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correlations is supported by the following observations: (i) the standard 
synthetic procedures produce atypically small yields of these complexes 
(see Experimental Section); (ii) alkaline alkyl-Co bond cleavage rates 
for the monohalomethylcobaloximes are orders of magnitude faster 
than those for all other alkylcobaloximes;17 and (iii) the ligand associa­
tion and dissociation rate constants for these complexes are significant­
ly larger than those of other alkyl derivatives as is expected if dissocia­
tive mechanisms are in play306 (see below) for sterically hindered com­
plexes. Inspection of the covalent radii for these halogens (0.99 A for 
Cl, 1.33 A for I, compared with 0.32 A for H in CH4)3' shows that the 
size of these substituents is approaching the lengths of the carbon-co­
balt bonds which run from about 1.94 to 2.05 A for numerous alkyl-
cobalt complexes.32-36 (b) F. Basolo and R. G. Pearson, "Mechanisms 
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It has been found with chymotrypsin that with a number 
of substrates with a weakly basic amine leaving group the 
Km is pH dependent in the neutral pH range.2 To determine 
whether this behavior is a reflection of the binding process 
being influenced by the pH-dependent catalysis or by pH-
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gard to the dependence of the observed /con values upon pyridine con­
centration under circumstances in which "saturation kinetics" is ob­
served will be included in a future publication. In this instance, "satura­
tion kinetics" is the term applied to concave downward plots of *«> vs. 
[L] i.e., the progression from first-order to zero-order dependence upon 
the concentration of [L] of /con. Such "saturation kinetics" reflect a 
change in rate-determining step from ligation of pentacoordinate alkyl­
cobaloxime by L, /c2, to rate-determining dehydration of the RCo-
(D2H2)(HOH) species, * , (eq 5a): P. S. Tobias and R. G. Kallen, unpub­
lished observations. 

dependent nonproductive binding, we have studied the pH 
dependence of the binding of nonsubstrate analogues of the 
compounds for which the unusual pH effect is observed. We 
also report results bearing on a proposed change in rate-de­
termining step in the catalytic mechanism.2c'3 

Substrate Induced pK Perturbations with Chymotrypsin and 
the Possible Significance of Nonproductive Binding1 
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Abstract: The binding of the substrates TV-acetyl-L-tyrosine p-chloroanilide and TV-formyl-L-phenylalanine formylhydrazide 
to chymotrypsin is accompanied by a significant perturbation of the pAT of a group on the enzyme. This perturbation does not 
occur with the closely related nonsubstrate derivatives iV-formyl-D-phenylalanine formylhydrazide, jV-formyl-yV-methyl-L-
phenylalanine formylhydrazide, N-acetyl-D-tyrosine p-chloroanilide, and JV-acetyl-./V-methyl-L-tyrosine p-chloroanilide. 
These results are consistent with a hypothesis that a component of the catalytic process can contribute to the binding of sub­
strates. The recent suggestion that the nature of the aniline moiety in acylamino acid anilide substrates influences the appar­
ent binding (Km) by contributing to nonproductive binding could not be substantiated. It was found that at pH 7.13 ./V-ace­
tyl-D-tyrosine p-chloroanilide, a compound which is especially suited for the proposed nonproductive binding mode, is not 
bound as well as is the corresponding L substrate. The rate of reaction of formylphenylalanylchymotrypsin with formylhy-
drazine and of acetyltyrosylchymotrypsin with p-chloroaniline and ammonia has the same pH dependence as that for hydrol­
ysis of these acyl enzymes. These results rule out a previously proposed mechanism in which there is a pH-induced change in 
rate-determining step. The results are also not in accord with a mechanism suggested to account for the pH-dependent 15N 
isotope effect seen in the hydrolysis of acetyl-L-tryptophan amide. 
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Results 
Apparent dissociation constants were measured by deter­

mining the degree of inhibition of the hydrolysis of/7-nitro-
phenyl acetylglycinate, methyl hippurate, or HCO-Phe-
FH.5 Equation 1, a modified form of the usual competitive 

Kl = (K' + 1 + S/KJKv/vj - Ij ( 1 ) 

inhibition expression, has been derived for Scheme I. E' and 
E are inactive and active conformations of the enzyme, re-

Table I. Apparent Dissociation Constants for a-Chymotrypsina 

Scheme I 

E' ES 

EI 
spectively;4 I is the inhibitor; S is the substrate; v and v\ are 
uninhibited and inhibited initial rates respectively; K' = 
E' /E; Km = (E)(S)/(ES); and K1 = (E)(I) /(EI) . The so-
determined apparent dissociation constants are given in 
Table I. The constants obtained with Ac-Tyr-NHPhCl5 are 
in excellent agreement with those determined by kinetic 
study.2b 

Values of Km for p-nitrophenyl acetylglycinate were de­
termined under the conditions of each reaction by a weight­
ed least-squares program6 of a double reciprocal plot. These 
were corrected for the fraction of enzyme present in the ac­
tive form4 and are given in Table II. The Km's for HCO-
Phe-FH2d and for methyl hippurate7 were previously pub­
lished. 

The inhibition of chymotrypsin by Ac-MeTyr-NHPhCl5 

is time dependent at pH 6.31: with 1.2 mM inhibitor the 
apparent K\ is 4 mM when the inhibitor is preincubated 
with the enzyme for 70 min, as compared with 13 mM 
without preincubation. With 1.2 mM inhibitor this corre­
sponds to a change in the degree of inhibition from 4.7 
(zero time) to 13.9% (70 min). No such time dependence 
was observed at pH 7.54 with this inhibitor, and the inhibi­
tion by HCO-MePhe-FH5 is not time dependent at any pH 
studied. Full reversal of the inhibition by Ac-MeTyr-
NHPhCl is not instantaneous; after a tenfold dilution of an 
aliquot of a 70-min aged enzyme mixture containing 1.2 
mM inhibitor into a solution of 1.2 mM inhibitor for assay 
of activity, the enzyme was found to be 13.9% inhibited; 
when the dilution was done into an assay mixture not con­
taining inhibitor the enzyme was 4.7% inhibited. The inhi­
bition in the 0.12 mM inhibitor mixture was greater than 
the 1.6% inhibition calculated from the Ki determined with 
1.2 mM inhibitor. No enzymic hydrolysis of Ac-MeTyr-
NHPhCl was found to occur with overnight incubation. 

Rates of acetyltyrosyl- or formylphenylalanylchymo-
trypsin aminolysis were determined by product analysis. In 
reactions of water and an amine with an acyl enzyme under 
conditions where no significant fraction of the enzyme ex­
ists as an amine-enzyme complex, the product ratio is de­
termined by the rate constants and amine concentration as 
defined in the relationship 

yield of amide 
yield of carboxylic acid 

yamine Gamine] (2) 
H9O 

In the reaction of acetyltyrosyl- and formylphenylalanyl-
chymotrypsin, the rate constants for acyl enzyme hydrolysis 
are 193 and 85 sec - 1 , respectively.8 

The so-determined rate constants are summarized in 
Table III. For acetyltyrosylchymotrypsin the partitioning 
with water and p-choloroaniline is pH invariant over the 
range 5.5-7.5. For formylphenylalanylchymotrypsin the 

Amide 

./V-Formyl-L-
phenylalanine 
amide 

TV-Formyl-D-
phenylalanine 
amide 

./V-Formyl-L-
phenylalanine 
formylhydrazide'' 

jV-Formyl-D-
phenylalanine 
formylhydrazide 

A'-Formyl-TV-
methyl-L-
phenylalanine 
formylhydrazide 

W-Acetyl-L-
tyrosine p-
chloroanilide 

N-Acetyl-D-
tyrosine p-
chloroanilide 

N-Acety\-N-
methyl-L-
tyrosine p-
chloroanilide 

Amide 
concn, mM 

22-30 
22-30 

22-30 
22-30 

3.3-6.6 
5.6-8.5 
7.2-10.3 

7.7 
4.4-8.8 
5.3-8.6 

3.5 
6.5-7.2 
1.0-1.5 

1.0 
1.1 

1.1-1.6 
1.1 
1.4 
1.2 

1.2-1.3 

PH 

7.05 
6.10 

7.05 
6.10 

7.30 
5.50 
4.50 
7.50 
7.50 
5.42 
4.40 
7.50 
7.50 
5.42 
4.40 
7.13 
5.98 
5.88 
7.13 
5.98 
5.88 
7.54 

6.31 

KiM mM 

37 ± Ad 
28 + 3<* 

10 ± \d 
14 ± 3<* 

2.6 
8.2 

14.2 
5.8 + 0.9e 

5.4 ± 1.1/ 
8.4 ± 1.3/ 
>20 / 
7.2 + 1.7« 

11.8 + 2.5/ 
5.6 + 0.4/ 
>20 / 
0.83 ±0.17<* 
3.0 + 0 .1 d 

>5d 
1.8 ± 0.4<* 
2.3 ±0.2<* 
2.6 ± 0.4<* 
2.7 ± 1.4<*, 

2.9 ± OAd-X 
>13,<* 

4.0 ± 0.2d,g 
a Reactions at 25°, with 0.05-0.07 M phosphate buffer for the 

studies with p-nitrophenyl acetylglycinate. The enzyme concentra­
tion was 1-4 \xM. The ionic strength was maintained with KCl at 
0.10 for all reactions except those with Ac-Tyr-NHPhCl and Ac-
D-Tyr-NHPhCl, where the ionic strength was maintained at 0.16 
with KCl. The studies with the chloroanilides were carried out in 
5% dimethylformamide; the reactions with TV-formyl-D- and L-
phenylalanine amide were done in 5% dimethyl sulfoxide; the re­
actions with the formylhydrazides were carried out in water. b Re­
ported as average + standard deviation for 2-16 determinations. 
cCorrected for the fraction of the enzyme present in the active 
form.4 d Results obtained with the p-nitrophenyl acetylglycinate 
assay. e Results obtained with the methyl hippurate assay. /Re­
sults obtained with the HCO-Phe-FH assay. £ Results determined 
after 70-min preincubation of enzyme and inhibitor. h Results 
from ref 2d. 

Table II. Km for p-Nitrophenyl Acetylglycinate*3 

pH Solvent Kmb»M 

6.10 5% dimethyl sulfoxide 33 
7.05 5% dimethyl sulfoxide 41 
6.93 5% dimethylformamide 69 
6.31 5% dimethylformamide 71 
5.36 5% dimethylformamide 60 

a Reactions were run at 25°, with 0.05-0.07Mphosphate buffer 
and the ionic strength was maintained at 0.1 with KCl, except for 
the reaction at pH 5.36 where the ionic strength was 0.16. The en­
zyme concentration was 1-3 X 10"6Af. bCorrected for the fraction 
of the enzyme present in the active form." 

partitioning with water and formylhydrazine is pH invari­
ant over the range 4.5-7.5. 

Discussion 

A Mechanism for Perturbing the Histidine-57 pK. The 
substrate-induced perturbation of the Histidine-57 pK is re­
flected in an unusually low pK influencing Kmax and a pH 
dependence for Km in the neutral pH range. This effect has 
been accounted for,2a,d on the basis of the substrate speci­
ficity of the phenomenon, by assuming that the pK pertur­
bation occurs in an intermediate which is formed and can 
accumulate in the conversion of the Michaelis complex to 
the acyl enzyme. The proposed intermediate is presumed to 
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Table III. Partitioning of Acetyltyrosylchymotrypsin between 
Water and p-Chloroaniline and of Formylphenylalanylchymotrypsin 
between Water and Formylhydrazine0 

PH 

7.5 
7.5 
6.5 
6.5 
5.5 
5.5 
7.5 
7.5 
6.0 
6.0 
4.5 
4.5 

p-Chloro-
aniline,6 

M 

0.0460 
0.0326 
0.0487 
0.0326 
0.0487 
0.0326 

Formyl-
hydrazine,6 

M 

0.0505 
0.101 
0.0505 
0.101 
0.0493 
0.0986 

Enzyme, 
MX 106 

2.3 
2.5 
2.5 
2.5 

24 
24 
0.1 
0.1 
4 
4 

100 
100 

% amide 
formed 

0.550 
0.364 
0.625 
0.370 
0.668 
0.396 
5.76 

10.5 
5.56 

10.7 
5.44 

10.2 

^amine/""H20 

0.121 
0.112 
0.129 
0.114 
0.138 
0.122 
1.21 
1.16 
1.17 
1.19 
1.17 
1.17 

a Reactions at 25°, in 0.1 M KCl (with 10% dimethylformamide 
for the reaction of p-chloroaniline). Acetyltyrosylchymotrypsin was 
generated with 1.6 mMN-[carboxyl-l*C] acetyltyrosine methyl 
ester (7 X 10s cpm/Mmol) and the formylphenylalanyl enzyme with 
0.7 rnMiV-formyl[U-14C]-L-phenylalanine methyl ester (2.18 X 
10s cpm//imol). bConcentration of the amine free base. 

be a tetrahedral adduct formed by reaction of the active-site 
serine residue with the susceptible bond of the substrate. 
Although tetrahedral intermediates are ordinarily extreme­
ly unstable even in intramolecular reactions,9 this might 
well occur in the enzymatic process. Support of this is pro­
vided by the x-ray crystallographic analysis of trypsin-tryp­
sin inhibitor complexes in which it is found that the en­
zyme's active site serine has added to a peptide bond of the 
inhibitor to form a stable isolable tetrahedral adduct.10 The 
fact that the pA" perturbation is only seen with substrates 
containing an electron-deficient amine leaving group can be 
taken to indicate that electron withdrawal favors the equi­
librium for formation of the putative intermediate with per­
turbed pK. 

For the proposed mechanism it is predicted that factors 
which disrupt catalysis and formation of the intermediate 
will uncouple the effect of the tetrahedral intermediate-
forming equilibrium from the apparent binding (Km). Thus, 
it is expected that substances which are not susceptible to 
cleavage by the enzyme will not manifest the characteristics 
which have been taken as evidence for a contribution of the 
tetrahedral intermediate-forming equilibrium to the Km: an 
unusually small Km at alkaline pH's and the pK perturba­
tion which influences both Kmax and Km. Also, since this 
equilibrium is presumed to be significant only for amide 
substrates with electron-withdrawing amino substituents, 
electron-rich amides are expected to behave similarly to un-
reactive substrate analogues. These predictions are con­
firmed by the results reported here. 

As required, the binding of HCO-Phe-NH2
5 and HCO-

D-Phe-NH25 (Table I), which contain a relatively electron-
rich amino function, is comparatively weak and pH invari­
ant. Also, the affinity of the L-amide is significantly less 
than that of HCO-Phe-FH,2d and the binding is not in­
fluenced by the ionization of Histidine-57. The somewhat 
tighter binding seen with the D-amide, as compared with 
the L-amide, parallels results seen with eight other related 
amides.11 This intriguing relationship presumably reflects 
the ability of the D isomer to bind in an especially tight non­
productive binding mode in which the amino acid side chain 
and the acylamino group are correctly located, the a proton 
is in the leaving group site, and the leaving group is in the 
locus designated for the a proton.1' 

The higher affinity of the unsubstituted D-amides makes 
the observed weaker binding of HCO-D-Phe-FH,5 as com­
pared with the L isomer, especially interesting. In accord 

with the hypothesis that the tetrahedral intermediate-form­
ing equilibrium plays no role in the binding of the D isomer, 
K\ is not significantly influenced by protonation of the ac­
tive site Histidine-57. Although it was suggested12 that the 
decreased binding seen with the L substrate at very low 
pH's2c,d is caused by enzyme polymerization, the enzyme 
concentrations used2d were below those which were shown 
to polymerize. The low pH effect on the binding of the D in­
hibitor and L substrate is as yet inexplicable. 

It was previously found with acetyl-L-tyrosine methyl 
ester13 and acetyl-L-tyrosinehydroxamic acid14 that re­
placement of the acylamino proton by a methyl group has 
no significant effect on Km, although the Kmax values are 
decreased 105- and 103-fold, respectively. In contrast with 
these results it is seen that replacement of the acylamino 
proton in HCO-Phe-FH has a substantial effect on binding. 
This and the different pH dependence for the binding of 
HCO-MePhe-FH and HCO-Phe-FH (Table I) suggest that 
an element contributing to the binding of the substrate is 
not available with the inhibitor. 

Although the results reported here are in accord with the 
requirements of the proposed mechanism,2ad it remains un-
proven in light of the failure to obtain direct evidence for 
the accumulation of an intermediate.20 All that can be con­
clusively derived from the results reported here is that some 
element which contributes to the binding of substrates is 
unable to contribute to the binding of inhibitors.20 

Analysis of Alternate Mechanisms. It has been suggested 
that the structure-reactivity studies with anilide substrates 
which led to the development of the mechanism described 
above were complicated by a fortuitous parallel between 
substrate hydrophobicity and electron withdrawal.15 Thus, 
the contrasting kinetic properties of acetyltyrosine p-chlo-
roanilide and acetyltyrosine p-methoxyanilide2b are attrib­
uted15 to differences in hydrophobicity rather than basicity 
in the aniline residue. The aniline moiety is presumed to be 
competed for by two sites on the enzyme (Figure 1); occu­
pancy in the leaving group's site gives a productive complex 
(I), while occupancy in the hydrophobic site, which ordinar­
ily accommodates the amino acid side chain, gives rise to a 
nonproductive complex (II). It is proposed that binding 
mode II predominates with the hydrophobic chloroanilide, 
and mode I is the main contributor for binding of the less 
hydrophobic methoxyanilide. This would account for the 
higher Vmax of acetyltyrosine /?-methoxyanilide.2a'b Also, 
since the chloroanilide binds strongly in mode II, and weak­
ly in mode I, while the methoxyanilide only binds relatively 
weakly in mode I, the apparent binding of the chloroanilide 
is expected to be tighter. To account for the unusual pH de­
pendence of A"m and F m a x of the chloroanilide it is further 
suggested15 that the nonproductive binding places the hy­
drophobic amino acid side chain adjacent to Histidine-57, 
and this is disfavored when the histidine residue is proton-
ated. The low apparent pK for both Km and F m a x seen with 
the chloroanilide results. 

Taken as support of the proposal that hydrophobicity in 
the leaving group is of overriding importance in determin­
ing substrate affinity is the excellent linear correlation ob­
served between —log K\ with substituted formanilides and 
7T, the Hansch hydrophobicity constant.15 The analysis is, 
however, complicated by the fact that the enzyme has more 
than one hydrophobic binding site. The preference for hy­
drophobic groups to bind in the amino acid side chain site is 
well known. However, the 20-fold higher Kmax/A"m of Ac-
Phe-Ala-NH2 as compared with Ac-Phe-Gly-NH2

16 indi­
cates the existence of an additional hydrophobic binding 
site for the leaving group. This is also suggested from stud­
ies of the reaction of nucleophiles with an acyl enzyme17'18 

and studies with substrate analogues.19 The two sites are 
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apparently not equally sensitive to hydrophobicity20 so that 
the binding of formanilides could be restricted to the mode 
in which the aniline moiety is in the amino acid side-chain 
site22 (nonproductive binding) rather than the leaving 
group site (productive binding). Although there is no con­
clusive evidence on this point, it should be noted that the 
preferred binding mode for the small formanilide substrates 
provides no information about the binding mode of the larg­
er anilide substrates. 

The question of the significance of nonproductive binding 
of anilide substrates may be treated quantitatively. Calcula­
tion of the equilibrium constant for forming each of the 24 
possible binding modes of acetyl-D- and L-tyrosine p-chlo-
roanilide may be accomplished using a determinant com­
posed of the appropriate microscopic binding factors.11 The 
microscopic binding factors for placing the p-chloroanilide 
moiety in the acylamino and a-proton binding sites were as­
sumed to be equal to those previously derived for binding 
the hydroxy benzyl function.1 lb The two remaining un­
knowns, the microscopic binding factors for placing this 
group in the amino acid side-chain site and leaving-group 
site were calculated from the observed binding, corrected 
for the presence of organic solvent,15 of the D and L isomers 
of acetyltyrosine p-chloroanilide. These are equal to 538 
and 16.7, respectively. Using the microscopic binding fac­
tors it is calculated that with the L substrate the relative oc­
cupancy is 28:1 for binding productively (I in Figure 1) and 
nonproductively (II). This ratio is 0.33 (III):1 (IV) with the 
D isomer. The so-calculated predominance of productive 
binding of acetyl-L-tyrosine p-chloroanilide rules out the 
earlier suggestion for accounting for the tight binding and 
low Fmax seen with this compound.15 Also, since the D iso­
mer is calculated to predominantly bind nonproductively 
(IV) and the observed binding is not significantly pH de­
pendent, it may be concluded that the nonproductive bind­
ing modes (II and IV) are not pH-dependent, as previously 
suggested.15 The fact that the Km for acetyltyrosine p-
acetylanilide is pH dependent23 although the aniline moiety 
is not hydrophobic is similarly inconsistent with the notion 
that the pK perturbation is caused by hydrophobicity-de-
pendent wrong way binding.15 

A qualitative treatment of the results gives a similar con­
clusion. If nonproductive binding mode II, in which every 
group on the a-carbon atom is misplaced, is the predomi­
nant mode for binding the L isomer, it is expected that bind­
ing of the D derivative will be tighter since the reversal in 
the placement of the amino acid side chain and leaving 
group does not misalign the acylamino group and a proton 
(compare II and IV). The results (Table I) are not in ac­
cord with this. 

In order for the proposed nonproductive binding mode 
(II) to be predominant, as has been suggested,15 the micro­
scopic binding factor for placing the p-chloroaniline group 
in the amino acid side-chain site would have to be equal to 
19730. This value is unreasonably high as indicated by 
comparison with the values calculated1 la for the p-hydroxy-
benzyl moiety (63.3) or indolylmethyl moiety (340.2). The 
hydrophobicity of the p-chloroaniline group does not appear 
to be able to provide sufficient driving force to make non­
productive binding important. 

The suggestion that variations in the pK influencing Kmax 
and Km with anilide24 and aliphatic amides12 results from 
an interaction between the leaving group and the Histidine-
57 charge relay system remains unproven. It is not clear as 
to what type of interaction might be provided by an aniline 
moiety for this effect. The failure to observe pAT perturba­
tions with nonsubstrate analogs (Table I) would indicate 
very special steric requirements for the presumed interac­
tion. 

PRODUCTIVE BINDING ( I ) 
L-substrate 

NON-PRODUCTIVE BINDING (H) 
!.-substrate 

I m 
OH 

PRODUCTIVE BINDING ( H ) 
D-Inhibitor 

CH2 . XiB 
i .0 —/ m 

H-C-C'-NH-Q $> f^^m 

NON-PRODUCTIVE BINDING (EZl) 
D-lnhibitor 

Figure 1. Hypothetical productive and nonproductive binding of acet­
yltyrosine anilides. 

A pH-Induced Change in Rate-Determining Step. The un­
usually low pK observed for Vmax with HCO-Phe-FH and 
the discrepancy seen in the pK influencing Vmiix and Km 
(6.08 and 6.7, respectively) has been taken as evidence for a 
pH-induced change in rate-determining step2c (Scheme II). 

Scheme II 

E + S 

4 

K, 
ES ES' AcE + amine 

*„' K.r if.,'" 

EH + S =*=* EHS EHS' AcEH + amine 

In Scheme II, ES, ES', and AcE represent Michaelis com­
plex, tetrahedral intermediate, and acyl enzyme, respective­
ly. At low pH Jt2' (EHS') > k-i (ES') so that the attack 
step (k\) is rate limiting, and at high pH k-\ (ES') > Ic2 
(ES') + Ic2' (EHS'), so that tetrahedral intermediate break­
down to the acyl enzyme is rate limiting. Kmax for Scheme 
II is influenced by two pK's (eq 3). In order to account for 

k,Kjln + Jk7KJ1Zk9')] 
Vmax - {H + L(*-i + k2)(Kj')/kJ]}{n + KJ) (3) 
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the simple sigmoidal curve reported,10 either one of the two 
p£"s must have cancelled. For this to occur and still have a 
change in rate-limiting step the assignment k2/k2 = K2ZI 
AY' is required. Under these conditions eq 4 holds and AT3 

V„ 
kjK, 

H + (A-AVA2 
(4) 

(apparent) for Kmax is (k-\K^)jk2. Km is influenced by a 
single ionization (eq 5) equal to AY in Scheme II, unless K3 

Km = 
_ KS(KJ)(H + 

(K3)(H + K, (5) 

= AY, so that Km is pH independent. Different pA"'s are, 
therefore, required for Vmax and Km in Scheme II.25 

It was later shown,2d however, that the kinetic results did 
not fit theoretical ionization curves of the assumed pA"'s of 
6.08 and 6.7, and in a repetition of these experiments pA"'s 
equal to 6.0 and 6.1 were found for Kmax and Km, respec­
tively. 

The determination of pA°s from kinetic data is subject to 
considerable error and ambiguity; therefore, we have 
searched for a change in rate-determining step more direct­
ly by studying the microscopic reverse of enzyme acylation, 
the aminolysis of the acyl enzyme. The distinctive feature of 
the proposed mechanism is the involvement of both imidaz­
ole and imidazolium paths in the formation and breakdown 
of the tetrahedral intermediate from the acyl enzyme, the 
k2, k-2, and k2, k-2 reactions in Scheme II. To test this 
mechanism we have looked for the imidazolium path (k-2) 
in the attack of formylhydrazine on formylphenylalanylchy-
motrypsin and of p-chloroaniline on acetyltyrosylchymo-
trypsin. We find that there is no reaction involving the im­
idazole conjugate acid as indicated by the fact that the 
product ratio is independent of pH (Table III). For Scheme 
II to hold the ratio of the partitioning of the acyl enzyme 
between amine and water (amide yield/carboxylic acid 
yield) at high and low pH is equal to Zc2/k- t.

sb Since k~\ > 
k2 for the proposed mechanism2c this ratio is required to be 
much less than unity. Therefore, the pH independence of 
the partitioning shows that the proposed pH-induced 
change in rate-determining step in the acylation of chymo­
trypsin with HCO-Phe-FH or with Ac-Tyr-NHPhCl does 
not occur. The results do not exclude a pH-induced change 
in rate-determining step, if tetrahedral intermediate forma­
tion is exergonic. 

The results given here are most easily understood by con­
sidering the fact that in a reaction proceeding by multiple 
paths (k2 and k{ in Scheme II), under identical conditions 
the same fraction of the reaction that occurs in the forward 
direction through one path (A: 2 as compared with k2) must 
proceed through that path in the reverse direction (k-2 as 
compared with k-2'). This is also true at constant pH even 
if the forward and reverse reactions are run under different 
conditions, if the transition states for the various paths dif­
fer only in the number of protons present. We find, how­
ever, that there is no k-2 path under conditions where the 
k{ path is presumed to be the predominant element in the 
acylation reaction. This indicates that there is no AY path­
way contributing in the acylation reaction. 

It was recently reported12 that the partitioning of an 
acetylphenylalanylchymotrypsin intermediate between 
water and formylhydrazine shows what appears to be an in­
verted bell-shaped pH dependence, with a minimum amide 
yield of 43.8% at pH 9.8, and 52.4 and 49.5% yields at pH's 
5.1 and 10.7, respectively. This result was taken as evidence 
for the existence of an intermediate and a partial pH-in-
duced change in rate-limiting step. The results cannot be 
accounted for in terms of Scheme II. 

Multiple pH-induced changes in rate-determing step 
have been suggested for chymotrypsin hydrolysis.3 The 
basis of this is the observation that the 15N isotope effect 
for the hydrolysis of N-acetyl-L-tryptophan amide varies 
with pH. Since the isotope effect is a measure of the extent 
to which carbon-nitrogen bond cleavage is rate limiting, the 
changes in the isotope effect indicate a change in the parti­
tioning of the tetrahedral intermediate. In a simplified ver­
sion containing all of the critical elements of the proposed 
scheme (Scheme III) the partitioning is governed by k^j 

Scheme III 

E + S 
k-, 

ES 

K, 

AcE + amine 

U, 

HE + S V = * HES ^ = AcEH + amine 

K, 

H2E + S ^ = * H,ES =r=i 
k-r, *-. 

K, 

AcEH., + amine 

k-i at high pH and k5/k-2 at somewhat lower pH; these 
ratios must be assumed to be different. 
Such a result is surprising since Kmax for the steady-state 
hydrolysis of this substrate is pH invariant26 in the pH 
range where there presumably is a change in rate-determin­
ing step. This requires that Ar4 = k5;

21 two different ionic 
forms of the enzyme have identical catalytic reactivity. 

The proposed mechanism (Scheme III) must also de­
scribe the reverse reaction, the ammonolysis of an acetyl-
tryptophanylchymotrypsin intermediate. Equation 6 gives 

P = 
yield of amide 

(6) 

yield of acid 

(NH3)IX1 + (k.2H/Kj + (^3H
2ZK1K2)] x 

[fe-4 + (k.Jl/K3) + k.ffl 2ZK3K4]K3 (A7 + fe.; 

A.8A_7(H)[A_., + A4 + (HZK1) x 

(A_2 + A5) + (H2Z K1K2) (k.3 + A6)] 

the ratio of the products expected to be formed by the com­
peting reaction of water and ammonia with the acyl en­
zyme. Hydrolysis of the acyl enzyme (Scheme IV) is pre­
sumed to not involve multiple paths. 

Scheme IV 
AcE ES E + S 

h 
AcEH ^ = * HES — 

K1 

AcEH, H,ES 

HE + S 

H,E + S 

In general, the product ratio, P, is expected to be pH de­
pendent. For example, at very high pH 

k.,k.iK3(k1 + fe.„)NHa 
_ fe.7fe.B(fe.i + A4HH) 

(7) 

and at somewhat lower pH 

p = K,(k7 + fe.a)[(fe.,fe.</A'1) + (^kJZK3]KH3 { 8 ) 

A_7A_8(A_, + A4) 

There are a number of other pH regions, each with charac­
teristic partitioning. To test the proposed mechanism it is 
necessary to study the pH dependence for partitioning (P) 
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over a sufficient p H range . This is difficult with ammonia . 
Wi th other amines we find tha t part i t ioning with formylhy-
draz ine is independent of p H from p H 7.5 to 4.5 (Table 
I I I ) ; par t i t ioning with p-chloroani l ine is p H invar iant from 
p H 7.5 to 4.5 (Table I I I ) ; par t i t ioning with ammon ia is in­
dependent of p H from p H 9.2 to 10.0.2 8 Unless it is as­
sumed that the proposed mechanism (Scheme III) is only 
applicable to the displacement and a t t ack of ammonia , and 
not valid for the reaction of other amines , these results re­
quire the unlikely possibility tha t eq 6 reduces to a pH- inde-
pendent form in order that the proposed mechan ism 
(Scheme I I I ) not be ruled out. 

Experimental Section 

Materials. A'-Formyl-L-phenylalanine methyl ester was pre­
pared by formylation of L-phenylalanine methyl ester,29 which had 
been formed from the methyl ester hydrochloride by treatment 
with excess triethylamine. After removal of solvent the residual oil 
was suspended in water and the pH adjusted to 7 with base. The 
water was evaporated and the product extracted with anhydrous 
ethyl ether. After removal of the ether a colorless oil was obtained 
by distillation at 68° and 350 ,u using a sublimation apparatus. 
Anal. Calcd for C n H 1 3 N O 3 : C, 63.76; H, 6.32; N, 6.76. Found: C, 
63.60; H, 6.40; N, 6.71. 

7V-Formyl-D-phenylalanine methyl ester used for subsequent 
synthesis was prepared in a similar way with omission of the distil­
lation step. 

A'-Formyl-L-phenylalanine amide was prepared by gently 
warming 2.0 g of iV-formyl-L-phenylalanine methyl ester in 50 ml 
of concentrated aqueous ammonia solution for 10 min. The solu­
tion was taken to a low volume under vacuum and the product 
crystallized from water: mp 167-167.5°. Enzymic hydrolysis indi­
cated near 100% optical purity. Anal. Calcd for C1CiH12N2O2: C, 
62.49; H, 6.29; N, 14.57. Found: C, 62.69; H, 6.11; N, 14.51. 

iV-Formyl-D-phenylalanine amide was prepared in an analogous 
manner: mp 167-168°. 

/V-Formyl-[U-l4C]-L-phenylalanine methyl ester was prepared 
in a manner similar to the unlabeled material. It had a specific ac­
tivity of 2.18 X 105 cpm/Mmol and 100% purity was indicated by 
enzymic hydrolysis on a pH stat. 

A'-[Ca/,iox>'/-14C]acetyl-L-tyrosine methyl ester was prepared 
as described previously.28 

A'-Formyl-L-phenylalanine formylhydrazide,2c jV-formyl-D-phe-
nylalanine formylhydrazide, 7V-acetyl-L-tyrosine p-chloroanilide,2b 

and jV-acetyl-D-tyrosine p-chloroanilide were prepared as de­
scribed previously for the L materials. 

A-Acetyl-A-methyl-L-tyrosine p-chloroanilide was synthesized 
by adding 0.43 g of dicyclohexylcarbodiimide to an ice-chilled 
mixture of 0.5 g of A'-acetyl-A'-methyl-L-tyrosine and 1 g of p-
chloroaniline in dimethylformamide under nitrogen. After forma­
tion of a precipitate the solution was filtered and the filtrate evapo­
rated to dryness. The residual oil was dissolved in ethyl acetate and 
the color removed by washing with 1 /V hydrochloric acid. After 
washing with saturated sodium bicarbonate and water and drying 
over magnesium sulfate, the product was crystallized from ethyl 
acetate-petroleum ether: mp 202-203° dec. Anal. Calcd for 
C1 8Hi9N2O3Cl: C, 62.34; H, 5.48; N, 8.08. Found: C, 62.36; H, 
5.63; N, 8.05. 

iV-Acetyl-iV-methyl-L-tyrosine methyl ester was prepared as de­
scribed previously.14 

/V-Acetyl-TV-methyl-L-tyrosine was prepared by alkaline saponi­
fication of the methyl ester and crystallized from ethyl acetate-
petroleum ether: mp 177-178°. 

A-Methyl-L-phenylalanine was prepared as described previously 
for A'-methyl-L-tyrosine.13 

A-Formyl-A-methyl-L-phenylalanine was prepared by formyla­
tion of TV-methyl-L-phenylalanine29 and crystallized from absolute 
ethanol: mp 184.5-185.5°. The correct neutralization equivalent of 
207 was obtained. 

/V-Formyl-yV-methyl-L-phenylalanine formylhydrazide was pre­
pared by adding 2.06 g of dicyclohexylcarbodiimide to an ice-
chilled mixture of 2.07 g of A-formyl-A'-methyl-L-phenylalanine 
and 0.60 g of formylhydrazine in tetrahydrofuran under argon. 
After 4.5 hr at room temperature the precipitate was filtered off 

and the filtrate evaporated to dryness. The residue was dissolved in 
50 ml of water and the insoluble matter filtered off. Extraction 
with 6 X 50 ml of ethyl acetate was followed by washing the com­
bined ethyl acetate fractions with 3 X 8 ml of water and drying 
over magnesium sulfate. Dropwise addition of ethyl ether to the so­
lution, after reduction of volume, produced a semisolid material 
which solidified upon washing with ether and drying under vacuum 
at room temperature. In an iodine chamber the product exhibited a 
single spot of Rf 0.6 on silica gel layers in CHCl 3 -CH 3 OH (9:1); 
this assay was necessary to follow the removal of an impurity of Rf 
0.4 during the washing process. The product is sensitive to atmo­
spheric moisture and does not have a well-defined melting point. 
1H NMR in D2O obtained on a Jeolco C 60HL confirmed the 
presence of two formyl protons (8.2 and 8.7 ppm) and the A-meth-
yl protons (singlet at 3.3 ppm). Anal. Calcd for C12HiSN3O3: C, 
57.82; H, 6.06; N, 16.86. Found: C, 57.59; H, 6.19; N, 15.81. 

p-Nitrophenyl acetylglycinate was prepared by adding 5.5 g of 
dicyclohexylcarbodiimide to an ice-chilled mixture of 4 g of acetyl-
glycine and p-nitrophenol in dimethylformamide. After stirring 
overnight at room temperature, filtering off the precipitate, and re­
moving the solvent, the residual oil (dissolved in ethyl acetate) was 
washed successively with pH 9 carbonate buffer, water, and 1 A' 
HCl. The solution was dried over magnesium sulfate and evapo­
rated to low volume. The product was crystallized from ethyl ace­
tate-petroleum ether: mp 129.5-130°. 

Methods. Rates of acetyltyrosyl- or formylphenylalanylchymo-
trypsin aminolysis were determined by product analysis using iso­
tope dilution for quantitation. Reactions were run at 25° in 0.1 M 
KCl (with 10% dimethylformamide for chloroaniline aminolysis) 
and were initiated by adding enzyme to a solution of [ l4C]methyl 
ester and amine. The pH was controlled with a pH stat and reac­
tions were followed to completion as indicated by a cessation of 
proton release. The solution was heated for 2 min in a boiling 
water bath to stop further reaction, and the appropriate nonra­
dioactive amide dissolved (35 mg for the chloroanilide; 100 mg for 
the formylhydrazide). The chloroanilide was allowed to crystallize 
from this solution and was then recrystallized twice from ethyl ace-
tate-ligroine. The formylhydrazide solution was taken to dryness 
under vacuum and the residue extracted with 5 ml of 90% ethanol 
and recrystallized five times from 90% ethanol-ethyl ether. The 
crystals were dried and their identity confirmed by melting point. 
In control experiments it was shown that the isolated amides were 
uncontaminated with the alternate radioactive product of the enzy­
matic reaction, the acylamino acid. The yield of amide was deter­
mined by weight and the radioactivity was measured with a liquid 
scintillation counter using Aquasol counting fluid. A control exper­
iment in which amine was added after completion of the enzymic 
hydrolysis of the ester was run to determine the extent of cocrystal-
lization of carboxylate with the amide. The background so-deter­
mined was negligible. It was established in control experiments 
that nonenzymatic aminolysis does not contribute to the amide 
yield. 

Binding constants were measured at 25° by determining the de­
gree of competitive inhibition of the hydrolysis of 17-99 nM p-ri\-
trophenyl acetylglycinate, methyl hippurate, or HCO-Phe-FH. For 
methyl hippurate and HCO-Phe-FH the reaction, followed on a 
pH stat, was initiated by adding enzyme to 5 ml of solution con­
taining substrate and inhibitor. The hydrolysis of p-nitrophenyl 
acetylglycinate was followed spectrophotometrically at 400 m î 
above pH 6.8 and at 330 mix below that pH. The reaction was ini­
tiated by the addition of p-nitrophenyl acetylglycinate to a solution 
containing inhibitor and enzyme. The nonenzymic rate for nitro-
phenyl ester hydrolysis was determined for each set of reaction 
conditions and usually accounted for < 15% of the total rate. 

It was calculated or shown that inhibitors underwent negligible 
enzymic hydrolysis during the fraction of the reaction followed. 
Rates of ester hydrolysis were followed to approximately 5% com­
pletion. This corresponded to an absorbance change of 0.05 at 
higher pH and of 0.03 at lower pH for the spectrophotometric as­
says. 

a-Chymotrypsin was three-times crystallized material obtained 
from Worthington. 
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Reactions of Osmium Ligand Complexes with Nucleosides 
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Abstract: We have synthesized bis(pyridine)oxoosmium(VI) and 2,2'-bipyridyloxoosmium(VI) esters of the common nucleo­
sides in which osmium is bonded through the 2'- and 3'-hydroxyl groups of the sugar residue. We have also prepared the 
2,2'-bipyridyloxoosmium(VI) esters of uridine, cytidine, and thymidine which result from addition of Os04 to the 5,6 double 
bond of the pyrimidine ring. Kinetic studies of the formation of the sugar esters from the nucleoside and the Os(VI) dimer, 
Os206py4, give the apparent rate law, v = k[S] [Os(VI)] [py]_1[OH-]0 '6-0,8, in which the hydroxyl ion term reflects hydrox-
yl ion promoted dissociation of the Os(VI) dimer to monomeric species. The true rate law probably involves three terms, one 
zero-order, one half-order, and one first-order in hydroxyl ion. The bis(pyridine) esters undergo relatively rapid transesterifi-
cation reactions with free glycols whereas the 2,2'-bipyridyl esters are much more inert. Kinetic studies of the transesterifica-
tion reactions give the rate law, v = k [osmate ester] [glycol] [OH-] [py] ~'. 

Osmium derivatives of tRNA have of late assumed con­
siderable importance in the x-ray crystallographic analysis 
of these species.1-3 A second application, less developed in a 
practical way but of considerable potential, is the direct de­
termination of the sequence of bases in nucleic acids by vi­
sualization of single heavy atoms.4-7 In addition to these 
specific areas where oxoosmium species have already prov­
en to be of importance, there are other interesting conse­
quences and applications of the interactions of metal ions 
with nucleic acids such as their use in cancer chemothera­

py,8 alterations of the enzymatic specificity of nucleases,9 

and other areas summarized by Clarke and Taube.10 It is 
important for these purposes that the chemistry of the reac­
tions used to introduce osmium species into the polymers be 
understood. This is particularly true of the factors govern­
ing specificity and stability. We have to this end undertaken 
a detailed study of the reactions of oxoosmium complexes 
with nucleic acid components.11-14 We report here studies 
on the stability and exchange reactions of nucleosides with 
oxoosmium ligand complexes. Preliminary reports of some 

Journal of the American Chemical Society / 97:25 / December 10, 1975 


