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Abstract: The '60/'30 kinetic isotope effect (KIE) associated with an a-chymotrypsin-catalyzed transesterification was measured
by using the technique of permeable membrane/mass spectroscopy. This almost in situ method is based upon the ability of
the ester product, but not water and other polar compounds, to permeate through a dimethyl silicone membrane, which separates
the aqueous reaction solution from the evacuated inlet of the mass spectrometer. The time course of both !°0 and '*0 product
formation can be followed simultaneously, permitting rapid KIE measurements. With '#O-substituted ethanol, the KIE for
the formation of both ethyl 2-furoate and ethyl 5-n-propyl-2-furoate from the respective p-nitrophenyl esters is initially normal
and decreases with time to reach within approximately 2 min at 25 °C, pH 8.5, a constant value of 1.009 £ 0.007 for the
former and 0.90 £ 0.02 for the latter. The large inverse steady-state KIE associated with the formation of ethyl 5-n-
propyl-2—furoate decreases when the temperature is raised or when the pH is lowered. The pH dependence can be fit with
an apparent pK, of 7.3. The '60/!80 KIE (ethyl ester oxygen) for the nonenzymatic, alkaline hydrolysis of ethyl 2-furoate

was measured as 1.012 £ 0.010 at 25 °C.

We undertook '0/'30 kinetic isotope effect (KIE) studies to
learn more about the a-chymotrypsin deacylation pathway, having
found that Arrhenius plots of k., are not linear in the temperature
range of 5-40 °C for the enzyme-catalyzed hydrolysis and trans-
esterification of p-nitrophenyl S-n-alkyl-2-furoates.!> These
previous results are consistent with a proposal of two enzyme
intermediates that, in rapid equilibrium with one another, can both
turn over to release product. But the possibility that a temper-
ature-dependent change in the rate-limiting step causes the ob-
served nonlinearity could not be excluded. We, therefore, needed
additional information concerning the number and nature of the
elementary steps in the enzyme deacylation.

The substitution of one isotope for another perturbs a reacting
system minimally, but can alter rates when the atom involved is
at the reaction locus. This rate alteration, the KIE, may provide
information about transition-state structures and reaction path-
ways.>>  When the substitution involves an atom other than
hydrogen, the effect is small, and the direct comparison of rates
obtained with the different isotopic reagents is difficult, although
possible.®® An alternate protocol is to mix the isotopic reagents
together, thereby running the reactions simultaneously and
minimizing experimental variability. The KIE can then be ex-
tracted by determining the difference in the isotopic ratios of
reactants and products. This mixed isotope protocol may yield
an observed KIE quite different from that obtained by direct
measurement of rates in separate reactions. If the reaction is
higher than first order overall, and if the isotopically separable
compounds compete for the same reactant(s), then the mixed
iosotopic reactants are linked, affecting the observed KIE. Thus,
both protocols may yield more information than either alone.!?

The mixed protocol requires a method for detecting the iso-
topically separable compounds—commonly, mass spectrometry.
Isotopic compositions of high precision can be determined with
an isotope-ratio mass spectrometer.!! Because of technical re-
quirements, only volatile substances substances can be measured.
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Thus, the reaction under study must involve either a component
that is, or that can be, converted to a small volatile analyte. A
major advantage is that large isotope enrichments are not required,
easing synthetic difficulties. For example, 3C/12C KIE mea-
surements are possible with natural abundance reagents. If a
small, volatile analyte is not available, reactants and/or products
can be purified either in bulk'? or by gas chromatography!? and
then introduced into a mass spectrometer. In any of these tech-
niques, the time required for sample preparation before analysis
precludes the measurement of many sample points over a small
reaction interval. (Mass spectral measurements without prior
separation of components have been performed, however, in the
case of gas-phase reactions.!%)

An entirely different approach is based upon the perturbation
observed when a reaction is started at chemical but not isotopic
equilibrium.!® If a fluorescing or light-absorbing compound is
involved in the reaction, then the perturbation that follows the
addition of isotopically substituted reagents can be measured
spectrally, and the KIE can be determined with no need for a mass
spectrometer. This method is limited, however, to those reactions
in which there is a measurable equilibrium.

While studying a-chymotrypsin catalysis with the mixed isotope
protocol, we had looked at the '*O/!®0 KIE (ethanol oxygen) in
the transesterification of p-nitrophenyl 5-n-propyl-2-furoate (eq
1, R = CH,;CH,CH,). There was a large, >10%, inverse KIE

0
RAQ'C/
\OONOZ + CH,CH,OH
=0
R—@—c/ + 0 NOOH (1)
0 "NO—CH,CH :

(*8k > '5k) associated with the steady-state formation of the ethyl
ester product.!?> Surprisingly, the initial product isotopic ratios
(normalized to that of the starting ethanol) were normal, sug-
gesting an initial normal KIE (‘k > 18k) that decreased with time
to become inverse. The novelty of these results prompted us to
attempt improvement in the precision of the data and to obtain
better delineation of the time dependence for the apparent KIE.

To achieve these goals we have developed a new method based
upon permeable membrane/mass spectroscopy (PM/MS). A
description of the method together with its application to the
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Figure 1. o-Chymotrypsin-catalyzed transesterification of p-nitrophenyl
2-(5-n-propyl)furoate to the ethyl ester: (@) mass spectral peak intensity
of the 160 ethyl ester parent ion; (B) mass spectral peak intensity of the
130 ethyl ester: Conditions are described in Table II; R for this exper-
iment was 0.94. The lines drawn through the points are arbitrary and
are used only to aid in visualization.

measurement of reaction 1 has been published earlier.'® We report
here the PM/MS measurement of the KIE’s for the a-chymo-
trypsin-catalyzed transesterification of p-nitrophenyl 2-furoate
and p-nitrophenyl 5-n-propyl-2-furoate and the temperature and
pH dependence of the KIE for the latter reaction. The time
dependence of the apparent KIE that we reported previously is
verified, as is the large steady-state value.

Methods and Materials

We have previously described the methodology for the measurement
of reaction rates by PM/MS,!¢ so that only a brief description is given
here. A dimethyl silicone polymer membrane of nominal thickness 20
pum (General Electric, Schenectady, NY) was clamped between two
stainless steel blocks, forming a reaction cell with the membrane as its
bottom (area = 1 cm?). This membrane excludes water almost totally,
while the ethyl ester product can permeate across. The temperature was
maintained by water pumped through the upper block, and the cell was
connected through the lower block and via stainless steel tubing to the
source of the MS, a Du Pont Model 21-490 single focusing, magnetic
sector machine. The MS was operated in a selected ion mode by varying
the accelerating voltage to scan two peaks, the parent (or base) and the
corresponding ®O-containing M + 2 peak, for approximately 3 s each.

The following procedure was typical for measuring reaction 1. Buffer
(0.42 mL of 0.1 M K,HPO,), ethanol (13 L of a mixture containing
approximately 1/1 ['%0]-/['*O]ethanol), and a-chymotrypsin (50 L of
enzyme in 0.001 M HCI; Worthington, Freehold, NJ) were allowed to
come to temperature in the reaction cell; the reaction was initiated by
addition of the p-nitrophenyl ester substrate in 20 uL of dimethylform-
amide. After an initial lag, the two signals corresponding to the 10 and
130 ethyl ester products rose linearly with time, e.g., Figure . We have
shown that the time response for detection of the ethyl ester product is
fit by the equation

_ b 1 — g=a¥ ~bat _ ,-ast
I(t)=b1[t—1 ebl_az( € )_02(9 el)] @

by a3 by - ay

I is the signal intensity; a,, a,, and a, are constants from the time de-
pendence of ethyl ester permeation across the membrane and can be
determined in an independent experiment. The constant b, corresponds
to the first-order rate constant for approach of the enzymatic reaction
to steady state. A reliable value for this constant cannot be obtained by
fitting data to eq 2, since under our present experimental conditions a;
(a measure of the ethyl ester permeation rate across the membrane) is
much smaller than 5,.1¢ The constant b, is the slope of the linear portion
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of the response curve and is proportional to V.
by = otkgon(Eq)(CH;CH,0H) 3)

where a, the proportionality constant, can be obtained by calibrating the
instrumental response to known concentrations of the ester. It can be
shown (see below) that when O and 130 reactions occur together, the
ratio of steady-state slopes is

l_é_lﬂ _ 16kkon léa(CHJCHzlGOH) _ 16kROHR 4)
Bp, Bkron 18OI(CI"IJCI"IzlSOH) Blkron

If the value of R is known, then the apparent steady-state KIE
(Ykpou/ " kron) can be calculated. All constants reported were obtained
by least-squares fitting. The standard deviations reported refer to the
fit of experimental points to the theoretical curve and are not meant as
estimates of absolute error.

Since ethanol (0.5 M) is in large excess over substrate (0.8 mM) and
enzyme (0.08 mM), the 'O/!80 isotope ratio of the ethanol remains
essentially constant during the reaction. Rather than measure this ratio,
we chose to determine R directly, for a number of reasons: the difficulty
in working with the ethanol mass spectrum; the mass discrimination that
arises from scanning by varying the acceleration voltage;'” possible iso-
tope effects associated with fragmentation in the MS; a possible isotope
effect in the permeation of ester across the membrane; the simplicity of
the procedure we devised for determining R. The same ethanol mixture
used in a transesterification reaction was quantitatively converted to the
ester—either ethyl 2-furoate or ethyl 5-n-propyl-2-furoate—by the re-
action with the acid chloride. Ethanol, 3 uL, was mixed with 300 L of
dry pyridine and with 50 uL of the appropriate acid chloride. The
mixture was held at 40 °C for 10 min, when the reaction was complete.
Gas-liquid chromatography through a 6 ft by !/ in. 0.d. stainless steel
column packed with 3% OV-255 (Altech) on Chromosorb Q, 60—80 mesh
(Johns-Manville), completely separates ethanol from all other compo-
nents in the reaction mixture. No ethanol nor any other product other
than the furoyl ethyl ester could be detected, indicating >99% reaction.
An aliquot of this mixture was added to the MS cell, which contained
the buffer solution for the transesterification reaction. The plateau
intensities of either the parent or base peaks for both isotopic esters are
the required measure of R.

The procedure just described is a one-step calibration of both the
PM/MS system and the ethanol isotope ratio and was followed before
each series of kinetic runs on any particular day. In support of the
procedure’s validity, we have shown that the measurement of R by
GC/MS on the same mass spectrometer gave a value identical within
experimental uncertainty with that determined by PM/MS. The etha-
nol/acid chloride reaction mixture was applied directly to the GC col-
umn, and the effluent was monitored in the single-ion mode for the two
parent peaks (m/e = 140 and 142 for ethyl 2-furoate). The areas under
the two chromatographic peaks were integrated numerically, and their
ratio was taken as the measure of R. With ethyl 2-furoate, and one
particular ethanol mixture, we obtained 0.855 + 0.008 (GC/MS) and
0.861 = 0.003 (PM/MS).

The acid chlorides of 2-furoic and 5-n-propyl-2-furoic acid were made
by reaction with thionyl chloride. For the furoyl chloride, 200 mmol of
the acid was dissolved in 20 mL of SOCI, and refluxed for 1 h. The
excess SOCI, was boiled off, and the acid chloride was distilled at 172
°C (lit. bp 173-174 °C). The product was a clear liquid with a mass
spectrum consistent with the proposed structure. The 5-n-propyl-2-furoyl
chloride was synthesized in a similar manner. Both acid chlorides were
stored at 4 °C in a desiccator. 5-a-Propyl-2-furoic acid was synthesized
from a-propylfuran as described previously.! The ethyl esters of both
acids were prepared by reaction of the acid chlorides with ethanol. The
ethyl ester of furoic acid, which was recrystallized from water/methanol
(70/30 v/v) at =78 °C, had a mp of 32-33 °C (lit. mp 34 °C). The ethyl
ester of 5-n-propyl-2-furoic acid was isolated as an oil and was deemed
pure by GC/MS. The p-nitrophenyl esters of the two acids were syn-
thesized as described previously.! [!0]Ethanol was synthesized by the
method of Sawyer.'®  All other reagents were purchased from com-
mercial sources and used with no further purification, except p-nitro-
phenol and 2-furoic acid, both recrystallized from ethanol.

Results

Kinetic measurement by PM/MS is based on the permeation
of at least one component in a reacting system through a mem-
brane barrier into the inlet of a mass spectrometer. When en-
zymatic reactions are studied, the advantage of the dimethyl
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silicone polymer membrane is its impermeability to water, resulting
in an efficient one-stage purification for sufficiently apolar ana-
lytes. Since the magnitude of the permeant component’s mass
spectrum is directly proportional to its concentration in solution,
time-dependent changes in that concentration can be followed,
when solute movement across the membrane is also taken into
account.!$

We consider a nonreacting system first. When ethyl 5-n-
propyl-2-furoate is added to a buffer (0.1 M phosphate, pH 8.5)
solution in the PM/MS cell, there is a rapid increase in the
magnitudes of the parent (m/e = 182) and base (m/e = 154; loss
of ethylene) ion peaks. The half-life for this increase, approxi-
mately 25 s at 25 °C under our experimental conditions, is related
to /2/D, the ratio of the membrane thickness squared and the
diffusion coefficient of solute in the membrane. Subsequently,
there is a slow first-order decline of the signal with ¢, , in the range
of 3-12 min between 18 and 38 °C (¢,,, = 8.2 min at 25 °C).
This decay, due to permeation loss of the ester, is so much slower
than the initial buildup that it can be assigned a first-order rate
constant to represent the permeation process. When a mixture
of '#0/"0 (ethyl) esters is added to the cell, the permeation loss
of both can be monitored at either m/e = 182 and 184 or m/e
= 154 and 156. Since first-order constants are concentration
independent, the isotopic ratio of the starting mixture need not
be known, and the permeation isotope effect is the ratio of
first-order constants for °0O and '¥0 compounds. For ethyl 5-
n-propyl-2-furoate, the isotope effect was 1.006 % 0.006 over the
temperature range 18-38 °C. A small or experimentally unde-
tected effect would be expected.

We consider next the nonenzymatic saponification of ethyl
2-furoate, a first-order reaction. With the ester in dilute alkali,
the first-order signal decay for parent (71/e = 140) and base (m/e
= 112) ions results from two independent processes, hydrolysis
and ester loss through the membrane. Thus, the hydrolysis rate
constant can be obtained from the difference in decay times for
alkaline and neutral (nonreacting) conditions. Saponification of
the ethyl 2-[!60,'®*O]furoate mixture yields a hydrolysis rate
constant for each isotopic species. Since the two reactions are
first order, the isotopic ratio in the starting mixture need not be
known, and the KIE is the ratio of these two constants. The
observed KIE for ethyl 2-furoate is marginal at 1.012 £ 0.010
(pH 10.0, 25 °C, %k = 0.1244 £ 0.003 min™!), consistent with
reported results: 1.0091 £ 0.0004 for saponification of methyl
formate!? and 1.0062 £ 0.0006 for methyl benzoate.!®

Finally, in the a-chymotrypsin-catalyzed transesterification of
p-nitrophenyl furoyl esters, the ethyl ester is the product (eq 1),
and the reaction is followed as an increase in signal intensity, (We
have not been able to detect permeation of the p-nitrophenyl
substrate nor of the acid formed in the competitive hydrolysis of
the acyl enzyme. Under our experimental conditions, approxi-
mately 25% of the furoyl and 50% of the n-propylfuroyl reaction
is diverted to hydrolysis.) Ethanol does pass through the mem-
brane, although less readily than the ester; due to its low mass
it does not interfere with detection of the ester. The results of
one experiment with a '*0/!'%0 mixture of ethanol is shown in
Figure 1. The initial lag in both curves is due primarily to the
transport of solute through the membrane.!'® The slopes of the
linear portions of the curve are proportional to the enzymatic kg,
and their ratio is proportional to the steady-state 1*0/!30 KIE
(eq 4) as we show in the Appendix.

Note from the results in Figure 1 that steady state is achieved
in less time (<2 min) than the half-life for loss of product by
permeation into the mass spectrometer (approximately 8 min).
In this instance permeation loss will contribute a negligible error
to the calculated value of k,;. Furthermore, permeation loss will
not significantly affect the ratio of slopes, a measure of the KIE,
since the permeation isotope effect is negligible. Under our
conditions <80 uM ester is formed over the time of the experiment,
which means that less than 20% of the substrate has been con-

(19) O'Leary, M. H.; Marlier, J. F. J. Am. Chem. Soc. 1978, 100,
2582-2583.
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Table 1. Steady-State 'O/!'®*0 KIE for a-Chymotrypsin-Catalyzed
Transesterification of p-Nitrophenyl 2-Furoate?®

m/e® R¢ K obsa/ K obsd® KIE®
140/142  0.860 (0.003)  0.863 (0.004)  1.004 (0.005)
140/142  0.594(0.011)  0.593(0.007)  1.00 (0.02)
112/114  0.904(0.008)  0.920 (0.004)  1.02(0.01)
112/114  0.366 (0.004)  0.372(0.003)  1.02(0.01)
112/114  8.95(0.077) 9.11 (0.06) 1.02(0.01)

weighted av: 1.009 (0.007)

@ Reaction conditions: 0.10 M phosphate, pH 8.5; (E,) =40-60
1M; (CH,CH,'$OH plus CH,CH,®OH) = 0.5 M; (S,) = 0.8 mM;
T=25°C. All measured or calculated values are presented with
estimated standard deviations in parentheses. b m/e = 140 is the
parent ion peak of ethyl 2-[*O]furoate; m/e = 112 is the corre-
sponding base peak (loss of ethylene). ¢ R as defined in the text
is "*a(Et'*OH)/**a(Et'*OH). The variation of R is obtained by
varying ratios of the two isotopic species. R is measured experi-
mentally as described in the text. ¢ Obtained from the zero-order
slopes as described in the text. € Calculated as column 3 divided
by column 2.

Table 1. Steady-State !°0/*%0 KIE for a-Chymotrypsin-
Catalyzed Transesterification of p-Nitrophenyl
5-n-Propyl-2-furoate?

m/e® R "“kobsa! *Fobsd KIE
182/184 0.940 (0.011) 0.85 (0.003) 0.90 (0.011)
154/156 0.932 (0.036) 0.81 (0.004) 0.87 (0.030)
154/156 0.917 (0.013) 0.81 (0.003) 0.88 (0.013)
154/156 0.467 (0.005) 0.413 (0.002) 0.88 (0.011)
182/184 0.917 (0.013) 0.833 (0.005) 0.91 (0.014)
182/184 0.917 (0.013) 0.843 (0.004) 0.92 (0.014)
182/184 1.073 (0.018) 1.001 (0.006) 0.93 (0.014)

weighted av:  0.090 (0.02)

% Conditions identical with those reported in Table I except
(8y) = 60-80 uM. b mje = 182 is the parent ion peak of ethyl
5-n-propyl-2-[160Q]furoate; m/e = 154 is the corresponding base
peak (loss of ethylene).

sumed (with approximately half of that lost to hydrolysis), and
less than 0.02% of the ethanol has been converted to ester. Thus,
the isotopic ratio of the alcohol changes negligibly during the
reaction, and we require only an independent measurement of R
(eq 4) in order to determine the steady-state KIE. As described
under Methods and Materials, this is done by reacting the isotopic
ethanol mixture quantitatively with the appropriate acid chloride
and adding the unpurified product into a buffer solution in the
PM/MS cell. The ratio of '60/'30 signals after maximum in-
tensities have been reached is R.

The results for the steady-state enzymatic transesterification
of furoyl and n-propylfuroyl substrates have been collected in
Tables Iand II. Very similar results are obtained when measuring
either parent or base ion peaks at varying isotopic ratios in the
starting alcohol. Averaging the data yields a KIE of 1.009 £ 0.007
for the furoyl and 0.90 % 0.02 for the »-propylfuroyl reaction at
25 °C.

Although the pre-steady-state rate constants cannot be extracted
from results such as those of Figure 1, at any point the M to M
+ 2 ion ratio is proportional to the isotopic ratio of the ethyl ester
formed at some earlier time in the aqueous reaction mixture. This
is true because the negligibly small isotope effect for permeation
is taken into account in the determination of R. The time de-
pendence of the M to M + 2 ratio is shown for the formation of
ethyl 5-n-propyl-2-furoate in Figure 2 and ethyl 2-furoate in Figure
3. Early in these reactions, when little product has been formed,
the precision of the points is poor, as evidenced by the scatter.
Nonetheless, the trend is clear. There is an initial normal mass
ratio, which means that the reaction begins with a normal KIE.
Within 1-2 min at 25 °C the mass ratio approaches the value of
the KIE for the steady state. These results confirm our earlier
reporlt5 in which the same trend was suggested on the basis of less
data.

We have also examined the effect of pH and temperature on
the n-propylfuroate steady-state KIE. The KIE increases from
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Figure 2. Time dependence of the apparent KIE associated with the
a-chymotrypsin-catalyzed transesterification of p-nitrophenyl 5-n-
propyl-2-furoate: the results of Figure 1 have been replotted as the
measured peak intensity ratio on the left and as the apparent KIE on the
right.
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Figure 3, Time dependence of the apparent KIE associated with the
a-chymotrypsin-catalyzed transesterification of p-nitrophenyl 2-furoate.
Conditions are described in Table II; R for this experiment was 0.90. The
measured peak intensity ratio for m/e = 112 and m/e = 114 is plotted
on the left and the apparent KIE on the right.

0.90 to 0.97 when the pH is lowered from 8.5 to 6.5 (Figure 4).
While the estimated uncertainties are large, these pH results are
fit well if we assume that the KIE is controlled by a single
acid/base titration with pK, = 7.3. a-Chymotrypsin-catalyzed
reactions are all controlled by a process with a pK, near 7, pre-
sumed to be the titration of a histidine side chain in the active
site. For the hydrolysis of p-nitrophenyl 5-n-propyl-2-furoate the
pK,is 7.1 at 25 °C,?° and for the esterification of this compound
with ethanol the pK, is 7.2 (unpublished results). There is also
a marked temperature effect on the KIE (Figure 5). The KIE
rises from a low value of 0.87 at 18 °C to a high of 0.96 at 38
°C. (Previous data!? are not consistent with this trend. However,
the earlier results, obtained at other than room temperatures, are
less reliable, since we did not control the temperature during the
brief time of sampling.) This change, measured at pH 8.5, is well
outside experimental uncertainty.

Discussion

Since the PM/MS method is new to the measurement of small
kinetic isotope effects, we shall consider some of its advantages
and disadvantages. With the mixed isotope protocol, both isotopic
species react concurrently in the same solution, minimizing ex-
perimental error. Unlike other mass spectrometric mixed isotope
procedures, the PM/MS method permits both the measurement
of mass ratios and the direct determination of rate constants for
each isotopic reaction. One result, seen in the case of nonenzy-
matic ester hydrolysis, is that two reactions which occur inde-
pendently, and are detected independently, can be treated as
independent even though they are housed in the same solution.
Thus, a first-order KIE can be obtained with no knowledge of the
initial reactant isotope ratio, which helps to reduce experimental

(20) Baggott, J. E. Master of Science Thesis, The Ohio State University,
1975.
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Figure 4. Dependence on pH of the steady-state KIE for the trans-
esterification of p-nitrophenyl 5-n-propyl-2-furoate. Reaction conditions
are those given in the text. The temperature was 25 °C. Each point
represents two determinations, except at pH 8.5, which is the weighted
average taken from Table II. The curve is calculated on the basis of the
best fit of the data to a single proton acid/base titration model.
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Figure 5. Dependence on temperature of the steady-state KIE for the
transesterification of p-nitrophenyl 5-n-propyl-2-furoate. The reactions
were run at pH 8.5. Each point represents duplicate determinations,
except for the 25 °C result, which is the weighted average taken from
Table II.

uncertainty. Because of the mass spectrometer’s sensitivity, analyte
concentrations in the experiments reported here were usually <20
uM. Improvement of signal-to-noise characteristics, which should
come with a better instrument and utilization of commercially
available, thinner membranes, will allow us to work at much lower
concentrations. This sensitivity also permits the use of very small
samples, an important factor when isotopically substituted com-
pounds are expensive or difficult to obtain. Perhaps the major
advantage is that analyte measurement is almost in situ—almost,
since some sample is constantly removed through the membrane.
In common with all in situ measurements, there is minimal ex-
perimental manipulation required for analysis, with resulting ease
and speed. In the experiments reported here the scan time over
two mass ion peaks was approximately 6 s, a 2-3 order increase
in the point-to-point time resolution over other mass spectrometric
methods. Because of this measurement speed, the decline in the
product mass ratio during the first minute of the a-chymotryp-
sin-catalyzed transesterification could be observed unambiguously.
In a different comparison, the equilibrium perturbation method
for KIE measurements, which is an in situ technique,'? is limited
to reaction systems with a measurable equilibrium point; PM/MS
can be used for both reversible and irreversible reactions.
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As to the method’s disadvantages, the cost and technology of
the mass spectrometer may keep the PM/MS method out of
normal enzymology projects, a practical limitation to its usefulness.
Presently, we are not confident with a measured KIE smaller than
1-1.5%, a range in which we would expect a number of the heavier
atoms to fall. With commercially available instruments having
better signal-to-noise characteristics than our own, this region of
unreliability should be reduced substantially, although we do not
anticipate achieving the precision possible with an isotope-ratio
mass spectrometer.!! Finally, the basis of the method’s success
is also the cause of its major limitation. The method works well
because the membrane is so poorly permeable to water and other
polar compounds. But the majority of enzymatic reactions involve
charged or polar reactants and products, thus making them in-
accessible to PM/MS. This limitation may be circumvented
should it prove possible to use a coupling reaction in which a
permeable compound is produced.

We turn next to the novel time dependence of the trans-
esterification KIE (Figures 2 and 3), first to consider possible
sources of error and second to propose a plausible explanation.
So little of the ethanol was converted to ester (<0.02%) that the
['¢0]-/['®O]ethanol ratio was effectively constant throughout the
reaction. An artifact due to contamination is unlikely, since similar
time dependencies were obtained with two different substrates
(although the final KIE’s did differ), with variation of ethanol
isotopic ratios, and when either parent or base ions were monitored.
We also have evidence for the same ratio decline when the ethyl
ester was purified from the reaction mixture prior to analysis.!?
Analytical errors can arise from sources such as mass discrimi-
nation due to the scanning method employed and isotope effects
in jon fragmentation and membrane permeation. The last of these
is undetectable with our current precision, the measurement of
the ethanol isotopic ratio was designed to correct for these possible
errors, and finally, we would expect errors of this type to be time
independent.

Recently, Northrop,? in commenting on our earlier GC/MS
results, argued that the observed decline is a distortion, arising
because of (i) isotopic discrimination, presumably by an en-
zyme-catalyzed equilibration between ethyl ester and ethanol, and
(ii) ethyl ester hydrolysis, which, having a normal KIE, would
enrich the unhydrolyzed ester in '*O. He proposed that the latter
effect would be especially severe as hydrolysis of the ethyl ester
approaches completion. However, we cannot accept his arguments.
The X; for ethyl 5-n-propyl-2-furoate is 0.4 mM, while the K
of the p-nitrophenyl substrate is 0.7 uM.!* After 1 min, when
the mass ratio decline is largely complete (at 25 °C), little product
has accumulated. Given these results, it is unlikely that there is
a significant, let alone complete, hydrolysis of, or additional ethanol
exchange into, the ethyl ester product that is free in solution. For
during the first minute there is less product than substrate.
Additionally, the large pH and temperature sensitivities of the
steady-state KIE are inconsistent with an argument based upon
an equilibrium isotope effect for partitioning between ethanol and
an ethyl ester. Such an equilibrium effect would be relatively
insensitive to the pH and temperature changes we studied. One
might still wish to argue for equilibration between ethanol and
ethyl ester prior to the latter’s release from the enzyme, but this
cannot be called distortion and would be kinetically similar to the
explanation we are about to offer.

Consider the minimal reaction mechanism

8
®) 8 P>
2 X

(21) Northrop, D. B. Annu. Rev. Biochem. 1981, 50, 103-131.
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Compounds containing #0, and the rate constants of their re-
actions, are indicated by a superscript 18. No superscript is used
for the 1%0 reactions. Reaction of enzyme, E, with p-nitrophenyl
ester substrates to form acyl enzyme, EA, is essentially irreversible,
and sufficiently rapid in comparison with subsequent deacylation,
that EA formation can be represented as a single irreversible
reaction. More complicated schemes for the formation of EA
would yield functionally equivalent equations. In the presence
of isotopically mixed ethanol the acyl enzyme can move into one
of three paths: two lead to the ethyl esters P, and '¥P5; the third
is competitive hydrolysis to the acid P,’. We propose a model in
which there is at least one reaction intermediate along each path,
a widely held assumption, and in which product release is func-
tionally irreversible. We have derived for this model the time
dependence of the mass spectral intensities for the two ethyl esters
(eq A6 in the Appendix). It is easily shown that

1 SO g kok, (0%, + 198,) (ELOH)

i - -
Ee 1) lim BI0) | Ba, 1%, ke(k, + B2)(ELPOH)
o

Equations 4 and 6 are equivalent, and hence

kok, (18K, + 18
KIE(steady state) = #_@ @
k; ka(ks + B;)

It is also shown in the Appendix that the KIE at time zero falls
within the range

kok, — KIE(t = 0) — kaoky("fky + 188, + ks + B83) ®)
B 18k, By ®ka(ky + B, + ks + B3)

Comparison of eq 7 and 8 suggests an explanation for the early
decline of the isotope ratio. If normal isotope effects are associated
with primary steps (e.g., k, > '3k, 8, > 133,), then the apparent
KIE during steady state (eq 7) could be either normal or inverse.
For example, were k4 > B3,, then the steady-state KIE would
become k,/'%k, and normal; were 8, > k,, then the observed KIE
could be inverse depending on the magnitudes of ¥8,/8, and
kyk,/(13k,4'8k,). The KIE associated with breakdown of the in-
termediate X, k,/'%,, should be close to 1, since this reaction does
not involve bond cleavage at '30. Thus, an inverse steady-state
KIE most probably corresponds to an inverse equilibrium isotope
effect for the reaction of EA with ethanol to form X.

A similar range of values is possible for the initial KIE (eq 8).
But at one extreme the KIE(z — 0) would be normal, since k,k,
> 18%.1%k, Asa qualitative explanation we propose that initially
the measured KIE depends largely upon the one-way flow of
substrate to product. As the reaction approaches steady state there
would be a smooth change to a KIE governed largely by the
equilibrium between EA and X.

The observed large difference in steady-state KIE between
furoyl and propylfuroyl reactions is consistent with this proposal.
Addition of a three-carbon side chain at a distance from the
reaction site could only have a large effect if the apparent KIE
were a balanced collection of primary reaction constants. The
reaction scheme of eq S requires a hyperbolic dependence of
turnover rate on ethanol concentration. The reaction rate, however,
is linear with ethanol concentration up to 5 M at 25 °C (un-
published results) with the enzyme becoming unstable at higher
ethanol levels. This either is an inconsistency or more likely means
that the apparent ethanol K is above 5 M.

The largest previously reported '60/'30 KIE’s of which we
know are 1.08 in the nonenzymatic solvolysis of cis-5-methyl-2-
cyclohexenyl p-nitrobenzoate?? and 1.07 in the enzymatic con-
version of malate to fumarate.”> Were our interpretation of the
inverse ethyl S-n-propyl-2-furoate KIE correct, then a normal KIE
2 11% would be inferred for the release of ethanol and the re-
formation of acyl enzyme (8,/'%8, = 1.11). Although such a large

(22) Goering, H. L.; Doi, J. T.; McMichael, K. D. J. Am. Chem. Soc.
1964, 86, 1951-1957.
(23) Blanchard, J. S,; Cleland, W. W. Biochemistry 1980, 19, 4506-4513.
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160/180 KIE is unprecedented, there is little likelihood that it
arises as an artifact of our experimental procedure. First, we have
obtained with the PM/MS method a marginal, perhaps normal,
KIE for the alkaline hydrolysis of ethyl 2-furoate, 1.012 % 0.010.
Similar results have been reported with other esters.!>!® Second,
the a-chymotrypsin-catalyzed transesterification shows a much
smaller KIE with a different substrate, p-nitrophenyl 2-furoate
(1.009), and when the reaction conditions are altered (0.97 at pH
6.5 and 25 °C; 0.96 at pH 8.5 and 38 °C). Finally, similar results
were obtained by two other methods.!> With GC/MS, in which
the ethyl ester was purified prior to mass spectral analysis, the
KIE was 0.90 £ 0.02 (at 25 °C). With the separated isotope,
spectrophotometric measurement of steady-state p-nitrophenolate
release, the KIE was 0.88 £ 0.06 (at 25 °C). The PM/MS value
reported here is 0.90 £ 0.02.

We can only offer suggestions to explain this apparently large
inverse KIE. The minimal formulation of eq 5 may be incomplete
in that the formation of the intermediate X could involve two
elementary reactions, both of which have an '0/%0 KIE. Were
there a multiplicative contribution of the two sets of rate constants,
then a large overall KIE would result. A second suggestion is
based on the reports of Pinchas?»?* that with 0.336 M H,O in
dioxane the measured ratio of the dimerization constants for H,'¢0O
and H,'%0 is 1.61. At higher water concentrations the ratio
approaches 1. He proposed that this very large equilibrium isotope
effect is due to the decreased ability of 1*O to form the water dimer
hydrogen bond. With this in mind, and if we assume that the
conversion of X to EA is the acid-assisted reaction

+
HE B
_,—"—’ B, /’/ 9
CH3CHZO’\ ‘——T CH3CHZ0H 9)
+

R—C—0—¢

|

OH R—C—0—¢E

occurring in an environment shielded from bulk water, then a large
inverse KIE might result. Reaction 9 is commonly seen in dis-
cussions of chymotrypsin catalysis, with B the active-site imidazole.

Because of its magnitude in the n-propylfuroyl case we were
able to investigate the pH and temperature dependencies of the
steady-state KIE. The relative changes are large, results not
unknown in other systems. For example, Blanchard and Cleland®
reported an 10 /30 KIE for the enzymatic conversion of malate
to fumarate, which is close to unity at neutral pHs and increases
to 1.07 as the pH is lowered; O’Leary and Piazzi® reported a
temperature dependence for the '2C/!3C KIE associated with
arginine decarboxylase that is qualitatively similar to that described
here. Northrop? has emphasized the difficulty in assigning
rate-limiting steps for enzyme-catalyzed reactions on the basis
of KIE magnitudes. Our results are an example of this problem.
When the pH is raised, the reaction turnover increases, and the
KIE becomes more inverse (Figure 4). When the temperature
is raised, the reaction turnover increases, but the KIE becomes
less inverse (Figure 5). Thus, a simple explanation in terms of
a switch in rate-limiting steps may not be warranted. The KIE
dependence on pH may be controlled by a pK, close to that of
the enzyme active site histidine, but with our present precision
this has not been established unambiguously. Over the temper-
ature range studied, the KIE for a primary reaction would be
expected to change only slightly. The large change observed may
arise from a shift in the partitioning of one or more intermediates
within a complex reaction path, or from some other physical source
such as a structural change at the active site. The former is
consistent with the KIE results reported here, and the latter with
our previous observation of Arrhenius plot nonlinearities, which
occur over the same temperature region. This is a distinction that
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is of some interest to us but must await further results.

In closing, we have developed a new procedure for investigating
small kinetic isotope effects. Because of the simplicity in ex-
perimental manipulation, PM/MS may become the method of
choice in those systems to which it is applicable, currently reactions
with at least one apolar constituent. We have applied PM/MS
to the a-chymotrypsin-catalyzed transesterification of p-nitro-
phenyl 5-n-alkyl-2-furoates. Our results confirm earlier obser-
vations on the same reaction obtained with different procedures.
These results are unexpected in light of previous experience with,
and predictions of, '*0/'80 KIE’s. If substantiated by further
experimentation, these findings should serve to widen our un-
derstanding of heavy atom isotope effects. The data of this report,
together with our earlier temperature studies, suggest that (de-
pending upon one’s inclinations, fortunately or unfortunately) the
mechanism of a-chymotrypsin esterification is more complex than
heretofore understood.

Appendix
The following equations apply to the reaction scheme of eq 5.
(Eo) = (E) + (EA) + (X) + (¥X) + (X)

d(EA)/dt = k\(S)(E) + Bo(X) + 188,(1¥X) + B;(X’) -
[ko(EtOH) + !8k,(Et'8OH) + k;](EA)

d(X)/dt = ky(EtOH)(EA) - (k4 + 8,)(X)
d("¥X) /dt = Yky(Et'SOH)(EA) - ("*k, + '38)("*X)
d(X")/dr = k3(EA) - (ks + B5)(X")
d(Py) /dt = k4(X)
d(**Py) /dt = Bk, (**X)
d(Py)/dt = ks(X') (A1)

If we assume that substrate and ethanol concentrations remain
constant during the course of the reaction, then eq Al becomes
linear and can be solved by using LaPlace-Carson transforms.?’
The solution for the hypothetical intermediate X is

(X) = kiko(EtOH)(EQ){('*ks + '6,) X
4

(ks + 83)/v1v2v3vs = 20v2 = vi("Bky + 88, + ks + 83) +

i=1

(kg + 136 (ks + Bs)]e""/[‘vig(‘n -l
("¥X) = k,"*ko(Et'*OH)(Eo){(ks + B2) X
4

(ks + B3) /v1v2v3Ya — ;[7:2 = yilks + B2 + ks + 63) +

(ks + B (ks + 63)16""’/[%‘1}],(7; -l (A2)

The +;, pseudo-first-order constants, which are the negative values
of the roots of a biquadratic equation, are constructed from all
the rate constants, and include the substrate and both isotopic
ethanol concentrations. Since there is no experimental evidence
for more than one first-order process in the a-chymotrypsin
pre-steady state, it is reasonable to assume that one of the four
~v/’s is sufficiently small that on the experimental time scale one
of the four exponential terms in the summation dominates and

(X) =~ kiky(EtOH) (Eo)f(*3k4 + '88,) X
(ks + B3) /vivovsvs = [v2 = vilBBks + 188, + ks + B) +
(ks + 88 (ks + B3)le™ /1 v2v3vdl
(¥*X) ~
ky '8k, (EtBOH) (Eo)l (ks + B2) (ks + B3) /v1v2v3ve — [ -

Yilks + B2 + ks + 83) + (ks + B)(ks + 53)]9-7‘1/7172‘(374)}
A3

(24) Pinchas, S. Nature (London), Phys. Sci. 1973, 242, 46-47.
(25) Pinchas, S. J. Inorg. Nucl. Chem. 1977, 39, 459-462.
(26) O'Leary, M. H.; Piazzi, G. J. Biochemistry 1981, 20, 2743-2748,

(27) Rodiguin, N. M.; Rodiguina, E. N. “Consecutive Chemical Reactions,
Mathematical Analysis and Development: Schneider, R. F., Translator; D.
van Nostrand: Princeton, NJ, 1964.
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This approximation makes the remainder of the derivation look
less complex, but the conclusion arrived at is closely similar to
that obtained had we not introduced this simplification.

To determine (P,) and (‘*P,) we multiply the two eq A3 by
k4 and '8k, respectively, and integrate. For our purpose we do
not need these two explicit solutions. What we are interested in
is the time dependence of the signals in the mass spectrometer
due to the time-dependent appearance of P, and '*P,. We have
shown earlier!S that the appearance of a signal due to the in-
stantaneous addition of solute to the PM/MS cell is given by

J(1) = ay(1 = a7 (A4)

The constants a, to a; can be obtained experimentally. The first,
a,, is the measured signal intensity once steady-state permeation
of solute across the membrane has been attained (under the
assumption that the solute concentration in the cell does not change
with time). The third, a;, is the rate constant associated with the
approach to steady state, and the second, a,, is a correction factor
introduced to account for higher order terms that were dropped
in the derivation of eq A4.

The explicit expression of signal intensity as a function of time
for the case of the enzyme-catalyzed reaction is the convolution

1= { [d(P,) /dN]J(¢ - N)dA (AS5)

Substituting eq A3 and A4 into AS and integrating

1(t) = [a,kkoky(EtOH) /v1727374(EQ) (ks + 138,) X
(ks + By)t — ay(1 — %) fa; —
[y = vi("fks + 138, + ks + B3) + (Bky + 188 (ks +
B =) /v, -
layy? = vi("¥ky + 136, + ks + 83) + (Pky + 138) X
(ks + By)](e" = ) /(a3 = v))} (A6)

Equation A6 is the time-dependent intensity for the 'O product.
A similar expression is obtained for the *O product by inter-
changing the appropriate rate constants (e.g., %k, for k4 and vice
versa), the permeation constants (e.g., 3a, for a,), and the ethanol
terms.

It should be noted that the constants +; are identical for the
160 and 80 cases in eq A3 and A6. Because the reactions occur
simultaneously with competition for the common intermediate EA,
the three reactions are linked, and thus the exponential terms in
each are identical. Presently we cannot measure +,, but the model
predicts that this parameter will not display a KIE.

By inspection it is obvious that

lim I(?) =
—o
01k1k2k4(Et0H)(Eo)(18k4 + 1832)(k5 + Bt/ v1vav3va

lim 181(¢) =

—®
Ba k) Bk, k (EtBOH)(Eg) (k4 + B8) (ks + B3)t/¥1¥2Y3Ys
(A7)

which is an expression of the zero-order, steady-state increase seen
in Figure 1. The ratio of these two equations is given in eq 7.
From a consideration of eq A6 it can also be shown that
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lim [I(2) /"*1(1)] =
t_.;kzk‘t(EtOH)(‘sk‘t + 188,) /['%a, '8k, 8k (Et'80H) (k4 + 52)]
(A8)
and hence
tlig I($)/lim I = }gg () /(0] (A9)

Thus, the apparent steady-state KIE can be obtained either from
the product mass ratio observed in the steady-state portion of the
reaction or from the ratio of the steady-state rate constants.

To obtain the limit of I(¢) as ¢ approaches O requires L’Hopital’s
rule. Thus

lm(} dI(t)/dt = al(l - az)k1k2k4(E0)(EtoH) X
Pt
[vi("Bky + 188, + ks + k3) = ¥ /71727374
lim 4'%7(0) /dt = "%a,(1 = a)k,'%k,'*Ky(E) (EUOH) X
pae

[vilks + By + ks + k3) = v /v 1v2vsvs (AL10)

Since we have detected no isotope effect for permeation, assuming
that g, s a, is a nicety not required by our results. On the other
hand, the constant a, is an empirical constant introduced to ac-
count for an approximation, as mentioned above. There is no
reason to believe that a, will have any isotope dependence, and
none has been assumed for eq A10. We are interested in the ¢
= 0 limit for the ratio of intensities. Perusal of eq A10 suggests
two extreme possibilities

lim () /BI(1)] = a,kok(EtOH) /['*a,'*k, " *ky(Et *OH)]
(A1)

when ¥i > k4 + 62 + k5 + 63.
From eq A1l we infer that the apparent KIE at time zero is
given by

KIE( = 0) = kyky/(13,%k,) (A12)
If, however, v; < k4 + 8, + ks + 85, then
lti_fjs (1) /" I(1)] = aykok(EtOH)(Bk, + 188, + ks + B3)/
['a, %k, '3k (EtSOH) (k4 + B8, + ks + B83)] (A13)

so that
KIE(t = 0) =
koka(Bky + 188, + ks + B3) / [k, Bka(kys + By + ks + 83)]

(A14)

It is interesting to note that the KIE expressed in eq A14 contains
the rate constants k5 and B3, which refer to the hydrolytic pathway
through intermediate X’ to free acid. This arises from the fact
that the hydrolytic pathway is competitive with transesterification,
and the three reactions are linked. Thus, the apparent KIE at
time zero may be dependent on the hydrolysis reaction for which
no isotope effect is possible.

Registry No. a-Chymotrypsin, 9004-07-3; ethyl 2-furoate, 614-99-3;
ethyl S5-n-propyl-2-furoate, 87395-49-1; p-nitrophenyl 5-n-propyl-2-
furoate, 59212-59-8; 2-furoic acid, 88-14-2; 5-n-propyl-2-furoic acid,
14497-25-7; furoyl chloride, 527-69-5; 5-n-propyl-2-furoyl chloride,
87395-50-4; p-nitrophenyl 2-furoate, 14967-86-3.



