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Stochastic Aspects of Enzyme Inhibition” 
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ABSTRACT: The “activity” (enzymatic, antigenic, and 
the like) of a macromolecule can often be modified by 
reacting some of its groups with suitable reagents. 
In the usual experiment, activity and the number of 
reagent molecules attached (per macromolecule or per 
fragment) are measured; however, whether attachment 
is to relevant or irrelevant sites and whether reaction 
of more than one site is necessary is unknown. For this 
reason the relationship, activity versus extent of reac- 
tion, must be interpreted taking into account certain 

I dentification of the active site of an enzyme is one of 
the most important problems in contemporary protein 
chemistry. For this purpose, chemical modification of 
enzymes has been extensively used. However, conclu- 
sions derived from such experiments are frequently un- 
reliable because (1) generally it is very difficult to find 
a reagent which reacts with only a single type of amino 
acid residue, (2) usually there are too many amino 
acids with comparable reactivities involved and not 
involved in the active site, and (3) modification of an 
amino acid residue which is not related directly to the 
active site may cause a change in tertiary or secondary 
structure of the active site and a concomitant loss in 
enzyme activity. 
On the other hand, there are no other good methods 

for identifying the active site of a high molecular weight 
enzyme which cannot be crystallized, because it is 
then hopeless to determine its three-dimensional struc- 
ture and often even its primary amino acid sequence. 
Therefore, in spite of the difficulties mentioned, chemi- 
cal modification has been and still is the best generally 
applicable method for studying the active site. In order 
to get reliable conclusions about the active site from 
the experiments on chemical modification, however, 
some strategy of experiments and quantitative analysis 
of data must be used. 

In this paper we will present a rather general statis- 
tical theory of the correlation between probability of 
chemical modification of enzyme and the corresponding 

stochastic factors. W. J. Ray and D. E. Koshland 
(J.  Bioi. Chem. 236, 1973 [1961]) first clearly recognized 
this problem. In this paper the problem is formulated, 
and solved for some plausible models; also, a few litera- 
ture cases susceptible to analysis are discussed. The 
present theory treats not only the case wherein groups 
respond independently to an inexhaustible concentra- 
tion of reagent, but also cases in which reagent amount 
is finite and those in which the reaction of some groups 
is conditional on the reaction of others. 

loss in activity. The probabilities of chemical modifica- 
tion are usually determined experimentally by amino 
acid analysis or peptide analysis. Such an approach 
was first developed by Ray and Koshland (1961). 
However, their theory is limited to the following two 
cases: (1) when the reaction rate of chemical modifica- 
tion can be determined directly as a function of incuba- 
tion time because the reaction is very slow, and during 
reaction the amount of unreacted reagent is much higher 
than that of reacted reagent, and (2 )  photooxidation, 
wherein the above-mentioned condition of reaction is 
spontaneously satisfied. The present theory is of a 
more general nature, and therefore can also be applied 
to fast chemical modification. Such an extension of the 
theory is practically very important. 

The assumption underlying the theory in section ( A )  
is that an amino acid residue in an enzyme is modified 
by the reagent independently of other residues; in 
other words, chemical modification is stochastically 
independent. Therefore this theory cannot be applied 
to the case when chemical modification of a special 
amino acid residue of the enzyme changes the reactivity 
of some other residues through a change in secondary 
or tertiary structure of the enzyme. A completely gen- 
eral treatment of such conditional cases is too compli- 
cated. In section (B),  however, a few special cases in 
which chemical modification causes structural change 
of enzyme are solved analytically, and experimentally 
applicable expressions are obtained. 

Theory 
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between a reagent and an enzyme. We shall consider 
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residues of a particular kind or peptide fragments) 
can be identified by their primary sequence in the en- 
zyme or by their positions on chromatography. For 
a given extent of reaction, Le., for a given amount of 830 

H I R O S H I  A S A I  A N D  M A N U E L  F. M O K A L E S  



VOL. 4, N O .  5, M A Y  1 9 6 5  

reagent used up, we are interested in knowing how the 
bound reagent is distributed among the various re- 
ceptor groups. If the activity of the enzyme is always 
expressible as a function of the states of particular 
receptor groups, we can say that these particular groups 
are involved in the active site. The problem is to find 
this function and these groups from experimental re- 
sults. We shall a t  first encounter a chemical kinetic 
problem, then a combinatorial problem. 

( A )  Stochastically Independent Reaction. Let us 
suppose that each receptor group constitutes one re- 
active site which reacts with reagent independently of 
other groups. The velocity constant characterizing the 
bimolecular reaction between the reagent and each 
one of n groups, say the ith, is k i .  The molar concen- 
tration of reacted ith group is x i .  The kinetic aspect of 
the problem is then described by the equations: 

(i = 1 ,  2,  ..., n) ( 1 )  

and 

where N is the molar concentration of macromolecule, 
R, is the initial molar concentration of reagent, and 
T(t) is the total molar concentration of the reacted 
reagent. Dividing both sides of equation ( 1 )  by N a n d  
introducing the notation, ai = xXt)/N, we obtain 

dai/dt = k i ( l  - ai)[R,  - T(t)] (1)’ 

n 

i = l  
and T(t) = Nai 

In equations (1)’ and (2)’ we may think of ai as the 
probability that the ith group of an enzyme has been 
reacted. This concept of probability will prove very 
useful. Distribution and reaction probabilities of recep- 
tor groups are determined experimentally by some 
method of chemical analysis, e.g., chromatography, 
paper electrophoresis, and the like. It is very con- 
venient to use isotopically labeled reagents for chemical 
modification, because the reaction probabilities can 
then be determined very easily. 

Before considering the solution of equations ( 1 ) ’  
and (2)‘ we note that if R, is in such great excess that 
T(t) is always negligible relative to R,, or if the agency 
which modifies the group is not a chemical substance 
but, say, a constant flux of radiation, then, 

This is the solution obtained by Ray and Koshland 
(1961). In this case, if the probability, 1 - ai, that the 
ith group has not reacted is determined experimentally 
a t  various time intervals, it should be found that 

ui = log (1 - at) is proportional to time. Such experi- 
ments may be made when the velocity constant kt 
is relatively small. Another point to note is that in 
some instances T(t )  is directly measurable, so that 
T(t )  may be considered to be a known function, and 

Equations of the form ( 1 ) ’  can be combined to give 

- ... - daz 
k d l  - ad 

- .  - dal 
k d l  - ai) 

from which it follows that 

Although ai is a function of R ,  and time t ,  equation 
(5) does not contain R, and t explicitly. Therefore, 
all k, can be determined by the use of this equation even 
though they may be too large to be determined directly 
from equation (3). The ratio of ui to u, gives the velocity 
constant (k i /k l )  of the ith group relative to a particular 
group (e.g., the 1st group). Since ki/kl  is constant, in- 
dependent of R,  and t ,  ui is a linear function of ul, 
with slope ki /k l .  Preservation of this proportionality 
verifies the assumption of stochastic independence of 
reaction, 

By substituting (5) into equation ( l ) ’ ,  we obtain 

dal/dt = kl(1 - al)(R, - nN 

The analytical integration of equation (6) in general will 
not be easy. If we are considering the situation in which 
all the reagent that is going to react has reacted at a 
sufficient time of incubation of reaction solution, then 
equation (6), with dal/dt = 0, constitutes an algebraic 
equation for finding al (and, with equation [ 5 ] ,  for find- 
ing all ai). If the right-hand side of equation (6) is 
set at zero, then obviously one solution for al is al = 1. 
This corresponds to the case wherein R,  has exceeded 
the total number of receptor sites and the reaction has 
gone to completion. This is therefore a case of no in- 
terest, and we pursue the search for a solution for which 
0 < al < 1 in the equation 

z(1 - ai> = ~ ( 1  - al )kJkl=  n - R,/N 
i i 

(R ,  < nN; t = a> (7) 

Therefore, especially in the case of large ki ,  ai must be 
measured after a sufficient time of incubation of reac- 831 
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residues is without effect, then the normalized (to unity) 
average activity ( A )  from many enzyme molecules 
is 

T 
nN 
- 

FIGURE 1 : Relation between enzyme activity (x) and 
the probability (TInN) that an arbitrary group has re- 
acted. Here m and m‘ are the numbers of groups in- 
volved in the active site directly and indirectly, respec- 
tively. For detail, see equations (9) and ( l l ) ,  and the 
text. 

tion solution under the condition that the initial con- 
centration of reagent R, does not exceed the total con- 
centration of receptor sites nN. 

Solution of equations (5) and (6)  yields all the proba- 
bilities, ai, in terms of quantities which at least in princi- 
ple are experimentally measurable. If at is the proba- 
bility that the ith group is reacted, and bi (= 1 - ai) 
is the probability that the ith group is not reacted, then 
each term in the expansion of the “generating function,” 

n: (ar + bi), gives the probability that on a molecule 

chosen at  random all groups contributing ‘‘a’s’’ to 
the term are reacted, and all groups contributing “Us” 
to the term are unreacted. This probability can also 
be considered as the fraction of all the molecules having 
the stated distribution of reacted and unreacted groups; 
from this point of view the solution is a mixture of di- 
verse molecular species. Now, to specify the active site 
is to specify that for a molecule to be active certain 
groups must be reacted and certain others must not be 
reacted. Given this criterion, one may decide which of 
the diverse molecular species satisfy the criterion. Add- 
ing together the probabilities of the acceptable species 
then gives A ,  the fraction of the macromolecules 
which are active (Le., the normalized “activity”). 
If one knows the ai’s (either by calculating from knowl- 
edge of concentrations and velocity constants or from 
direct determination on, say, a “fingerprint”) then a 
comparison of the predicted A with the observed A is 
a check on whether the active site was correctly specified 
in the model. Several illustrative examples follow. 
TYPE 1.  If reaction of any one of the first rn residues 

in an enzyme abolishes activity, and reaction of other 

i = n  

i= 1 

832 

This situation arises when all groups which participate 
in the active site are directly involved in enzyme action. 
When the situation obtains, a plot of log A against a 
particularly selected log (1 - ai) is straight. 

If in fact all ai = a, then the combination of equations 
(8) and (2)’ leads to 

A = (1 - T/nN)” (9) 

Equation (9) indicates that a plot of log A against log 
[l - (T/nN>] would yield the value of m, Le., the number 
of groups in the active site. In Figure 1, the activities 
at various values of m are plotted against TjnN. When 
m = 1, the activity decreases linearly with increasing T 
and it becomes 50% at T/nN = %. If m becomes large, 
the activity decreases rapidly with reaction of residues. 
Such plots are useful when detailed information about 
the reaction probabilities is lacking. 

TYPE 2. The first m residues are involved in the activ- 
ity, but in order to destroy the activity all of these 
residues must be reacted. Then in the expansion of the 

generating function it follows that the term ai is 

the probability that all the groups 1 to m are reacted; 

therefore 1 - n ai is the probability that not all groups 

1 to rn are reacted. Therefore 

m 

i = l  

m 

i = l  

m 

i = l  
A = (1 - H a i )  (10) 

This situation may arise when modification of the groups 
1 to m causes indirect inactivation of the active site 
through destruction of its secondary or tertiary struc- 
ture, and the active site itself is not modified by the 
reagent used. 

If again we assume that all at = a, then the combina- 
tion of equations (10) and (2)’ leads to 

A = 1 - (T/nN)m’ (1 1) 

The activity when m’ = 2 is plotted in Figure 1.  
TYPE 3. If an enzyme has two regions (sites) at which 

a single substrate molecule binds and if destruction of 
the first site causes concomitant loss of activity, and 
modification of the second site activates the enzyme 
f-fold, then the activity of the enzyme is given by 

where PI is the probability that the first site is de- 
stroyed, and P2 is the probability of reaction of the 
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second site. Mathematical expressions for PI and Pz 
depend, of course, on the types of these sites. An ex- 
ample of this situation might be myosin ATPase modi- 
fied by an SH reagent (see Rainford et al., 1964) .  

(B)  Conditional Reaction of Groups. In the previous 
section (A) ,  we have presented a simple kinetic theory of 
reaction of receptor groups in enzymes, useful for identi- 
fying enzymatically active sites, based on the assumption 
that each group reacts with reagent independently of 
reactions of other groups. This assumption may be 
realistic if all receptor groups are located on the surface 
of the enzyme and if the secondary and tertiary struc- 
tures are not changed in the course of reactions of the 
groups. However, chemical modification sometimes 
causes structural change in the enzyme, or causes steric 
hindrance to the reaction of vicinal groups. To treat 
such cases we must develop a more general kinetic 
equation of chemical modification. Unfortunately, 
a completely general case of chemical modification is 
too complex to solve, and only some simplified special 
cases of contingency will be solved analytically to ob- 
tain experimentally applicable formulas. 

Let us denote by E the probability that no group of 
the enzyme molecule has reacted, by Et the probability 
that the ith group has reacted (but no other groups), 
by Etj the probability that at first the ith group and then 
the jth group have reacted (but no other groups), by 
Etjk the probability that a t  first the ith, then the jth, 
and finally the kth group has reacted (but no other 
groups), and so on. Then, understanding that in any 
term no two indices can be the same, we have 

and 

Taking into account equation (14), we may rewrite and 
rearrange equation (1 3) to : 

where it is understood that in the terms of the summa- 
tions of equation (15) no two indices can be the same 
and no index can be i. To obtain the rate of growth of 
at we must multiply the probability of occurrence of 
each species in which the ith group is unfilled by a 
velocity constant characteristic of that species; thus, 
if ki is the velocity constant of reacting the ith group 

when no other groups are reacted, k j i  is the velocity con- 
stant of filling the ith group when only the jth group 
is reacted, k ixr  is that when only the jth and kth are 
filled, and so on, then 

But substituting from (1 5) into (16), we obtain 

Note that if all velocity constants are equal, equation 
(17) reduces to equation (1)’. Also, note that the first 
bracketed factor of equation (17) is a factor propor- 
tional to et’, the probability that those conditions req- 
uisite for the reaction of the ith group have been met, 
but that the group has not yet reacted. This meaning 
will be made clear by some illustrations. 

Let us imagine that the receptor sites of the protein 
are of two kinds. Each group of the first kind is “buried” 
when the protein is native, and its velocity constant of 
reaction with reagent under these circumstances is zero. 
Each group of the second kind reacts independently 
with reagent; if a particular pattern of reacted sites is 
achieved among the sites of the second kind, the protein 
undergoes a conformational change, and every group 
of the first kind becomes free to react, each with its 
characteristic velocity constant. The object is to derive 
the expected relation between a for any group of the 
first kind, say, the ith, and groups of the second kind 
involved in the particular pattern requisite for the con- 
formational change, say, the sth group, the tth group, 
and so on. 

Referring to equation (17), we see that the typical 
velocity constant is ka,p,, . in which the numbers, 
a, 0,. . . w specify the sites reacted prior to the pro- 
posed reaction of the ith group. If the requisite distribu- 
tion does not appear in cy, j3, . . . w we set that velocity 
constant equal to zero, and if it does appear we set it 
equal to some value characteristic of the ith group, 
say, kz’.  For example, if the requisite distribution is 
simply “reaction of the sth group,” then only those 
constants whose subscript contains s will survive; if it 
is “reaction of the sth group and the tth group,” then 
only those constants whose subscript contains both s 
and t will survive; if it is “reaction of the sth group, or 
the tth group, or both,” then a constant will survive if 
its subscript contains either s or t or both, and so on. 
Since all surviving constants will have the same value 
(ki’), they will each factor out, and equation (17)  will 
always be expressible as 

daI/dt = ki’ei’( Ro - T(t)) (18) 833 
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FIGURE 2: Logarithmic relation between the prob- 
ability, ( 1  - a,), that the ith group of the first class 
has not reacted and the probability, ( 1  - a*), that the 
sth group of the second class has not reacted. It is 
assumed that the groups in the first class react with 
reagent only after the sth group of the second class has 
reacted and caused a change of enzyme structure. See 
equation (23). 

where et' will be a function of those E's whose sub- 
scripts also contain the requisite distribution. The form 
of equation (18), compared to that of equation ( 1 ) ' ,  
suggests that e,' is the probability that, in a molecule 
chosen at random, the requisite distribution has been 
achieved, but the ith group has not yet reacted. There- 
fore, if we call e, the probability that the requisite dis- 
tribution has been achieved (regardless of whether 
the ith group has reacted), it must be that 

e l  = e,' + a, (19) 

Recalling that groups of the second kind react inde- 
pendently, it is clear that for the three illustrations given 
et is, respectively, a,, or a,al, or 1 - ( 1  - a,X1 - all. 
In other words, ei is a function specified by the hypothe- 
sis and numerically calculable if the a's of critical groups 
of the second kind are experimentally measurable. 
Therefore, using equation (19) we may rewrite (18) 
as 

where e, is to be considered some known function of 
a,, at, and so on. Applying equation (1)' to one of 
the critical groups, say, the sth, we may divide equation 
(20) by equation ( l ) ' ,  rearrange, and obtain 

du 1 r rei 
- + ----a, = -- da, 1 - a, 1 - as 

where r = ki'/k,. Changing to the variable, us = log 
( 1  - a,), and integrating, 

P Ua 

(22) 

since us = 1 when ai = 0. Now, let us consider the sim- 
ple cases already mentioned. Suppose e, = a, = 1 - 
eu*, then, from equation (22) we find that 

whence 

Thus, regardless of the value of r, if us tends to zero 
(a, + 0), 6 + 0; on the other hand, if us becomes a 
large negative number (a, + l ) ,  then the behavior of 
6 depends on r ,  for if r is large eru8 will be negligible 
relative to eu8 and 6 + 1 ,  while if r is small eu8 will be 
negligible relative to e'"# and 6 -t r .  This diagnostic 
behavior of 6 is illustrated in Figure 2. If ei = a,al, 
then applying equation ( 1 ) '  separately to a, and a, 
we may express one probability in terms of the other, 
and find, for example, that ei = asal = a, - a,(l - 
a,)p, where p = k,/k,. Substituting this expression for 
e, into equation (22) we obtain 

If ei = 1 - ( 1  - a,)(l - at) = 1 - ( 1  - 
on substitution into equation (22), we obtain 

then, 

Another solvable case is the following: We suppose 
two kinds of receptor sites. Sites of the first kind are 
such that as soon as one of them reacts all other sites 
of this kind become unreactive; sites of the second 
kind undergo independent reaction, in conformity with 
equation ( 1 ) ' .  If we apply equation (17) to the ith site 
of the first kind, we note certain simplifications in sum- 
mated terms of the type ( / c a p , ,  .-  - ki)E,p,, . w .  If the 
reaction sequence, CY@. . . w, involves sites of the second 
kind only, then the two velocity constants are equal, 
and the term is zero. If two or more elements in a@ . . . w 
refer to sites of the first kind, then E a p , ,  .o = 0, since 
hypothesis forbids reaction of more than one such site. 
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FIGURE 3: Logarithmic relation between the prob- 
ability, ( 1  - a(), that the ith group of the fiist class has 
not reacted and the probability, ( 1  - a*), that the sth 
group of the second class has not reacted. It is assumed 
that a group of the second class reacts with reagent 
independently of all other groups and the reaction of 
one of the groups of the first class inhibits the reaction 
of all other groups of the first class (equation 29). 

If ab.  . . w consists of the Xth site of the first kind 
( h  # i), and a complementary set, C(Aj, all of whose 
elements refer to sites of the second kind, then kX,C(X)i  
= 0, since once X has reacted i may not, but a term, 
- k i E h , C ( h ) ,  survives. If we group together all terms thus 
involving A, we find their sum to be - k i z  E ~ , C ( ~ ) ,  

where the summation is over all possible distributions of 
reacted sites of the second kind; therefore, Eh,cCx) 

= aX, and the sum is -kiah. The summations of equa- 
tion (17) thus yield - k i  ah, where h is, in turn, each 

site of the first kind except the ith site. Combining this 
last sum with the term k i ( l  - ai),  we obtain finally 
the special case of equation (17) applicable to  sites of 
the first kind, viz., 

C(N 

C ( N  

h 

In equation (27) the summation extends only over sites 
of the first kind (including the ith), so that the first 
bracketed factor is, as it should be, the probability that 
no site of the first kind has reacted. If we apply 
equation (27) to the rnth and nth sites of the first kind 
and combine the results we find that a,  = (k,/k,)a,. 
By using this relationship we may show that k i C a i  = 

a i C k ,  = aisk. Making this substitution into equation 
i 

(27), and combining it with equation ( 1 ) ’  as applied to 
the sth site of the second kind, we obtain 

0.01 I 

\ -as 

FIGURE 4: Logarithmic relation between the probability, 
( 1  - a,.), that the ith group of the first class has not 
reacted, and the probability, (1 - as), that the sth 
group of the second class has not reacted. I t  is assumed 
that on reaction of the sth group the ith group changes 
its reactivity from k,. to k i t .  This is a generalization of 
Figure 4 (equation 32). 

Integrating and rearranging, we obtain finally 

An example of equation (29) appears in Figure 3. 
Finally, we may consider the case that the ith site is 

accessible to reaction with velocity constant ki,  but 
that if a particular set of other sites, namely, cy,& . . . w ,  
is achieved, then the ith site reacts with velocity con- 
stant ki’ = kap, , .&. If also ei’ = Ea>@, . . . w ,  then equa- 
tion ( 1  7 )  is 

da ildt 

= { k , ( l  - ai)  + ( k t ’  - k i )e i ’ )  { R, - T( t )]  (30) 

If we imagine that ei’ = e,’(a,) (physically this means 
that reaction of the sites, a$, . . . w is related in an 
explicit way to  reaction of the sth site), then 
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FIGURE 5: RNAase activity (z) and disulfide bonds 
unreduced (z) at various average values of reduced 
S H  groups. Dotted line, RNAase activity; 0,  un- 
reduced 1-6 disulfide bond; 0, unreduced 4-5 disulfide 
bond; 0, unreduced 3-7 disulfide bond; A, unreduced 
2-8 disulfide bond. 

REDUCED SH GROUPS 

Alternatively, we may write (31) as, 

from which it follows that lim (du,/du,) = kt /h ,y  (since 

lim e,' = 0). Furthermore, whether for small values of 

u, the derivative dui/du, is larger or smaller than ki/k,  
will be governed by the sign of ki t  - ki ,  Le., by whether 
ki' > ki or kct  < kr. If the latter, we may say that the 
reaction of the ith group is inhibited as a result of a 
structural change occurring when the sth group is 
reacted. An example of equation (32) is shown in Fig- 
ure 4. 

u.+o 

u 8+o 

Analysis of Experimental Data and Discussion 

Many experimental studies have recently been made 
on the loss of activity of enzyme induced by treatment 
with specific amino acid reagents, and important in- 
formation about the active site in such enzymes has 
thus been obtained. For example, it has been suggested 
that cysteine or histidine residues take part in many 
enzymatic processes probably by making primary 
linkages with substrate molecules. However, almost 
all experimental data published are inadequate for 
positively identifying the amino acid residues involved 
in the active site because the probability of chemical 
modification of amino acid residues in the enzyme has 
not been considered. 

In this section, using the foregoing theory, we will 
analyze several experimental data in the literature, and 836 

FIGURE 6: RNAase activity (z) for various average 
values of reduced SH groups. Activity was calculated by 
equation (10) on the assumption that only simultaneous 
reduction of two disulfide bonds out of four bonds 
destroys active structure of the enzyme. Curve 1, 4-5 
and 3-7 bond; curve 2, 4-5 and 2-8 bond; curve 3, 
4-5 and 1-6 bond; curve 4, 3-7 and 2-8 bond; curve 5, 
3-7 and 1-6 bond; curve 6, 2-8 and 1-6 bond; dotted 
line, RNAase activity. 

point out desirable strategy in future experiments of  
this type. 

The modification of ribonuclease (RNAase) is per- 
haps the best example, since the primary structure of 
this enzyme has been determined and many studies have 
been made of its active site. If all four disulfide bonds 
of RNAase are reduced, its enzymatic activity is de- 
troyed. At various stages of reduction of disulfide bonds, 
White et ai. (1959) measured the loss of activity and the 
percentage reduction of each bond (Figure 5) .  The 
probability of reduction of the 1-6 disulfide bond is 
larger than that of the other three bonds, and the 
4-5 disulfide bond has the smallest probability of re- 
duction. From comparing the measured activity with 
the probabilities of reduction of the four disulfide bonds, 
it is concluded that simultaneous maintenance of two 
or more disulfide bonds among four bonds is not neces- 
sary for retention of activity, because, if it were neces- 
sary, the activity calculated from equation (8) with 
m = 2 would be much smaller than the measured one. 
If only one disulfide bond of four bonds is necessary 
for maintenance of the active structure, the 4-5 disulfide 
bond is the best candidate, because the probability of 
reduction of this bond follows closely the loss in activity 
(Figure 5). As an alternative assumption, if simultaneous 
reduction of two disulfide bonds of four bonds de- 
stroys the active structure, the 1-6 and 4-5 disulfide 
bonds are the best candidates, as shown in Figure 6 
where the loss of activity was calculated for various 
cases by equation (10). 

According to Venetianer and Straub (1963), and to 
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Goldberger et ai. (1963), reduced RNAase recovers 
its activity by enzymatic disulfide bond formation, 
and this process occurs exponentially with time. In 
view of equation (3), such behavior would be expected 
if each pair of reduced cysteines is reoxidized inde- 
pendently of other pairs. Therefore the cited results 
suggest that only a particular disulfide bond is enough 
for maintenance of activity, provided that the bonds 
are formed by kinetic constants of about equal magni- 
tude. 

Therefore, from these experimental results, it is 
conceivable that either the 4-5 or 1-6 disulfide bond is 
necessary for maintenance of active structure in RNA- 
ase, but simultaneous preservation of these bonds is 
unnecessary. However, the assumption of independence 
of reduction or reoxidation of each disulfide bond seems 
to be wrong, because a plot of log percentage survived 
for one disulfide bond versus another did not give the 
straight lines expected from equation ( 5 ) .  Therefore 
exact definition of the reaction awaits more extensive 
studies. 

It has been reported that lysine is one of the amino 
acid residues in the active site of RNAase (Klee and 
Richards, 1957). RNAase activity is decreased very 
sharply by guanidination of lysine residues, and the 
relation between the loss in activity and extent of guani- 
dination resembles curve (B) or (C) in Figure 1. From 
this result, Klee and Richards inferred that there is one 
lysine which is involved in the active site and is guanidi- 
nated five times faster than the other nine residues. 
If their conclusion is true the essential lysine residue 
should be identifiable by amino acid analysis or by 
fingerprinting. In the absence of such identification, 
however, one cannot exclude the possibility that two 
or more lysine residues of the ten residues participate 
in the enzymatic activity. By photooxidation, Weil and 
Seibles (1955) showed that histidine is also one of the 
amino acids in the active site of RNAase. According 
to these authors, the photooxidation of one histidine 
out of four histidines in RNAase resulted in 7 6 x  
inactivation. In this case, again, there are two possi- 
bilities : the responsible histidine is photooxidized faster 
than the other histidines, or two or more histidines are 
involved in the activity. Recently, by alkylation of histi- 
dine residues in RNAase by iodoacetate, it has been 
shown that two residues at the position 119 and 12 are 
responsible for enzymatic activity (Crestfield et al .  
1963). In this case alkylation of either histidine-1 19 
or histidine-12 prevents alkylation of the other and the 
ratio of the two inactive products remains always con- 
stant at about 8 : 1 even when the conditions for reac- 
tion, e.g., incubation time, ratio of iodoacetate to pro- 
tein, and the like, are varied. Therefore this case is a 
good example to which to apply kinetic equation (29). 
The kinetic constant of alkylation of histidine-1 19 must 
be eight times larger than that of histidine-12. 

Reagents of diverse reactivity “modify’’1 the nucleo- 
side triphosphatase of myosin; among these are EDTA 
and sulfhydryl reagents. As regards SH reagents, it is 
known from amino acid analysis that myosin has 
upward of forty cysteinyl residues per mole, so proper 
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BLOCKED SH GROUPS/SUBUNIT 

FIGURE 7 : Relation between myosin ATPase activity (x) and the number of SH groups blocked by N-ethyl- 
maleimide per subunit. Dotted line, the ATPase calcu- 
lated by equation (26). 

consideration of statistical effects is imperative. Re- 
cently Rainford et al. (1964) interpreted statistically 
(using a variant of equation [12], i.e., assuming inde- 
pendently reacting sites) the curve, ATPase activity 
versus extent of reaction, taking care to wait until the 
reaction stopped (dai/dt = 0; 0 < ai < 1); these authors 
achieved reasonable data fits assuming that reaction 
of one SH group per enzymatic site extinguished activ- 
ity. Earlier, Sekine et al. (1962) also provided observa- 
tions subject to the present analysis. In their work, 
myosin brought to maximal activation by EDTA was 
subjected to IC-labeled N-ethylmaleiimide, and the 
decay of activity with extent of label fixation by pep- 
tides of tryptic hydrolysate “fingerprint” was observed. 
A particular peptide (“no. 8”) was predominantly 
labeled, and the relationship between activity and ex- 
tent of labeling is shown in Figure 7. Noting that ini- 
tially the activity falls linearly with the extent, these 
authors concluded that the reaction of one SH group 
per independent enzymatic site was sufficient to destroy 
activity. Therefore the Rainford et al. (1964) and the 
Sekine et al. (1962) results appear to be in harmony, 
but the latter invites further scrutiny from our point of 
view. The probability of reaction of cysteinyl groups in 
peptide 8, a8, was approximately the same as the sum of 
the probabilities of reaction of all other cysteinyls, Le., 

~~~ 

Under “standard conditions,” limited reaction of myosin 
with a modifying reagent elevates its ATPase activity to the level 
of its native ITPase activity; further reaction destroys ATPase 
activity. Limited reaction with reagent destroys ITPase activity. 
In a general way the effects of different reagents is additive; for 
example, ATPase may be maximally activated with one reagent 
and then destroyed by adding another. 837 
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a8 Zat (i # 8), so 2as S T/N, where TIN is the average 
number of moles bound per the weight which contains 
one enzymatic site. Therefore, according to the hy- 
pothesis of Sekine et al. (1962), when TIN < 1 the surviv- 
ing fractional activity should be 

P = 1 - as = 1 - (T/2N) (34) 

However, equation (34) (dotted line of Figure 7) sig- 
nificantly overestimates the number of cysteinyls re- 
acted for a given reduction in p; furthermore, it predicts 
a linear fall in 7 with increasing TIN. Therefore further 
considerations are necessary. Label also appears in 
peptides 4, 6, 7, and 15; this labeling might arise from 
randomness in tryptic attack (in which case the label 
per cysteinyl should be the same as in 8, and the amino 
acid sequences in these peptides should “match up” 
with those in 8), or it may arise because, in fact, the 
model is wrong and more than one residue is involved 
in the loss of activity. Sekine et at. (1962) regard myosin 
as composed of three identical chains, each with one 
independent enzymatic site. If this structural proposal 
be correct, one may conceive of enzymatic sites co- 
operative between chains; for example, if there were 
an enzymatic site between two chains and the reaction 
of only the cysteinyls in no. 8 were necessary to destroy 
activity, then we should have P = [l - (T/2N)I2, a 
relationship which actually fits the data of Figure 7 
rather well. At any rate, either experimental or analyti- 
cal alterations are necessary to reconcile the data with 
the authors’ hypothesis. 

Conclusions 

In contemporary enzymology there is a dogma that 
the active center of an enzyme is small. Therefore, 
when a reagent affects activity its effect is supposed to 
be on just one group, i.e., remote effects tend to be 
ignored, and the existence of other similar groups tends 
to be dismissed on the assumption that the one group 
“at the site” is much more reactive than are “non- 
specific” groups. This reasoning may be correct, but 
at the present time it cannot be advanced unequivocally. 
The “message” in this paper is that in many instances 

the activity-extent relationship can be well interpreted 
by models in which several groups are supposed sensitive 
to reagent. By recognizing the consequent ambiguity, 
better experimental design is possible, e.g., including 
substrate or analog protection experiments when the 
reagent reaction is studied. As already noted by Ray 
and Koshland (1 961), the foregoing precautions apply 
as well to modification by reagents of other activities, 
e.g., immunological, hormonal, genetic, indeed to any 
chemical or physiological system which is potentially 
polyvalent to reagent. 
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