained with each of the 16 preparations at 11.4°; such is not
the case. The scattered values of kexp for these same sets of experiments are not
unexpected, because the gross enzyme concentration is implicit in Rexp; however,
concentration effects as such should not appear in (k,,/%;3), nor have they ever been
found in the analogous ratios obtained from investigations on thermal reactions of
considerable variety. It is surprising that we found no appreciable effect of buffer
type on the values of kexp, because the values reported for &, in Tris-sulphuric acid
and maleate-buffer systems by earlier workers®.? stand in the ratio 10-30, depending
upon the conditions of pH and temperature for which one chooses to make the com-
parison. The most likely interpretation of this fact is that the enzyme concentrations
computed in the earlier studies were inconsistent with each other.
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The results recorded for four preparations studied in both buffer systems (Prepa-
ration XII,, Table IC; Preparation XIII,, Table II; and Preparations XXI, and
XXII,, Table IV) show no effect of the buffer on kexp, but the isotope effects are
found to have all possible relations to each other: maleate higher than Tris-sulphuric
acid, maleate lower than Tris-sulphuric acid, and maleate the same as Tris—sulphuric
acid; further, in each particular buffer, the isotope effects associated with the several
enzyme preparations are found to be high, low, and normal in magnitude, a fact
which shows that the scattering of the isotope effects is not an artifact of the buffer
chosen (and it must be recalled that the original investigators of the enzyme kinetics
selected these buffers, ror their general ‘“good behavior”” and specific lack of inhibitory
characterj

It is our opinion that the isotope effect results indicate a complexity of character
of urease preparations which is not reflected strongly in the gross kinetic properties
of such preparations. It seems likely that this complexity consists in there being in
urease several molecular species, perhaps indistinct in the large, but different in the
small. The extreme isotope effect temperature dependences seem to require inter-
convertibility of the site types, but whether such processes involve conformational
changes limited to the locale of the enzymic site or of a more general nature is not
a fact derivable from the present experiments. It is reasonable that the distribution
of urease species depend upon the nature of the buffer and the detail of each individual
preparation and crystallization!6-18, the latter because of possible interaction between
urease and varying proportions of inert protein, if for no other reason. There is support
for this view of urease in the results of recent experimental studies,48, and it is
similar in some ways to the “induced-fit”’ theory of KoSHLAND#7-%9,

It was pointed out in the INTRODUCTION that a primary object of isotope fraction-
ation studies was TIF, the temperature-independent factor in a ratio of isotopic
specific rate constants. It is apparent that the TIF in (k,,/k,;) for a system such
as urease-urea is a composite quantity. The information which TIF is expected to
contain is the nature of the motion in the reaction coordinate leading to the products
of the rate-determining step in a chemical process. Only by isolation of individual
reaction paths in an enzymic reaction can meaningful TIF values be obtained. It
would appear that the urease—urea system was not an admirable choice in this regard.

Investigations of the effects on both rate and isotope fractionation of variations
(such as pH, ionic strength, etc.) in the reaction media may assist in the further
elucidation of the nature of the enzyme catalyst. Such studies are in progress in this
laboratory.
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