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The Influence of pH on the Rate of Hydrolysis

of Acylchymotrypsins”

S. A. Bernhard, E. Hershberger, and J. Keizer

ABSTRACT: The pH-dependent first-order rates of hy-
drolysis of a series of aroyl- and gB-arylacryloyl-
chymotrypsins have been examined. Over the range of
acyl substituents examined, nonlinear structural cor-
relations are observed in plots of log k4 vs. the pK, of
the corresponding carboxylic acid (where k4 is the
maximal specific rate of hydrolysis at high pH). The
specific rate at any pH, k.4, can be correlated (in
every case examined) with k, by the expression k,isa

’I:e influence of pH on the rate of hydrolysis of
aroylchymotrypsins of the type I have been previously
reported (Bender er al., 1962; Caplow and Jencks,
1962; Bernhard er al., 1965). These hydrolyses can be
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conveniently and directly followed spectrophotometri-
cally at neutral pH, owing to the shifts in the ultraviolet
spectra of the acylate anion products relative to the
corresponding acyl enzymes. Previous reports concern-
ing the influence of pH on the hydrolytic rate all agree
that the hydrolytic rate—pH profile is of the pure sig-
moid type illustrated in Figure 1. In an attempt to
generalize the mechanistic pathway of chymotryptic
hydrolysis of all substrates, the acyl enzyme model
(eq 1) has been proposed (Wilson et al., 1950; Hartley
and Kilby, 1954; Bender, 1962), and pK. values
have been assigned to catalytic groups within the enzyme
site (Bender et al., 1962, 1964).

* From the Department of Chemistry and Institute of Mo-
lecular Biology, University of Oregon, Eugene, Oregon. Received
August 4, 1966.
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= kaKa/(Ks + [H*]). The magnitude of K., the
apparent protonic dissociation constant of the acyl
enzyme, is dependent upon the electronic structure
of the particular acyl moiety. Plots of log K, vs. the
pKs of the corresponding carboxylic acid exhibit
linear structural correlations. Arguments in favor of a
chemical interaction between the acyl group and an
activity-linked proton dissociable residue of the enzyme
are presented.
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The initial chemical step in the catalytic sequence (step
1) has been assumed to involve two dissociating groups
with pK, values of approximately 6.7 and 8.7 (Bender
et al., 1962; Bender er al.,, 1963, 1964; Bender and
Kézdy, 1964). The monoprotonated species is assumed
to be the catalytically active component, in correspond-
ence with the observed “bell-shaped” pH-rate profiles
in cases where there is suggestive evidence that this
step is rate controlling (Bender e al., 1963). This
interpretation of “bell-shaped” curves as an indication
of rate-controlling “acylation” has recently been
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TABLE I: Analytic Data for Acylimidazoles.

Calculated (%) Observed (%)

Mp
Compound C H N (0] C H N (@] (°0O)
p-Nitrobenzoylimidazole 55.27 3.25 19.25 22,12 54.43 3.20 18.00 24.48 120-122
p-Methoxybenzoylimidazole  65.35 4.95 13.85 15.84 64.95 5.23 13.93 16.31 182.5-184
p-Methoxycinnamoylimid- 68.42 5.26 12.28 14.04 6791 522 11.93 14,91 117-118
azole
o-Methoxycinnamoylimid- 68.42 526 12.28 1404 67.8 5.83 11.78 12.39 140-142
azole

questioned (Oppenheimer er al., 1966). Although the
available evidence indicates that for the pseudo-
substrate, p-nitrophenyl acetate, both pX, values are
involved in the acylation reaction (Professor M. L.
Bender, personal communication), the maximal velocity
of hydrolysis of specific amide substrates (which are
presumed to involve rate-controlling acylation) involve
only the lower pKs, and the binding of specific competi-
tive inhibitors involve only the higher pK. (Himoe
and Hess, 1966; Bender et al., 1966). Further discussion
of the “‘acylation” step is contained in an accompany-
ing communication (Keizer and Bernhard, 1966).
The second hydrolytic (or “‘deacylation™) step is as-
sumed 10 have a “‘sigmoidal” pH-rate profile, as illus-
trated in Figure 1. (There is, at present, no controversy
regarding the pH-rate dependence of this step.)

An imidazole residue of histidine has been implicated
in the catalytic activity of a-chymotrypsin, both on the
basis of the absolute value of the pK,s (approximately
7) derived from pH-reactivity studies of the type illus-
trated in Figure 1, and by a demonstration of the
crucial involvement of histidine (residue 57) in the
catalytic activity (Schoellmann and Shaw, 1963;
Ong et al., 1964). On the supposition that the pH-
activity profile is a direct reflection of the state of pro-
tonation of an imidazole residue, it is surprising to note
the variety of pK. values reported in the literature
(see Bender et al., 1964, and references therein; Caplow
and Jencks, 1962). This spread of pK, values might be
accounted for on the basis of ‘“‘environmental” differ-
ences, such as differences in solvent media, and by the
differences in molecular structure of the various sub-
strates utilized in the activity measurements. Two previ-
ous communications (Caplow and Jencks, 1962;
Bernhard and Tashjian, 1965) indicate that for a
series of homologous acyl-a-chymotrypsins studied in
identical buffer solvents, a variation in pKa with sub-
strate still persists. The acyl groups utilized in these
latter studies are all uncharged; there is, moreover, no
obvious relationship between the apparent pK. for
hydrolysis and the geometrical structure of the particu-
lar acyl group. Caplow and Jencks investigated the
hydrolysis of meta- and para-substituted benzoyl-
chymotrypsins. The primary intent of these investiga-
tors was to examine the effect of the electronic structure

on maximal velocity (ks of eq 2). In the course of such
investigations, they noted a substrate-dependent varia-
tion of the ““apparent” pK of hydrolysis.

ka (obsd) = _kaKa
Ky + [HY]

e

The intent of the present investigation was to gather
further information on this variation of ‘‘apparent”
pKa with the electronic and geometrical structure of
particular acyl groups. Indeed, large “‘acyl-dependent”
variations in ‘“‘apparent” pK, have been observed, and
within reasonable limitations these variations can be
correlated solely with the electronic nature of the acyl
substituent. These results are reported and discussed
below.

Experimental Section

Acylimidazoles. Preparation of acylimidazoles was
carried out by one of two methods, the method chosen
in each particular case being the one giving the highest
yield of pure product (analyses are listed in Table I).
The route requiring the least number of steps was
that employing dicyclohexylcarbodiimide (DCC).* In
this method, 0.01 mole of both acid and imidazole was
dissolved in a minimum of ethyl acetate (usually 25
ml or less). A slight molar excess of DCC was added
and the solution was stirred in a stoppered flask. The
heavy precipitate of cyclohexylurea which formed
within the first hour was filtered, and when no further
precipitate formed, the reaction was considered com-
plete. Ethyl acetate was removed under reduced pres-
sure and the resultant solid was crystallized from cyclo-
hexane. The second method of preparation was essen-
tially that of Caplow and Jencks (1962). The appropri-
ate acid chloride was prepared from the carboxylic
acid and thionyl chloride. To 0.01 mole of solid acid
was added a large excess of thionyl chloride and the
mixture was stirred and heated to reflux for several
hours. The excess thiony! chloride was removed by dis-

! Abbreviations used: DCC, dicyclohexylcarbodiimide.
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tillation. The crude acid chloride (0.01 mole) was then
added dropwise to a cooled mixture of 0.02 mole of
imidazole in 500 ml of benzene. The mixture was
stirred for at least 24 hr, filtered to remove imidazolium
chloride, and the solvent was removed under reduced
pressure. The resultant solid was crystallized from cyclo-
hexane.

3,5-Dinitrobenzoylimidazole was an exceptional
case in that a good preparation was not obtained by
either of the above methods. This acylimidazole was
prepared by mixing the acid chloride and imidazole in
acetonitrile. The resultant filtered acetonitrile solution
was utilized directly. All solvents were reagent grade
and all carboxylic acids were purchased from Eastman
Chemical Co.

Other acylimidazoles and acyl enzymes discussed
herein have been previously described as follows:
furoyl and benzoyl (Caplow and Jencks, 1962), cin-
namoyl (Schonbaum ez al., 1961), furylacryloyl (Bern-
hard et al., 1965), and indoleacryloyl (Bernhard and
Tashjian, 1965).

Acyl Enzymes. The acyl enzymes were prepared from
three-times recrystallized a-chymotrypsin (Worthing-
ton Biochemical Corp.). Acylations were sometimes
carried out directly in 3-ml quartz ultraviolet cells.
The enzyme, at a concentration of 3 mg/ml, was dis-
solved in the appropriate buffer solution and the acyl-
imidazole (0.02 M in CH;CN) was added in equimolar
amount (using a molecular weight of 27,000-28,000
for the enzyme site). Often, a second method for acyla-
tion was used. The enzyme was dissolved in 0.1 M
aqueous KCl (to 30 mg/ml) and a slight excess of acyl-
imidazole was added. The enzyme, as supplied, is itself
a weak buffer (pH ~4.2). Aliquots of this solution were
then added to the desired buffer. This method is to be
recommended at higher pH values since the rate of
both deacylation and denaturation of the native enzyme
are significant at elevated pH (Bender ez al., 1962).

Deacylation Rate Studies. With the acylating agents
used, and within the concentration and pH ranges
herein reported, the rate of acylation was at least two
orders of magnitude faster than the deacylation rate
(with the exception of furoylimidazole at pH > 8),
so that the formation of the acyl enzyme intermediate
was essentially complete before significant deacylation
took place. This allowed analysis of the deacylation
rate as a first-order process.

The rates of deacylation were followed spectrophoto-
metrically utilizing alternatively, a Cary Model 14, a
recording Beckman Model DB, or a Beckman Model
DU (equipped with a Gilford optical density converter
and a 10-mv recorder). “Absorbance kinetics” with
these chromophoric acyl enzymes were followed, essen-
tially as described previously (Bender et al., 1962;
Caplow and Jencks, 1962; Bernhard er al, 19695).
In several cases the spectral change on deacylation
was too small to give satisfactory kinetic results. In
these instances, deacylation rates were determined by
utilizing the specific dye (proflavin) binding technique
(Bernhard and Lee, 1964; Bernhard et al., 1966).
Deacylation in 2.59 X 10~* M proflavin was followed
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by measuring the time-dependent binding of the dye to
the emergent free enzyme at 470 my. The temperature
of the thermostated cells was invariably 25.0 == 0.1°.
Acetate buffers (0.1 M), phosphate buffers (0.05 M),
and pyrophosphate buffers (0.1 M) were used over the
pH ranges, 3.8-5.7, 6.2-7.8, and 7.8-9.5, respectively.
Previous studies have demonstrated that over this
range of salt concentration and pH, the deacylation
rate is independent of ionic strength, The pH was
checked often on a Radiometer Model 4 pH meter.

The first-order deacylation rate constants, Kovsd,
were usually obtained from plots of log (4, — A.)
vs. t (where A4, is the absorbence at time ¢). With very
slow reactions, first-order “Guggenheim plots” were
used (Guggenheim, 1926). In all cases, the reaction
was first order over at least 4 half-lives.

pKs Determinations. The pK, values for the chromo-
phoric carboxylic acids were determined spectrophoto-
metrically with a Cary Model 14 spectrophotometer.
The spectra of carboxylic acid and carboxylate anion
were measured at the corresponding extremes of pH
(at concentrations of 10~+10—% mM). Solutions of inter-
mediate pH (0.1 M acetate buffers) were scanned.
The degree of dissociation («) at the intermediate pH
values could then be calculated, utilizing two extremes
of wavelength and the isosbestic point (Flexser ef al.,
1935). The experimental pK. values thus derived,
rather than literature values (determined in a variety of
solvents), were used throughout,

Results and Discussion

In correspondence with all previous reports, the
rate of hydrolysis of each acyl enzyme reported herein
exhibits a sigmoidal pH dependence, as illustrated in
Figure 1. From such data, two parameters can be

TABLE I1: Influence of Acyl Structure on Solution Equi-
librium and Enzymic Rate Parameters.

pKa of
Corre-
spond-
ing pK. (app)
Car- for
boxylic Deacy-

Acyl Group Acid  lation k4 (min~?1)
3,5-Dinitrobenzoyl 2.80 6.70 4.56
p-Nitrobenzoyl 3.2 6.86 0.051
Benzoyl 4.20 7.49 0.039
p-Methoxybenzoyl 4.40 7.34 0.0072
2-Furoyl 3.16 6.90 0.094
Cinnamoyl 4.39 7.32 0.793
p-Methoxycinnamoyl 4.34 7.26 0.195
B3-(2-Furylacryloyl 4.45 7.26 0.143
B-(3-Indole)acryloyl 4.95 7.68 0.113
o-Methoxycinnamoyl 4.46 6.95 0.013




VOL. 5, No. 12, DECEMBER 1966

1.0 - o ® __’_ﬂ_——-
=
$
A
0.8 ~
/9
0.6 L s
-]
2
=
: /
83
Q
0.4 |
8
/ £
0.2 .
s
9/ a b
/Q/‘/
0.0 _’1—/ 1 H 1
6 7 8 9 10

pH.

FIGURE 1: Rates of deacylation of indole acryloyl-a-
chymotrypsin at 25° in phosphate buffer, 0.05 M (a)
and pyrophosphate buffer, 0.10 M (A); rates of cin-
namoyl-a-chymotrypsin in acetate buffer, 0.1 M (0);
phosphate buffer, 0.05 M (0); and in pyrophosphate
buffer, 0.1 M (@).

derived (eq 2), namely, the apparent pK, and the
maximal first-order rate of hydrolysis (ka). These
parameters are tabulated in Table II. A few representa-
tive plots of the derived data, illustrative of our meth-
ods, are shown in Figures 2 and 3. Note that our par-
ticular choice of acyl derivatives was made primarily on
the criterion of rigid structure. In every case, the =-
resonance system extends over the entire acyl portion
of the molecule, and is directly chemically coupled
to the acyl-enzyme linkage. The planar geometries
“a’” to the carbonyl-enzyme linkage are of two dis-
tinct types, namely an aroyl type (II) and a 8-arylacryloyl
type (II1).

Aside from facilitating experimental observation, this
particular selection of acyl derivatives affords a fairly
wide range of variation in electronic substituent effects.
These substituent effects are reflected in the pK, values
of the corresponding carboxylic acids (X = OH)
listed in Table II. It should be noted that these carbox-
ylic acid pK values were determined in solvents approxi-
mating those used in the hydrolytic activity experi-

ments, and therefore are not true pK, values (extrap-
olated to infinite dilution and zero ionic strength).

A casual perusal of Table II indicates that the maxi-
mal rates of the hydrolytic reactions falls into at least
two classes, depending on whether the geometry is as
in I1, or as in III, if electronic contributions are used as
a criterion of hydrolytic reaction velocity. Note that
the aroyl derivatives of type II are very considerably
slower in hydrolytic rate than the 8-arylacryloyl deriva-
tives. Attempts to correlate the electronic effects of the
substituents (as reflected in the pK, values of the
carboxylic acids) with the maximal rates of hydrolytic
reaction (Hammett, 1940) are illustrated in Figure 4.
A good deal of scatter is observed, even when the two
classes of derivatives (II and III) are treated separately.
Nevertheless, the slope for type II derivatives is in
qualitative agreement with that obtained by Caplow
and Jencks (1962) for substituted benzoylchymotrypsins.
Surprisingly, when a similar Hammett plot (Hammett,
1940) is derived for the correlation of electronic substit-
uent effects (as reflected in the pK, values of the car-
boxylic acids) with the apparent pK, values for the hy-
drolytic reactions, a remarkably good linear plot is ob-
tained (see Figure 5). A “p”* value of 40.4 is obtained
from the slope of Figure 5. Note that a variation of ap-
proximately 1 pH unit has been observed in the “appar-
ent” pK, for hydrolysis. Some significant modification of
the supposition that “a simple imidazolium™ protonic
dissociation governs the hydrolytic rate” is demanded
by these findings; the results of Figure 5 are in no
way explainable on the basis of the size, polarity,
or Van der Waal’s contributions of the particular R
group (other than by the way such factors perturb
the corresponding pK, values of the carboxylic acids).
The pK 4 values of nitrogen bases of the type

BH*=B 4+ H*

are notably insensitive to the solvent environment.
The pK. of imidazolium cation is virtually insensitive
(£0.25 pH) to solvents ranging in dielectric constant
from 18 to 80 (J. H. Carter and S. A. Bernhard, un-
published results). The two acyl groups leading to the
largest predictable Van der Waal’s interaction with the
protein environment (indoleacryloyl and 3,5-dinitro-
benzoyl) are at the opposite extremes with regard to
pK . values for hydrolysis.

Four alternative potential explanations for the above-
noted, large and regular effect of electronic structure
of the acyl group on the apparent pK, for hydrolysis
have occurred to us. (1) “The imidazolium* residue
at the active site (presumably the histidine residue no.
57) is chemically perturbed by the acyl group esterified
to a serine (residue no. 197) hydroxyl oxygen.” (2)
“Upon acylation of the serine hydroxyl, a protein
conformational change occurs, perturbing (presumably
via changes in the detailed proximity of fixed charges)
the pK. of the imidazolium* residue.”” The observed
variation in this pX, would presumably be a reflection
of the variable degree of conformational change induced
by the specific acylation. (3) “The ‘apparent’ pK.
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FIGURE 2: (a) Deacylation of p-methoxybenzoyl-a-chymotrypsin (a) and 3,5-dinitrobenzylchymotrypsin (b). (a) At 25°
in pH 8.07 phosphate buffer, 0.05 m. The reaction rate was followed by the spectral change accompanying hydrolysi-
of the acyl enzyme. (b) At 25° in pH 6.54 phosphate buffer, 0.05 M. The reaction rate was followed spectrophotos
metrically by the appearance of proflavin-enzyme complex (see Experimental Section).
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FIGURE 3: Determinations of pKy. ... and k4 for

cinnamoyl-a-chymotrypsin (@) and 3,5-dinitrobenzoyl-
a-chymotrypsin (O).

observed in the kinetic experiments is a reflection of a
reaction mechanism involving at least one other
intermediate (beyond that shown in eq 1); the trans-
formation of the acyl enzyme to this intermediate,
and/or the rate of reaction of this intermediate, being
pH dependent in a manner different from that of the
presumably unperturbed imidazolium* residue.” This
explanation is a specific example of the arguments
of Bruice and Schmir (1959) concerning the influence
of pH-dependent preequilibrium intermediates on
apparent pK, values for activity. Such arguments
allow for apparent pK, values considerably different
from that of any discernible catalytically active species,
by the formation of stoichiometrically minute quantities
of essential pH-sensitive intermediates in the catalytic
reaction pathway. (4) “The acyl enzyme, presumed
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FIGURE 4: “Bronsted plot” of the log of the optimal
specific rate of deacylation of acyl enzyme (k,) vs. the
pK. of the corresponding carboxylic acid. (O) substi-
tuted benzoylchymotrypsins (data of Caplow and
Jencks, 1962). (@) substituted acryloylchymotrypsins.
Caplow and Jencks demonstrate a linear relationship
between log &,.,.; at pH 7.07 and the pK. of the corre-
sponding carboxylic acid. As is evident from the present
figure, the previously observed linearity is fortuitous.

to be an acylserine ester, is in actuality an acyl-XH
derivative with a finite dissociation constant” (eq 3).

(@] (@]
7 7
enzyme—XC — enzyme—XC + H* (3
RN AN
H R R

Arguments 2 and 3 can be disposed of relatively
easily for the following reasons. A substrate-induced
conformational change of variable extent would be
anticipated to be a function of the geometrical structure
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FIGURE 5: Variation of the observed pK, of deacylation of acylchymotrypsins with the pK, of the corresponding
carboxylic acids. A nonlinear structural correlation might have been anticipated for o-methoxycinnamoylchymotrypsin
due to the large steric factor introduced by the o-methoxy substituent. Spectrophotometric comparisons of the o-
methoxy-, p-methoxy-, and unsubstituted cinnamic acids indicate that the phenyl and acryloyl systems are not coplanar
in the o-methoxy derivative. &, for the o-methoxycinnamoyl enzyme is also much smaller than for the para derivative,
suggesting that the noncoplanar phenyl-acryloyl system interferes sterically with the catalytically optimal configura-

tion of the active site of the acyl enzyme.

(Koshland, 1958) as well as of the electronic structure.
There appears to be no systematic dependence of the
pKa of hydrolysis on the geometrical shape or size of
the acyl group. Therefore, it seems unlikely that con-
formational changes can account for the variation of
pKa, although there is now considerable suggestive
evidence that such conformational changes of the
enzyme protein do occur during the course of catalytic
reaction (Oppenheimer et al., 1966; Moon et al., 1965;
Bernhard et al., 1966; Bernhard and Lee, 1964; Hav-
steen and Hess, 1963; Wooten and Hess, 1960; Bender
et al., 1962). The third argument would imply that there
is some significant distinction between the stoichiometry
of the protonic equilibrium, and the kinetically derived
pK,; i.e., the protonic equilibrium between free enzyme
and acylated enzyme would be that predicted from the
stoichiometric reaction sequence, whereas the kinetically
derived ‘““apparent’ pK, for hydrolysis would be antici-
pated to be considerably different. Relevant experiments
have actually been carried out, and are described in an
accompanying communication (Keizer and Bernhard,
1966). The results reported therein clearly demonstrate
that the stoichiometry of the protonic equilibrium
involved in the acylation reaction is dependent on the
formation of an acyl enzyme intermediate with pK,
identical with the ‘“‘apparent” pK. derived from the
kinetics of the subsequent hydrolysis.

We are thus left with the choice between arguments 1

and 4. Some weakly suggestive arguments in favor of
the latter have been previously proposed (Bernhard
et al., 1965); namely, the spectra of the S-arylacryloyl
enzymes are all markedly different from that of model
acylated serine peptide esters containing the same
acyl group. The acyl-transfer rate from reactive acyl
derivatives (such as acylimidazoles) to a serine hydroxyl
has been demonstrated to be remarkably rapid, in
particular serine-containing peptide sequences (Bern-
hard et al., 1964) (hence, arguing for the plausibility
of rapid acyl transfer accompanying the denaturation
and degradation of acylchymotrypsin to the chemically
identified acylserine ester). Nevertheless, the invariant
chemical and spectral identifications of denatured
chymotrypsins as acylserine esters, independent of the
denaturation procedures (Balls and Wood, 1956;
Qosterbaan and van Andirchem, 1958; Naughton
et al., 1960; Noller and Bernhard, 1965), places the
weight of evidence in favor of a native acylserine
ester.

The only mechanistic precedents favoring argument
1 involve hydrogen bonding or proton transfer between
the acylcarbony!l oxygen and the proton of an imidazol-
ium residue (IV). To the extent that hydrogen bonding
is a covalent phenomenon, there should be a correla-
tion between the electronegativity of the carbonyl
oxygen (and hence the pK. of the carboxylic acid)
and the pK. of the imidazolium* group. This correla-
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tion is qualitatively in agreement with experimental
observations. We cannot estimate the magnitude of
such a perturbation on the pKi of imidazolium*
(i.e., we cannot predict the *““p” value for this dissocia-
tion). Complete proton transfer (the formation of the
protonated ester) seems intuitively unreasonable at
neutral pH, even in the unknown environment of the
enzyme site.

Whatever the detailed mechanism is, by which the
pK. of a weak acid at the catalytic site is altered upon
acylation, it is clear that this perturbation arises via
covalent forces between the acyl group and the proton
donor. It is of interest to note that in the reaction of
diisopropylfluorophosphate with chymotrypsin, two
reaction steps have been detected in the presumed
reaction (eq 4)

OR OR 0
EH O=IPF 1: E'H O=II’F 2 E'o'l’JOR
o o o
@

(Moon et al., 1965), and that analogous changes in
pK. appear to be correlated with the first rather than
the second step in the reaction sequence.

Acknowledgment

This work was supported by grants from the National
Science Foundation and the U. S. Public Health Service.

References

Balls, A. K., and Wood, H. N. (1956), J. Biol. Chem,
219, 245,

Bender, M. L. (1962), J. Am. Chem. Soc. 84, 2582,

Bender, M. L., Clement, G. E., Kézdy, F. J., and Heck,
H.d’A. (1964),J. Am. Chem. Soc. 86, 3680,

Bender, M. L., Clement, G. E., Kézdy, F. J., and Zerner,
B. (1963), J. Am. Chem. Soc. 85, 358.

Bender, M. L., Gibian, M. J., and Whelan, D. J.
(1966), Proc. Natl. Acad. Sci. U. S. 56, 833.

BIOCHEMISTRY

Bender, M. L., and Kézdy, F. J. (1964), J. Am. Chem.
Soc. 86, 3704,

Bender, M. L., Schonbaum, G. R., and Zerner, B.
(1962), J. Am. Chem. Soc. 84, 2562.

Bernhard, S. A., Grdinic, Z., Noller, H., and Shaltiel, N.
(1964), Proc. Natl. Acad. Sci. U. S. 52, 1489.

Bernhard, S. A., Lau, S., and Noller, H. (1965), Bio-
chemistry 4, 1108.

Bernhard, S. A., and Lee, B. F. (1964), Abstr. Intern.
Congr. Biochem., 6th, New York,N. Y,

Bernhard, S. A., Lee, B. F., and Tashjian, Z. (1966),
J. Mol. Biol. (in press).

Bernhard, S. A., and Tashjian, Z. (1965), J. Am. Chem.
Soc. 87, 1806.

Bruice, T. C., and Schmir, G. L. (1939), J. Am. Chem.
Soc. 81, 4552.

Caplow, M., and Jencks, W. P. (1962), Biochemistry 1,
883.

Flexser, L., Hammett, L. P., and Digwall, P. D. (1935),
J. Am. Chem. Soc. 57, 2103.

Guggenheim, E. A. (1926), Phil. Mag. 1, 538.

Hammett, L. P. (1940), Physical Organic Chemistry,
New York, N. Y., McGraw-Hill, p 185.

Hartley, B. S., and Kilby, B. A. (1954), Biochem. J. 56,
288.

Havsteen, B. H., and Hess, G. P. (1963), J. Am. Chem.
Soc. 85, 791.

Himoe, A., and Hess, G. P. (1966), Biochem. Biophys.
Res. Commun. 23, 234.

Keizer, J. E., and Bernhard, S. A. (1966), Biochemistry
5, 4127 (this issue; following paper).

Koshland, D. E. (1958), Proc. Natl. Acad. Sci. U. S. 44,
98.

Moon, A. Y., Sturtevant, J. M., and Hess, G. P. (1965),
J. Biol. Chem. 240, 4204.

Naughton, M. A., Sanger, F., Hartley, B. S., and Shaw,
D. C. (1960), Biochem. J. 77, 149,

Noller, H., and Bernhard, S. A. (1965), Biochemistry 4,
1118.

Ong, E. B,, Shaw, E., and Schoellmann, G. (1964), J.
Am. Chem. Soc. 86, 1271.

Oppenheimer, H., Labouesse, B., and Hess, G. P.
(1966), J. Biol. Chem. 241, 2720.

Oosterbaan, R. A., and van Adrichem, M. E. (1958),
Biochim. Biophys. Acta 27, 432,

Schoellmann, G., and Shaw, E. (1963), Biochemistry 2,
252,

Schonbaum, G. R., Zerner, B., and Bender, M. L.
(1961), J. Biol. Chem. 236, 2930.

Wilson, 1. B., Bergmann, F., and Nachmansohn, D.
(1950), J. Biol. Chem. 186, 781.

Wooten, J. F., and Hess, G. P. (1960), Nature 188, 726.



