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Understanding the mechanism of enzyme action is a 
goal of long standing in biochemistry. The major 
impetus for the study of enzymes derives, of course, 
from their physiological importance as catalysts of 
biochemical reactions. Apart from this, enzymes are 
innately fascinating because of the extreme efficiency 
with which they catalyze chemical reactions, an ef- 
ficiency without parallel in ordinary chemistry. For 
example, consider the enzyme fumarase which catalyzes 
the hydration of fumaric acid to I-malic acid (and the 
reverse dehydration reaction). A fumarase molecule 
saturated with substrate catalyzes the hydration re- 
action with an apparent first-order rate constant of 
2 X lo3 sec-’ at  2 5 O , ‘  whereas the corresponding rate 
constant is approximately 2 x 10-8 sec-’ in 1 M acid 
and 5 X 10-9 sec-l in 1 M base.3 Thus the enzymic 
reaction is over 10” times more efficient than the simple 
acid- or base-catalyzed reaction. 

In  recent years, interest has turned from rather 
qualitative aspects of enzyme catalysis, such as the 
nature of the reactions catalyzed and the placement of 
enzymes in metabolic cycles, to a search for under- 
standing the mechanism of enzyme action in terms of 
the molecular structure of the enzymes and substrates. 
Although the macromolecular nature of enzymes in- 
troduces considerable complexity, many enzymes have 
now been isolated and purified, and in a number of 
cases the entire amino acid sequence is known.4 In  
a few cases three-dimensional structures are available 
from X-ray crystallographic studies.6 Structural in- 
formation is, of course, necessary for the understanding 
of enzyme mechanisms, but in addition kinetic data 
must be obtained in order to elucidate the dynamics of 
enzyme catalysis. The most common kinetic approach 
to enzymic mechanisms is through “steady-state” in- 
vestigations. In  such studies, the enzyme concentra- 
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tion is maintained much lower than the substrate con- 
centrations; this is possible because of the extreme 
catalytic efficiencies of enzymes. Even at  enzyme 
concentrations of to 10-lo M ,  conversion of sub- 
strates to  products occurs at  a conveniently measurable 
rate. Under such conditions the steady-state approx- 
imation can be used on the time rate of change of all 
enzyme species, ie., free enzyme and enzyme-sub- 
strate complexes. Steady-state investigations provide 
general information about the over-all mechanism; 
for example, the sequence of reaction of substrates in 
multiple substrate reactions6 and the minimal values of 
rate  constant^.^ However, since enzyme-substrate 
species are not observed directly, no direct information 
about the nature or number of reaction intermediates 
can be obtained, although inferences about possible 
intermediates are sometimes made. 

This shortcoming of steady-state kinetics can be 
avoided by working a t  sufficiently high enzyme con- 
centrations so that the enzyme species themselves can 
be detected. However, at  appropriate concentrations 
the reactions become very rapid (typical half-times 
are considerably less than 1 sec), so that special tech- 
niques must be employed to  study them. One of the 
most useful techniques involves use of rapid mixing 
devices: the substrate and enzyme are mixed as 
rapidly as possible and the progress of the reaction 
is immediately followed, usually by a spectroscopic 
method. Although this technique is very usefu1,8 
solutions cannot be conveniently mixed in times much 
less than about 1 msec, so that reactions with character- 
istic time constants shorter than 1 msec cannot be 
studied in detail. 

Recently a new group of experimental methods has 
become available; relaxation techniques, which permit 
reactions with time constants as short as 5 X l0-lo sec 
to be ~ t u d i e d . ~  With these methods the reactants are 
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mixed and the system is allowed to come to chemical 
equilibrium; some external parameter such as tempera- 
ture or pressure is then rapidly changed and the rate of 
approach of the concentrations to their new equilib- 
rium values a t  the new value of the external parameter 
is measured. By far the most useful of these methods 
is the temperature-jump method where the tempera- 
ture is raised 5 to 10” in a few microseconds by dis- 
charging a large voltage through the solution. The 
rate of change of the concentrations as they approach 
their new equilibrium values a t  the higher temperature 
can be conveniently measured by spectroscopic tech- 
niques. This technique permits reactions with char- 
acteristic time constants greater than a few micro- 
seconds to be studied. Even faster reactions can be 
studied by the use of ultrasonic relaxation methods. 
If a reaction is essentially irreversible, equilibrium 
relaxation techniques are not usually applicable. How- 
ever, a combination of rapid mixing and relaxation 
techniques can alleviate this problem. If, for example, 
the over-all reaction occurs in times longer than milli- 
seconds, a temperature jump can be applied immedi- 
ately after mixing. This perturbs the reactants from 
their steady-state concentrations and permits study 
of the fast steps in the mechanism occurring before the 
rate-determining step.IO This combined rapid mixing- 
relaxation technique is especially useful for enzymatic 
reactions, many of which are essentially irreversible. 

This article will be concerned with the application of 
fast reaction techniques, especially relaxation methods, 
to the elucidation of the elementary steps in enzymatic 
reactions. Only by investigating the entire time se- 
quence of a reaction can meaningful mechanistic con- 
clusions be reached. Firstly the results obtained with 
a particular enzyme, bovine pancreatic ribonuclease A, 
are considered in detail. This example illustrates the 
type of detailed mechanistic information which can be 
obtained, particularly with regard to the detection of 
reaction intermediates, and the interpretation of these 
intermediates in terms of mechanism. Secondly, some 
general aspects of the elementary steps occurringinenzy- 
matic mechanisms and their relationship to appropriate 
model systems are discussed. Finally, some specula- 
tions concerning the macromolecular nature of enzymes 
and their unusually high catalytic efficiency are pre- 
sented. More comprehensive reviews of the use of 
relaxation methods in biochemistry have been pre- 
sented elsewhere. ,12 

Ribonuclease 
The enzyme which has been most extensively studied 

with relaxation methods is bovine pancreatic ribo- 
nuclease A (RNase A).12-17 This enzyme is unusually 
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Figure 1. The breakdown of ribonucleic acid by pancreatic 
ribonuclease A. Both steps of this reaction are catalyzed by 
the enzyme. 

small, having a molecular weight of 13,683; its aniino 
acid sequence is 1inown,1*-20 and even the tertiary 
structure has been elucidated by X-ray structural 
studies.21x22 Thus correlations between structural 
and kinetic studies are possible. RSase A catalyzes 
the breakdown of ribonucleic acid in two distinct 
steps, as shown in Figure I :  first, an oxygen-phos- 
phorus bond is cleaved, if the nucleoside attached 
through a C3’-0-P has a pyrimidine base (cytosine 
or uracil), and a 2’,3’ cyclic phosphate derivative is 
formed; secondly, the cyclic phosphate derivative is hy- 
drolyzed to give a terminal pyrimidine 3‘-monophos- 
phate. As the ribonucleic acid is degraded, the system 
becomes nonhomogeneouswithrespect to reactants, mal<- 
ing an exact kinetic analysis difficult. Fortunately con- 
venient model substrates are available, namely dinucleo- 
side phosphates, pyrimidine 2’,3’-cyclic phosphates, and 
pyrimidine 3‘-monophosphates. RNase decomposes the 
dinucleoside phosphate into the cyclic phosphate and a 
nucleoside and subsequently hydrolyzes the cyclic phos- 
phate into a 3/-phosphate. This latter reaction is essen- 
tially irreversible, 2 3  so that when equilibrium is reached 
only the 3’-phosphate is present. Therefore, the inter- 
action of pyrimidine 3’-monophosphates with ribo- 
nuclease can be studied with the equilibrium tempera- 
ture-jump method without interference from the other 
substrates. Since both the dinucleoside phosphates 
and pyrimidine cyclic phosphates are stable in the 
absence of enzyme, the interaction of each of these 
substrates with RNase can be studied independently 
with the stopped-flow-temperature jump method. 
Thus far the breakdown of cytidylyl-3’,5’-cytidine to 
cytidine 2’,3’-cyclic phosphate and cytidine and the 
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hydrolysis of cytidine 2',3'-cyclic phosphate to cyti- 
dine 3'-monophosphate have been investigated with 
relaxation methods. 

Before discussion of the results, a brief introduction 
to the interpretation of relaxation experiments is given. 
I n  relaxation experiments the deviations of concen- 
trations from their equilibrium values are always small. 
In the neighborhood of equilibrium all rate processes 
can be described by linear first-order differential equa- 
tions, the number of independent differential equations 
being equal to the number of independent concentra- 
tion variables. Thus for a single chemical reaction, 
the deviation of the concentration from equilibrium 
after a stepwise perturbation is ACge-"/', where ACo 
is the concentration deviation at  time t = 0 and 7 is 
the relaxation time which is a known function of the 
rate constants and equilibrium concentrations. If a 
complex mechanism occurs which involves several 
coupled reactions, the deviation from equilibrium of 
any concentration, AC,, after a stepwise perturbation is 

- - / T i  

a =  

where n is the number of independent concentration 
variables and the At, are constants which are functions 
of the starting conditions. Each of the n relaxation 
times is in general a function of all of the rate constants 
and equilibrium concentrations associated with the 
mechanism, rather than being associated with a single 
step in the mechanism, These "normal-mode" relaxa- 
tion times are analogous to  the normal-mode frequencies 
of vibrational spectroscopy. The number of relaxation 
processes observed, that is, the number of relaxation 
times needed to represent the data, fixes the minimal 
number of independent concentration variables in a 
mechanism; for example, in a sequential mechanism the 
minimal number of reaction intermediates is fixed by 
the number of observed relaxation times. 

The concentration dependence of the relaxation 
times permits postulat,ion of a reaction mechanism 
just as the rate law does in ordinary kinetics, since 
each mechanism will have its own unique set of relaxa- 
tion times. When a mechanism consistent with the 
concentration dependence of the relaxation times is 
found, the rate constants associated with the individual 
steps usually can be calculated. Finally the depen- 
dence of the rate constants on pH, temperature, etc., 
can be determined to give further information about 
the mechanism. The two most important advantages 
of relaxation methods are that all mechanisms can be 
described by a spectrum of relaxation times (or re- 
ciprocal first-order rate constants) and that very fast 
reactions can be studied. 

The relaxation spectra of RNase itself and RNase 
interacting with its substrates are summarized in 
Table I. The enzyme undergoes an isomerization 
with a characteristic relaxation time of about 
to  sec.I4 This isomerization apparently involves 
the catalytic site of the enzyme since the isomerization 
is not observed when cytidine 3'- and cytidine 2'- 

Table I 
Relaxation Spectra of Ribonuclease A 

No. of relaxa- 
Systema tion times Types of reactions 

E 1 (71) Isomerization 
E-C3'P 3 ( T ~ ,  7$, 7*) Bimolecular; two isomerizations 
E-C2'3'P 2 ( T ~ ,  T ~ )  Bimolecular; isomerization 
E-C3'5'P 2 ( 7 7 ,  T ~ )  Bimolecular; isomerization 

Q E = ribonuclease A, C3'P = cytidine 3'-phosphate, C2'3'P 
= cytidine 2',3'-cyclic phosphate, C3'5'P = cytidylyl-3',5'- 
cytidine. 

monophosphates are bound to the enzyme. However, 
apparently only a portion of the active site of RNase 
is involved since sulfate ion has no appreciable effect 
on the isomerization even though it is known to bind 
to the catalytic site. A detailed analysis of the pH 
dependence of the relaxation times permits calculation 
of the rate constants involved in the isomerization and 
suggests the involvement of an ionizable group on the 
enzyme with a ~ K A  value of about 6. 

When cytidine 3'-monophosphate is added to  the 
enzyme a new relaxation process is observed;I5 the 
associated relaxation time becomes progressively shorter 
as the substrate concentration is increased, until eventu- 
ally i t  is too short to observe with the temperature- 
jump technique. The concentration dependence of 
this relaxation time indicates that a bimolecular re- 
action between enzyme and substrate is occurring and 
furthermore that one of the isomeric forms of the 
enzyme binds the cytidine 3'-monophosphate more 
strongly than the other. When the enzyme is essen- 
tially saturated with substrate, two new relaxation 
processes are observed which are associated with isom- 
erization of the enzyme-cytidine 3'-monophosphate 
complex. The relaxation times are independent of the 
concentration of the complex, but are pH dependent. 

A similar type of pattern is found for the interaction 
of RNase with cytidine 2',3'-cyclic phosphatel'j and 
cytidylyl3',5'-cytidine:l7 one relaxation process in 
each case can be mainly identified with the bimolecular 
reaction between enzyme and substrate, while a second 
relaxation process is associated principally with an 
isomerization of the enzyme-substrate complex. None 
of the relaxation processes observed is sufficiently 
slow to be involved in the rate-determining (probably 
bond-breaking) steps of the catalysis. The maximal 
velocities, i e . ,  the steady-state rates of catalysis when 
the enzyme is saturated with substrate, are indirect 
measures of the rate constants involved in the rate- 
determining steps, and the magnitudes of these con- 
s t a n t ~ ~ ~ + ~ 6  indicate that a t  least two steps, in addition 
to  those necessary to explain the relaxation spectra, 
are involved in conversion of the dinucleoside phosphate 
to the 3'-phosphate. 

If a sequential mechanism is assumed, which is the 
simplest possible assumption, the minimal possible 
reaction mechanism is shown schematically in Figure 

(24) D. G. Herries, A. P. Mathias, and B. R. Rabin, Biochem. J., 
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Figure 2 .  Schematic mechanism for the hydrolysis of cytidylyl- 
3’,5’-cytidine by ribonuclease. Symbols used: CpC, cytidylyl- 
3’,5’-cytidine; C2’,3’P, cytidine 2’,3‘-cyclic phosphate; C3’P, 
cytidine 3’-phosphate; C, cytidine; E’ and E, isomers of native 
ribonuclease; Est’ and E&’, ribonuclease-cytilyly1-3’,5’- 
cytidine complexes; ESI and E&, ribonuclease-cytidine 2’,3’- 
cyclic phosphate complexes; EP1, EP1, and EP3, ribonuclease- 
cytidine 3’-phosphate complexes. The observed relaxation times 
and steady-state parameters can be approximately associated 
with the individual steps in the mechanism as indicated. 

2. The time constants which can be roughly associated 
with the individual steps are also indicated; this associa- 
tion is not exact because the relaxation times are actu- 
ally normal-mode parameters, as previously explained, 
and the steady-state parameters are complex (but 
known) functions of the rate constants. The large 
number of reaction intermediates required is only the 
minimum number since faster processes may occur 
which could not be observed. At least eight different 
states of the enzyme exist in the over-all reaction de- 
scribed in Figure l. This number is fixed only by the 
number of experimentally observed time constants, 
ie., relaxation times and steady-state maximal veloc- 
ities. The initial binding of all of the substrates is 
followed by an isomerization of the complex with a 
characteristic time constant of the order of magnitude 
of lo3 to lo4 sec-l. 

Information about the ionizable groups on the en- 
zyme involved in the reaction mechanism can be in- 
ferred from the pH dependence of the kinetic param- 
eters. The protolytic reactions themselves occur too 
rapidly for direct kinetic study with the temperature- 
jump method. A detailed analysis has been carried 
out for the hydrolysis of cytidine 2’,3’-cyclic phosphate 
to cytidine 3’-monopho~phate.’~ For this reaction, 
the pH dependence of five relaxation times (excluding 
the isomerization of the enzyme itself which can be 
interpreted independently) and four steady-state pa- 
r a m e t e r ~ ~ ~ ~ * ~  (the maximal velocities and Uchaelis con- 
stants for the forward and reverse reactions) are known. 
I n  addition, the pH dependence of some of the indi- 
vidual rate constants can be determined by considera- 
tion of the concentration dependence of the relaxation 
times. The simplest possible mechanism consistent 
with all of the data implicates three ionizable groups 
on the free enzyme with approximate ~ K A  values of 
5, 6, and 6.7 a t  25”. Since the kinetic studies could 
only be carried out in the pH range 3-8 no information 
about the involvement in the mechanism of groups 

with ~ K A  values lower than 5 or greater than 8 could 
be obtained. 

The results of the kinetic studies can be correlated 
with the molecular structure of the enzyme. Ribo- 
nuclease is a compact kidney-shaped molecule with 
the active site located along a groove.21~22 Phos- 
phate ion and uridylic 2’(3’)-monophosphate are bound 
to the enzyme near two histidine residues (no. 12 and 
119 of the amino acid sequence). Previous chemical 
evidence has also suggested the presence of these resi- 
dues a t  the catalytic site.*6 The imidazole side chains 
of these two histidines can be identified with two of 
the ionizable groups inferred to be present a t  the active 
site from kinetic studies. The third ionizable group 
suggested by the kinetic work could be the imidazole 
side chain of histidine 48, which although not at the 
active site is located at the “hinge” of the groove and 
could be important in maintaining the conformations 
of the enzyme. In  the X-ray structure of native ribo- 
nuclease the imidazole of histidine 48 is somewhat 
buried, whereas in ribonuclease S, which is fully active, 
but has one peptide linkage cleaved, it is quite ex- 
posed; the relaxation process associated with isomeriza- 
tion of the free enzyme is not seen with ribonuclease 8,  
which suggests the imidazole of histidine 48 may be 
identified with the group of ~ K A  = 6 found to be associ- 
ated with the isomerization. A number of carboxyl 
groups and an €-amino group are also located near the 
active site and may interact with the bound substrate. 
The ring of the pyrimidine also appears to interact 
with side chains of the enzyme; some evidence for base 
specificity has been found from binding studiesSz7 
Finally, mention should be made of the fact that no 
tyrosine residues are at the active site, yet evidence 
exists that the environment of some of the tyrosine 
residues is changed when cytidine monophosphates 
bind to the enzymez8 and iodination of the tyrosines 
changes the catalytic efficiency of the enzyme.29 Thus 
the over-all conformation of the protein is apparently 
important for the catalytic process as well as the specific 
groups a t  the substrate binding site. 

The chemical mechanism of action of ribonuclease 
in terms of specific ionizable groups on the enzymes is 
still not certain. Several mechanisms have been pro- 
p o ~ e d , ~ * ’ * 5 ~ ~ ~  and one which is consistent with all known 
facts is shown in Figure 3. In  this mechanism one of 
the imidazole groups serves as a positively charged 
binding locus while another serves first as a base, then 
as an acid. No attempt has been made t o  depict all 
of the isomeric states of the enzyme-substrate com- 
plexes inferred from the kinetic data and other protein 
side-chain groups at the active site. The possible 

(26) A. M. Crestfield, W. H. Stein, and S. hIoore, J .  Biol. Chem., 
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Figure 3. A possible chemical mechanism for the action of ri- 
bonuclease. No attempt is made to  depict the many conforma- 
tional states inferred from the kinetics. The bases B1 and Bz 
can be identified with the imidazole side chains of histidine 
residues 12 and 119. An e-amino group (lysine 41) is probably 
also near the active site. 

role of multiple conformations in the catalytic process 
is considered in a later section. A recent physical 
organic study of the general species catalyzed hydrolyses 
of a model of a dinucleoside phosphate, the phenyl ester 
of cis-tetrahydrofuran-3,4-diol phosphate, is consistent 
with a mechanism of the type shown in Figure 3.a1 
Thus the kinetic and structural investigations of ribo- 
nuclease are gradually merging into a molecular mech- 
anism. 

The enzyme aspartate aminotransferase which cata- 
lyzes the reversible transfer of an amino group between 
aspartic acid and ketoglutaric acid to give glutamic 
acid and oxalacetate has also been studied in consider- 
able detail with relaxation  method^.^^-^^ Although 
the detailed results will not be discussed here, mention 
should be made of the fact that a large number of inter- 
mediate states (at least 15!) are again inferred to be 
present in the over-all catalysis. 

Elementary Steps in Enzyme Mechanisms 
Certain types of reactions are an inevitable part of 

any enzyme mechanism: an enzyme-substrate com- 
plex is first formed, the complex then isomerizes, and 
finally the product is released. Some types of ele- 
mentary steps important in enzyme catalysis are now 
considered, namely formation of enzyme-substrate 
complexes, isomerizations involving noncovalent in- 
teractions, and proton transfers. Some aspects of 
these elementary steps were discussed in an earlier 
review." 

The formation of enzyme-substrate complexes has 
been studied in several cases with relaxation methods. 
In  many cases, enzyme-substrate complex formation 
is associated with two relaxation times and can be 
depicted as a two-step process such as 

ka IC1 A E+S--"-Xi-Xz 
k -1 IC -1 

where E designates enzyme, S substrate, and XI and 

(31) D. G. Oakenfull, D. I. Richardson, Jr., and D. A. Usher, 

(32) P. Fasella and G. G. Hammes, Biochemistru, 6 ,  1798 (1967). 
(33) G. G. Hammes and J. L. Haslam, ibid., 7, 1619 (1968). 
(34) G. G. Hammes and J. L. Haslam, in preparation. 

J .  Am. Chem. SOC., 89,5491 (1967). 

X2 are two different complexes. A summary of results 
from relaxation studies is given in Table 11, where ICl 
and the order of magnitude of ICz + IC-, are given. I n  
two cases no relaxation process which can be identified 
with isomerization of the enzyme-substrate complex is 
observed; however the associated relaxation time may 
be too short to measure. For physiological substrates 
of the enzyme, the value of kl approaches, but is usually 
somewhat less than, the maximum possible value of 
about lo9 M-' sec-' expected for a diff usion-controlled 
reaction. 35 Steric requirements are apparently severe 
since, for example, a-methylaspartate reacts with 
aspartate aminotransferase with a characteristic rate 
constant about smaller than that for the analogous 
reaction with aspartate. Nevertheless, formation of 
the initial enzyme-substrate complex is generally very 
rapid for physiological substrates-at concentrations 
of about M enzyme and substrate, the reaction 
half-times are typically in the range of 10-100 psec. 

The isomerization following formation of the initial 
complex generally appears to have a time constant of 
about lo4 sec-l. Thus formation of the enzyme-sub- 
strate complex is not likely to be rate limiting a t  usual 
substrate concentrations. The functional role of a 
two-step mechanism (if this mechanism is catalytically 
important) is not clear; one possibility is that  the first 
step is concerned mainly with structural specificity in 
combining the enzyme with substrate, while the second 
step is more specifically concerned with the catalytic 
process. Structural changes of the macromolecule may 
accompany substrate binding. For example, optical 
rotatory dispersion studies of ribonuclease suggest that  
this is the case when the enzyme combines with cytidine 
monophosphates. 28 

Isomerizations of enzyme-substrate complexes must 
involve structural change, although they may be very 
subtle, and thus may be termed conformational changes. 
Both covalent and noncovalent changes may be in- 
volved. However, the covalent changes are specific 
for each reaction, whereas the noncovalent interactions 
involving the protein backbone and side chains and 
water are probably similar in nature in all cases. These 
include charge-charge interactions, hydrogen bonding, 
protein-water interactions, and hydrophobic inter- 
actions. 

The kinetics of formation of several hydrogen-bond- 
stabilized complexes in nonaqueous solvents have been 
studied, mainly with ultrasonic techniques. A sum- 
mary of the measured rate constants is given in Table 
111. I n  all cases studied thus far, independent of the 
solvent, the magnitude of the equilibrium constant, or 
the type of hydrogen bonds formed, the characteristic 
rate constant for formation of the complex, IQ, is about 
lo8 M-l sec-l, which is the value expected if reaction 
occurs a t  every collision. Therefore the dissociation 
rate constant, k,, is a direct measure of the stability 
of the hydrogen bonds. The fact that association is 
diffusion controlled means that the rate constant for 

(35) R. A. Alberty and G. G. Hammes, J. Phys. Chem., 6 2 ,  154 
(1958). 
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Table I1 
Enzyme-Substrate Complex Formation 

l O - Q k i ,  -(k2 + k-21, 
Enzyme Substrate 1l.I -1  seo-1 see-1 

Ribonuclease (pH 6.0) Cytid ylyl-3 ',5 '-cytidine l7 0.014 104 
Cytidylyl 2',3'-cyclic phosphate16 0.02-0.05 104 
Cytidine 3'-p hosp hate l5 0.06 103-104 
Cytidine 2'-phosphate" 0.01 103 

rate, ~ x a l a c e t a t e ~ ~  >o. 1 g 
a - h l e t h y l a ~ p a r t a t e ~ ~  1 . 2  x 10-6 102 
P-erythro-Hydroxya~partate~~ 3 . 1  x 10-3 103 

nucleotideb Nl 103 
Chymotrypsin Proflavin" 0 . 1  104 

Furylacryloyl-L-tryptop hanamided 0.04 104 
Creatine kinase' Adenosine triphosphate >0.01 104 

Adenosine diphosphate 0.022 104 
Glyceraldehyde phosphate dehydrogenase' Nicotinamide-adenine dinucleotide 0.019, 0.0014 9 

Aspartate aminotransferase Aspartate, glutamate ketogluta- 

Lactate dehydrogenase Reduced nicotinamide-adenine di- 

a G. G. Hammes and C. D. Hubbard, unpublished results. G. Czerlinski and G. Schreck, J .  Bzol. Chem., 239, 913 (1964). B. H. ' K. Kirschner, Havsteen, ibid., 242,769 (1967). 
&I. Eigen, R. Bittman, and B. S'oigt, Proc. Nat l .  Acad. Sci. U. S., 56, 1661 (1966). 

G. P. Hess, private communication. G. G. Hammes and J. Hurst, in preparation. 
' Not observed. 

Table I11 
Rate Constants for Hydrogen Bond Dimerization 

lO-gk i ,  IO-'k,, Temp, 
Reactants Solvent A - 1  sec-1 see-1 OC 

Benzoic acidas Cc14 5 0.073 25 
Toluene 1 . 6  0.37 25 
Hexane 8 . 1  0.022 20 
CeHjCl 5 . 1  0.21 20 
CHC13 4 .7  0.75 20 

e-Caprolactamc CC14 5 . 5  4 .6  22 
Benzene 6 . 5  26 22 

2-Pyridoned Dioxane 2 . 1  13 25 
l-Cyclohexyluraci136 CHC13 1 . 5  25 25 
l-Cyclohexyluracil-9- 

e t h ~ l a d e n i n e ~ ~  CHCl3 4 . 0  3 .2  20 

a W. Maier, 2. Elektrochem., 64, 132 (1960). L. Borucki, 
K. Bergmann, 

G. G. 
Ber. Bunsenges. Physzk. Chem., 71, 504 (1967). 
M. Eigen, and L. de Maeyer, abid., 67, 8119 (1963). 
Hammes and H. 0. Spivey, J .  Am.  Chem. SOC., 88,1621 (1966). 

formation of the first hydrogen bond is greater than 
the rate constant for diffusion apart of the reactants, 
that is, >lolo sec-l, while the reverse rate constant is 
essentially determined by the equilibrium partitioning 
between formation of the intermolecular hydrogen 
bond and solvent-hydrogen-bond-site i n t e r a c t i ~ n s . ~ ~  
This mechanism is quite consistent with the available 
data, even in such polar solvents as water-dioxane 
mixtures. Unfortunately, study of the formation of 
hydrogen-bond-stabilized complexes in water has not 
been possible; it  is possible that the rate of formation of 
dimers is no longer diffusion controlled in aqueous solu- 
tions. 

The interaction of water with solutes containing hy- 
drogen-bonding sites has also been studied; nuclear 
magnetic resonance and ultrasonic techniques have 
been used. Some of the results obtained are presented 
in Table IV. Either the dissociation rate constant 

(36) G. G. Hammes and A. C. Park, J .  Am. Chem. Soc., 90, 4151 
(1968). 

'Fable I V  
Water-Solute Interactions 

Molecular species 1 / T d  or ko,e aeo-1 

"3. Hz03' 2 . 2  x 1 o " e  
(C6H:CH2)2NCH3 2 . 7  x 1096 
Dioxane (Ht0 ) z a  2 . 8  x 1 0 3 a  

(Dioxane)2(Ht0 )aa 1 . 0  x l o g e  

Diglycine (HZ0 )n* 3.8  X l o s d  
(Polyethylene glycol)(HtO)nc 1 . 6  X l o s d  
Polyglutamate(HtO)n43 -108 

a G. G. Hammes and W. Knoche, J .  Chem. Phys., 45, 4041 
G. G. Hammes and N. C. Pace, J .  Phys. Chem., 72, 

c G. G. Hammes and T. B. Lewis, ibid., 70, 1610 
(1966). 
2227 (1968). 
(1966). 1/7. ko. 

characteristic of water leaving the aggregate or the 
reciprocal relaxation time, which is the sum of the 
association and dissociation rate constants, is deter- 
mined. For the ammonia-water aggregate, the rate 
of dissociation is essentially controlled by how fast the 
two molecules can diffuse apart. However, when 
bulky nonpolar groups are substituted for the hydrogens 
in ammonia, the dissociation rate constant drops by 
as much as two orders of magnitude. An explanation 
is that water molecules tend to  form "icebergs" around 
nonpolar substances, 37 that is, the water dipoles line 
up around the nonpolar group to form a sheath. This 
sheath may include one or more layers of water mole- 
cules. The water which dissociates is now part of this 
sheath, whose structure is considerably tighter than 
that of bulk water, and therefore the rate constant is 
decreased relative to that in bulk water. (An ex- 
planation of this phenomenon in terms of dispersion 
forces has also been pr0posed.~8) The relative slowness 
of the dissociation of water from dioxane-water ag- 
gregates can be explained on a similar basis; as might 
be predicted the rate constant is smaller when two 

(37) H. S. Frank and W. Y. Wen, Discussions Faradau Soc., 24, 

(38) E. Grunwald and E. K. Ralph, 111, J .  Am. Chem. Soc., 89 ,  
133 (1957). 

4405 (1967). 
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dioxane molecules, rather than one, are part of the 
aggregate. Although an interaction between water 
and diglycine has been observed, the stoichiometry 
could not be defined, and only the relaxation time 
could be measured rather than the individual rate 
constants. This interaction probably involves the 
charged groups as well as “iceberg” formation. The 
interactions with polyethylene glycol and polygluta- 
mate are more complex, both structurally and kineti- 
cally. 

If several noncovalent interactions are made or 
broken virtually simultaneously, the over-all process 
is termed L‘cooperative.” More precisely, a coopera- 
tive change implies that the making or breaking of the 
first linkage occurs considerably less readily than the 
making or breaking of the second linkage, and so on, 
so that a cascade effect occurs. Good examples of CO- 

operative processes are the transitions from helix to  
random coil in polypeptides.39 These transitions occur 
over narrow ranges of pH, temperature, and solvent 
composition and involve the breaking of a large number 
of hydrogen bonds. A statistical mechanical treat- 
ment of the kinetics indicates that the “average” re- 
ciprocal relaxation time when the polymer is half helix 
and half coil is equal to the rate constant for formation 
of an intramolecular hydrogen bond times a factor 
which is a measure of the relative difficulty of breaking 
the first hydrogen bond.40 The rate constant is known 
to be about 10” sec-’ from the arguments given above, 
and the other factor is known to be about from 
equilibrium measurements. Thus the expected char- 
acteristic time constant is about 10’ sec-’, which is 
considerably less than the rate constants associated 
with simple hydrogen bonding. 

The “average” reciprocal relaxation time at the 
midpoint of the transition for poly-L-ornithine in 
water-methanol has recently been measured and is 
5.9 X 10‘ s ~ c - ’ . ~ ’  The analogous time constant for 
poly(L-glutamic acid) in aqueous solution has been 
ascertained to be in the range lo5-@ X lo’) sec-1,42,43 
in good agreement with theory. Sharp changes in the 
relaxation time suggestive of cooperative transitions 
are also observed when urea or guanidine hydrochloride 
is added to solutions of poly(ethy1ene glycol), providing 
the polymer has a molecular weight greater than - 
3000.44-46 Thus in this case a minimum polymer size 
and associated water of solvation are required before a 
cooperative process can occur. This size requirement 
for cooperativity has obvious implications for proteins. 

Although conformational changes of proteins can in 

(39) G. D. Fasman in “Poly-a-Amino Acids,” G. D. Fasman, Ed., 

(40) G. Schwarz, J. Mol. B i d ,  11, 64 (1965). 
(41) G. G. Hammes and P. D. Roberts, in preparation. 
(42) R. Lumry, R. Legare, and W. G. Miller, Biopolymers, 2, 489 

(1964). 
(43) J. J. Burke, G. G. Hammes, and T. B. Lewis, J. Chem. Phys., 

42, 3520 (1965). 
(44) G. G. Hammes and P. R. Schimmel, J. Am. Chem. Sac., 89, 

442 (1967). 
(45) G. G. Hammes and J. C. Swann, Biochemistry, 6,  1591 

(1967). 
(46) G. G. Hammes and P. B. Roberts, J. Am. Chem. Soc., in 

press. 

Marcel Dekker, Inc., New York, N. Y., 1967. 

principle occur within the period of a few molecular 
vibrations, the studies on model compounds cited above 
suggest that, if rearrangement of water and polymer 
structure occur, the time constants should be less than 
-los sec-’, which is considerably greater than typical 
substrate turnover numbers of enzymes. If coopera- 
tive processes are involved, considerably smaller time 
constants are expected. The relative smallness of the 
time constants for isomerizations given in Table I1 
suggests that the isomerizations are highly cooperative 
processes. 

The fact that the rates of most enzymatic reactions 
are dramatically dependent on pH suggests that acid- 
base catalysis is an important part of enzymatic mech- 
anisms. Proton-transfer reactions have been ex- 
tensively studied, and implications for enzymatic 
systems of the results obtained are discussed else- 
where.” Only a brief resum6 is presented here. 
Since an enzyme must begin and end in the same 
ionization state for every catalytic cycle, both protona- 
tion and deprotonation of any group involved in acid- 
base catalysis must occur. Since the reactions of 
protons arid hydroxyl ions with normal acids and bases 
are diffusion controlled, the characteristic rate constant 
being about 1O1O M-‘ sec-’, the rate of deprotonation 
of an acid by dissociation is approximately 10’Oh’~ and 
the rate of protonation of a basic site by water is ap- 
proximately 1O1OKw/KA, where KA is the ionization 
constant of the conjugate acid of the basic site and 
Kw is the self-ionization constant of water. At 25” 
these two rates are optimized a t  about lo3 sec-’ when 
the ~ K A  is about 7 .  This is the ~ K A  value of imidazole, 
and this group has been implicated in many enzyme 
mechanisms. For larger ~ K A  values the protonation 
rate constant increases, but the deprotonation rate 
constant decreases, while the reverse situation pre- 
vails for smaller ~ K A  values. 

Enzyme configurational changes could alter the ~ K A  
values of a particular group so as to  enhance the rate 
constant for protonation or deprotonation. Inter- 
actions with neighboring groups, for example, metal 
ions and charge clusters, can also cause shifts in the 
acid dissociation constants. If changes in ~ K A ’ s  are 
attributed to substrate binding, the maximum changes 
possible are limited by the free energy of binding and 
would not be expected to exceed more than several 
units. Moreover, because an enzyme reaction is a 
cyclic process, the principle of detailed balance places 
considerable restriction on how much the over-all rate 
is enhanced. For example, a shift in ~ K A  favoring 
proton transfer generally implies an unfavorable shift 
of other equilibria. However, by such considerations 
over-all rate constants for protonation-deprotonation 
reactions of the order of 104-105 sec-l might be an- 
ticipated. 

In principle intramolecular proton transfers not in- 
volving solvent molecules could occur very rapidly. 
The rate constant for intramolecular proton transfer 
in a hydrogen-bonded network when the proton ac- 
ceptor is a weaker acid than the donor is about 1013 
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see-l.9 Therefore, the rate constant for the reverse 
intramolecular proton transfer is approximately 1013 
KD/KA see-l, where KD is the acid dissociation con- 
stant of the proton donor, K-4 is the acid dissociation 
constant of the proton acceptor, and KD < KA. For 
example, the intramolecular transfer of a water proton 
to a base of pKa = 7 would have a rate constant of 
about 2 X lo4 see-l at 25" (assuming the acid dis- 
sociation constants measured in aqueous solution are 
still appropriate). 

Proton transfers to and from the substrate are the 
slowest to be expected since most substrates are very 
weak acids and bases, although the enzyme might en- 
hance their acidity and basicity. If the ratio K D / K ~  
is small, this also implies that the equilibrium con- 
centration of the reactive species is small. For ex- 
ample, if KD/KA is the rate constant would be 
-109 sec-', but the equilibrium concentration of the 
reactive species would at best be of the total 
enzyme concentration. In  view of the normal acidity 
and basicity of most substrates, K D / K ~  would have to 
be unusually large to exceed the previously derived 
limits of 104-105 sec-' for the maximum over-all rate 
of protonation-deprotonation. The apparent first- 
order rate constant for conversion of substrate to 
product when the enzyme is saturated is about lo3 
sec-' for most enzymes and very rarely exceeds lo5 
see-'.'' Thus the maximal over-all rate constants for 
protonation-deprotonation are similar in magnitude to 
those associated with the over-all rate constants (turn- 
over numbers) of enzyme reactions. 

Considerations such as the above can also be used 
to infer information about rates of other individual 
steps in enzymatic mechanisms. For example, con- 
sider the proposed mechanism for ribonuclease action 
given in Figure 3. If association and dissociation of 
the substrates and products are neglected, then the 
mechanism for transesterification can be envisaged as 
transfer of the 2'-hydroxyl hydrogen to Bz, formation 
and breakdown of the pentacoordinated phosphorus 
intermediate, and transfer of the proton from B2 to 
RO-. If the ratio of the acid dissociation constant of 
the 2'-hydroxyl and ROH to that of Bz is estimated as 
-10-7, the initial proton transfer has a rate constant 
of -lo6 sec-' and the species formed is of the 
total enzyme species. Inasmuch as the over-all first- 
order rate constant for transesterification of dinucleo- 
sides is as large as 103-104 S ~ C - ' , ~ ~  the formation and 
breakdown of the pentacoordinate intermediate must 
have rate constants greater than 101o-lO1l sec-'. (The 
final proton transfer would have a rate constant of 1013 
sec-l.) Similarly if the hydrolysis of the cyclic phos- 
phate is assumed to be initiated by intramolecular 
hydrolysis of water by BZ with a rate constant of 2 X 
lo4 sec-l, as estimated above, the concentration of the 
reactive species would only be 2 x of the total 
enzyme species. The over-all rate constant for this 
process is about loz see-'; 24 this implies that forniation 
and breakdown of the pentacoordinate intermediate 
is associated with rate constants greater than 5 X 1O1O 

sec-', which is siniilar to the value found for the trans- 
esterification step. 

The above calculations are naive and are based on a 
very simple model. The role of the enzyme in altering 
~ K A  values and assisting in concerted processes and 
the formation and brealtdomn of enzyme-substrate 
complexes are entirely ignored, as is the explanation for 
the formation and breakdown of the pentacoordinate 
intermediate occurring as rapidly as 102-103 molecular 
vibrations. Severtheless, such calculations serve to 
illustrate the possibilities. Similar considerations of 
intramolecular proton transfer for enzymic mech- 
ansims, particularly for chymotrypsin, have been re- 
cently presented.47 

Mechanism of Enzyme Action 
Consideration of the elementary steps in enzyme 

reactions provides some insight into the types and 
rates of reactions which are of importance, but the 
problem of putting these reactions together to obtain 
the tremendous catalytic efficiency of enzymes remains. 
Some possibilities are now considered, but this dis- 
cussion must be regarded as quite speculative. No 
attempt is made to give an encyclopedic coverage of 
the many speculations which appear in the literature. 
The experimental work discussed earlier suggests that 
three important features of enzymic catalysis are: (1) 
the catalytic reaction is divided into a large number of 
discrete steps, ( 2 )  cooperative conformational changes 
of the enzyme occur, and (3) acid-base catalysis is 
important in most enzyme reactions. A fourth point 
is that a macromolecule is necessary to achieve high 
catalytic rates: attempts to hydrolyze off large por- 
tions of enzymes lead to inactivation and no small 
molecules synthesized thus far approach the catalytic 
efficiency of enzymes. 

An important feature of enzyme catalysis is almost 
certainly precise orientation of the substrate at the 
active site. Precise orientation of the substrate with 
respect to acid-base groups of the enzyme can ap- 
preciably aid proton transfer. In  addition, substrate 
interactions with charged groups on the enzyme and 
other noncovalent interactions (e.g.,hydrogen bonding) 
can cause bond polarization in the substrate which 
could appreciably aid bond breaking and could alter 
the acidity or basicity of the substrate, thus facilitating 
proton transfer (cf. the preceding section). Son- 
covalent interactions, e.g., charge-dipole, dipole-di- 
pole, are extremely orientation dependent. The very 
fact that a stable enzymesubstrate complex is formed 
can be thought of as raising the effective concentration 
of the catalyst and as orienting the reactants so as to 
restrict the large number of possible conformations 
and positions available in solution. If the enzyme 
may act as a polyfunctional catalyst, that is, if several 
catalytic groups interact simultaneously with the 
substrate, catalysis relative to simple molecules may 
be facilitated. The last three effects are primarily 

(47) J. H. Wang and L. Parker, Proc. Natl. Acad. Sei. U .  S., 58,  
2451 (1967). 
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entropic in nature and have been discussed by several 
authors;48 however they do not appear sufficient to 
account for the high rates associated with enzyme 
catalysis. 

A possible explanation for the macromolecular nature 
and unusual catalytic efficiency of enzymes is based on 
the conformational adaptability of enzymes. An en- 
zyme can divide the catalytic process into a number of 
discrete steps, and the structure can be optimized for 
each step by small alterations in the macromolecular 
structure. The possibility that  conformational changes 
increase proton-transfer rates has been mentioned 
earlier. The large number of intermediate states ob- 
served with relaxation methods is consistent with this 
sort of mechanism. Conformational changes may 
play a more dynamic role in catalysis by lowering the 
free energy of activation via a L‘compensation effect.”49 
For example, the activation energy for decomposition 
of Hz by an inert gas is greater than 100 kcal/mol, 
whereas that for the reaction H2 + 1 2  + 2HI is only 
about 40 kcal/mol. I n  both reactions an H2 bond is 
(48) D. E. Koshland, Jr., J .  Theoret. Biol., 2, 75 (1962); T. C. 

Bruice and V. K. Pandit, J .  Am. Chem. SOC., 82, 5858 (1960); T. C. 
Bruice and S. L. Benkovic, ibid., 86, 418 (1964); F. Westheimer, 
Advan. Enzymol., 24, 441 (1962); M. L. Bender, F. J. KBsdy, and 
C .  R. Gunter, J.  Am. Chem. SOC., 86,3714 (1964). 
(49) G. G. Hammes, Nature, 204, 342 (1964). 

broken, but the activation energy is lower in the second 
case because two H-I bonds are also formed. I n  an 
enzyme reaction the formation of protein side-chain 
bonds (e.g., hydrogen bonding and hydrophobic inter- 
actions) might lower the free energy of activation for 
the making and breaking of substrate bonds. This 
type of compensation could alter both the enthalpy 
and the entropy of a c t i ~ a t i o n . ~ ~  

Although the conformational adaptability of the pro- 
tein appears to be a reasonable explanation of the 
catalytic efficiency of enzymes, direct verification by 
experiments is currently not possible. However, the 
combination of detailed kinetic studies of enzymes 
with fast reaction techniques and structural informa- 
tion about enzymes obtained by X-ray techniques 
promises to yield an increasingly detailed picture of the 
mechanism of enzyme catalysis. 

I a m  indebted to m y  m a n y  coworkers who carried out the re- 
search discussed here and to the National Institutes of Fealth f o r  
their Jinancial support. 

(50) For some other proposed models of enzyme action see: D. E. 
Koshland, Jr., Proc. Natl. Acad. Sci. U. S., 44, 98 (1958); R. Lumry 
and H. Eyring, J .  Phys. Chem., 58, 110 (1954); W. P. Jencks in 
“Current Aspects of Biochemical Energetics,” N. V. Kaplan and 
E. P. Kennedy, Ed., Academic Press, New York, N. Y., 1966, p 273 
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The tetravalency of carbon lies a t  the very founda- 
tion of the structural theory of organic chemistry. 
However, the most important reaction intermediates 
in organic chemistry are those in which a t  least one 
carbon atom is in a valence state other than the normal 
tetravalent one. Three types of such intermediates are 
trivalent carbon derivatives, namely, carbonium ions, 
carbanions, and free radicals. 

The study of divalent carbon species, RcR’, has 
received considerable attention in recent years.l Of 
particular interest is the assignment of the spin multi- 
plicity of these intermediates since, unlike carbonium 
ions, carbanions, or free radicals, where the spin state 
is usually obvious, there are two possible electronic con- 
figurations which can occur readily in divalent carbon 
species: (a) a singlet configuration (1) in which the 
unshared electrons are paired in an sp2 orbital, leaving 
an empty p orbital, or (b) a triplet configuration (2) 
in which the two unshared electrons are unpaired, 
(1) (a) J. Hine, “Divalent Carbon,” Ronald Press, Inc., New 

York, N. Y., 1964; (b) W. Kirmse, “Carbene Chemistry,” Academic 
Press Inc., New York, N. Y., 1964; (c) G. G. Rosantsev, A. A. Fain- 
zil’berg, and S. S. Novikov, Usp.  Khim., 34, 177 (1965); Russ. 
Chent. Rev., 69 (1965). 

each in a p orbital, and in which the RCR’ angle is 

1 2 

more nearly linear than when the molecule is in con- 
figuration 1. 

A number of chemical criteria have been developed 
to assist in the assignment of the spin state.2 The 
application of these criteria is logically an inductive 
process in which the spin state is inferred from chemical 
evidence. For example, Skell, et ~ l . , ~  studied the pho- 
tolysis of diphenyldiazomethane (3) in cis- and trans-2- 
butene. From the fact that the addition was not 
completely stereospecific, they concluded that diphenyl- 

(2) (a) P. s. Skell and R. C. Woodworth, J .  Amer. Chem. SOC., 78, 
4496 (1956); (b) R. C. Woodworth and P. S. Skell, ibid., 81, 3383 
(1959); W. von E. Doering and P. LaFlamme, ibid., 78, 5447 (1956). 
For a review, see P. P. Gaspar and G. 8. Hammond, Chapter 12 of 
ref lb. 
(3) R. M. Etter, H. S. Skovronek, and P. S. Skell, J .  Amer. Chem. 

SOC., 81, 1009 (1959). 


