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ABSTRACT

Three methods have been developed for handling data from
enzyme kinetics studies. The first method, which involves
the use of Simpson's rule,kis applicable when Michaelis-
Menten @H)_kinetics obtain and has the advantage of a short
calculation time. The second method, which involves approxi-
bmation of the data by a set of orthogonal polynomials, is
applicable when the reaction mechanism is either uﬂknbwn or
S0 complicated that the mathematical formulatién i1s intract-
able. The third method applies when the Michaellis-Menten
mechanism holds but the steady state approximatioh 1s invalid.
Use is made of Simpsonts rule and of numericai differentiation.

The effect of enzyme concentration in the alpha-chymo-
trypsin catalyzed hydrolysis of.g—tryptophanhydroxamide has
been studied. All the work was done at 2500. at an lonic
strength of either C.15 M. or O.30-M.' The experimenté Ccov-
ered the pH range of 6 to 8. The buffer from pH 6 to pH 7
was cacodylic acid. The buffer used at pH 8 was tris-
(hydroxymethyl)-aminomethane. |

It i1s shown that the effectbof changing eﬁzyme concen-
tration is understandable in terms of a reversible dimeri-

- zation of fThe enzyme which makes one active site of the two
enzyme molecules involved unavailable for bonding to sub-
strate. This effect decreases with increasing pH, becoming:

negligible at pH 8.
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Part T

THE USE OF NUMERICAL METHODS IN THE TREATMENT
OF DATA FROM ENZYME KINETICS STUDIES



THE EMPIRICAL EVALUATION OF THE INTTIAL VELOCITIES
OF ENZYME CATALYZED REACTIONS

For the past four years we have been concerned with the
development of procedures for the objective evalﬁation of
the initial velocities of enzyme catalyzed reactions 1n those
cases where a rate equation can be assumed on tﬁe basis of
prior knowledge, or is established 1n the course bf the evalu-
ation procedure (1-6). However, if the reaction belng studied
cannot be described in terms of a relatively simple rate equa-
tion and this fact is not revealed by the evaluation proce-
dure, or alternatively if it is revealed but the Information
at hand does not permit the development of a satisfactory
rate equation, it is clear that the forced application of any
of the above procedures (1-6) may lead to blased Qalues of
the initial velocities. Since we have encountered a number
of situations where knowledge of the initlal velocitles was
desirable but where the available data were not sufficiently

extensive to permit the development of satisfagtory rate

*

This section has been accepted for publication by the
Journal of the American Chemical Society. It is listed as
contribution no. 2047 from the Gates and Crellin Labora-
tories of Chemistry, California Institute of Technology, by
K. A. Booman and C. G. Niemann at the time when Booman was
a U. S. Rubber Company Fellow. This work was supported in
part by a grant from Eli Lilly and Co. The authors wish to
express their indebtedness to Mr. Charles Goebel for his
assistance in the course of this study.
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equations we decided to direct our attention to the develop-
ment of an empirical procedure, for the evaluation of the
initial velocities of enzyme catalyzed reactions, which by
definition does not require any information relative to the
rate equation of the reaction under investigation, rather
than to accept the risk of obtaining biased values of the
initial velocities gn these particular situations by the
‘forced application of procedures based upon specific rate
equations (1-6).

The procedure which has been developed is based upon
fitting a set of orthogonal polynomials to the data of a
particular experiment by the method of least squares (7),
employing the "t" test (8) to determine the significance
of the coefficients of each of the polynomials relative to
the evaluated experimental error and to thus select a suit-
able polynomial for the representation of the experimental
data, transforming the selected polynomial intb a series of
the form Cy + Ci(s) + Cé(s)(s—l) 4+ <+« , differentiating the
above series to arrive at a value of the initial velocity
and finally determining the variability of the latter value.
The only limitation of this general procedure is that the
observations provide for a point corresponding to time equal
zero and that the experimental observations with respect to
the extent of reaction be made at equal time intervals, or
that such information be obtained from the actual observa-

tions by an unequivocal interpolation procedure.
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In order to facilitate use of the above procedure it
has been set up in a block form which will permit the neces-
sary computations to be made with a desk calculator in about
twenty minutes. With the aid of the tables of orthogonal
polynomials for n + 1 equally spaced points which are given
in Milne (7) the procedure may be employed for experiments
involving from six to twenty-one points., It will be noted
that the highest order polynomial considered in reference

(10 is P However, this is not a limitation since it has

5,n°
been found that even Pu,n ls rarely regulred.

In this communication we shall consilder the development
of the procedure for the evaluation of an experiment involving
eight points, including the one corresponding to zero time,
and shall give the necessary constants for the evaluation of

*
a nine point experiment. The notation of Milne (7) and of

Bennett and Franklin (8) will be used .throughout.

a. Evaluation Of The Coefficients Cm n Of The
2

—— e —t——

Tabulated Orthogonal Polynomials For n = 7

For the case where n = 7, 1.e., for an experiment with
eight points including the one corresponding to zero time,

the first step is to evaluate the coefficients Cm n of the

»

*Eight and nine point runs have been selected because
of their pertinence to experiments conducted in 10 ml, volu-
metric flasks and involving the withdrawal of 1 ml. allquots
at a selected time interval.
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tabulated orthogonal polynomials selected for the represen-
tation of the experiment. Cm,n are the coefficlents of the
tabulated orthogonal polynomials listed by Milne (7) and are
the constants determined in line C of the example given by
the same authors (10). The polynomials with which we will be

concerned are those given below:

3
5833(s)(s-1)(s-2)(s-3).
Py »(s) =7 - 30(s) + 35(s)(s-1)-18.6666(s)(s-1)(s-2)
+ 5.25(s)(s-1)(s-2)(s-3)-0.7(s)(s-1)(s-2)(s-3) (5-4).

These polynomials, which are the polynomials whose values are

+
o

PO,7(S) =1
Py o(s) =7 - 2(s)
Py 7(8) =7 - 16(s) + 1(s)(s-1)

P3’7(s) =7 - 12(s) + 6(s)(s-1)-0. (666( Y(s-1)(s-2).
P4’7(s) =7 - 20(s) + 15(s)(s-1)-4.6666(s)(s-1)(s-2)
(

)

given by Milne (9) for n = 7, were obtained from the general
polynomials given by Milne (11) except that éaéh polynomial
above PO’7(S) has been multiplied by the number at the top
of its column in the table (9) for n = 7, i.e., 1n each in-

stance by 7 except fecr the one noted above.

b. Test For Sighificance Of Each Coefflcient C

m,n

The question of what order polynomial should be used
is determined on the basis of the "t" test for significance
(8) by considering the significance of each coefficient

Cm n &8 it is evaluated in step a. above. Since, in the
E .
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case at hand t( ) is the ratlo of Cm 7 to its standard

n-m

deviatlion we shall regard a coefficient Cm 7 as significant
]

if t(

n-m) is larger than a prescribed value. As 1in the

example considered in Bennett and Franklin (12), t(n—m) is

computed on the basis of equations 1 and 2 where Sm is defined

as in Milne (9),
) = 80720, o/ Cyom | (1)

5 1/2
sk<ck,n)2/<n-m} (2)

n-m)

2

n
. =?}:O<yi)3 - ()T -
i=

M

1

(yy’m is the standard deviation of the experimental data cal-
culated on the basis of an orthogonal polynomial representa-
tion of degree m,¥y is the value of the dependent variable
and ¥ 1s the arithmetic average of the values of y;. It will
be noted that the quantity (n-m) is equal to the number of
degrees of freedom and also is equal to the nuﬁber of points
in the run, i.e., (n + 1), minus the number of coefficlents
to be determined for the polynomial, i.e., (m+ 1). In prac-
tice values of t(n-m) computed on the basis of'equations 1
and 2 are compared with values of t(n—m),d- which are given
in a table of the percentage points of the Student "t" dis-
tribution (13). In our studies ¢\ has been taken as either
0,05 or 0.10. If t(n—m) is greater than t(n—m),0.0B the risk

in accepting C as actually belng different from zero is

m,n
less than 5%.
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A speclal case arises where sufficient information is
available, e.g., through repeated observatlion of the charac-
teristics of a given system, to recognize that the true
value of Cm,n is either positive or negative. In this in-
stance instead of testing whether the coefficient i1s signi-
ficantly different from zero one immediately rejects con-
stants which have the wrong sign and then tests the remaining
coefficients to determine whether they are significantly
greater than Zero (14). In this case t(n-m) is compared with

t(n—m) 24 if the risk in accepting C as being different
2

m,n
from zero is o be legs than d .

c. Transformation Of The Orthogonal Polynomial

Representation Into A Seriles Representation

In order to facilitate sutsequent differentiation it is
convenlent to transform the orthogonal polynomial represen-
tation into a series representation of the form given by

equation 3. It is evident from equation 3 that Cﬁ is

y = CL + C{(s) + Co(s){s-1) + ... | (3)
Cé - 00,7 + 7 Cl,? + 7 02,7 + e
¢t = =2 C + 6 C + 12 C

1,7 2,7 3,7 7200y 7 +30C

Ch =Co7 #5030 +15Cy o +35C5 5

5,7

Cy = -0.6666 C; - + 4.6666 Cy . + 18.6666 G5
Cj = 0.5833 C) - +5.25 Cy o
Cé = -0.7 05’7



-8-

obtained by summing the contribution of the m)Dh power terms
in each polynomial to the final answer. Thus, the coceffi-
cient of (s)(s-1) is determined by first noting that 1t
occurs in P2,7, P3’7, PM,T and P5’7. The contribution from

P is 1 , th i buti - T )
2,7 is Cg’7 ~the contripbution from P3,7 is 6 03,7 ete

d. Differentiation Of Series Representation And

Evaluation Of The Initial Velocity

Differentiation of equation 3 leads to equation 4. It

is seen from

dgyds = Cy + Cé(2s-l) + Cé(352-6s+2) + Cﬁ

b

(4s3 - 188° + 205 - 6) + cL(5s _40s3-1055°-1008+24) (4)

equation 4 that the quantity (d?/ds)szc 1is given by equation 5

(a§/as)gg = 1 Cf - 10y +2CL - 60y + 24 ct  (5)

1
3 5

and that substituting for values of C& will lead to equation 6.

—(d§/as)s=o_= (2C + 6 + 12C

1,7 ¥ 52,7 3,7
+ (c2 7 + 503 7 + 15C), 7 + 3505 7) + 2(0.6666 03 7
+ U,6666 04,7 + 18.6666 c5,7) - 6(0.5833 04,7

+ 5,25 05,7) + 24 (0.7 05,7) (6)

+ 200y o + 3005,7)

We can now evaluate (d§7ds)s=o for any order polynomial up
to an including the fifth order by collecting terms in equa-

tion 6 to give equation 7. If for example a %third order



~(dy/ds)g_o =2 Cp o + 7 Cp o +18.333 C5 4
+ 47.833 04,7 + 150,633 05’7 (7)

polynomial is selected on the basis of considerations out-
lined 1n step b. above only the first three terms of equa-
tion 7 are calculated. The 1initial velocity, i.e., Vo is

then evaluated from the relationship given in equation 8

vy = -(dy/ds) _o/b &% (8)

where AT is the time interval at which the observations
were made and b is a factor which is used to convert values

of v to values of concentration.

e. Determination Of The Variability Of The Value Of v

—n—— S —————— o———in. oty ettt

It has been shown (10) that the quantity C, is glven by

equation 9 from which we may derive equation 10. Since Ve
n ’ |

c.=( 2 B _(s)f (s))/s, (9)
S=

Gy =G /(5,2 (10)

is calculated from a linear combination of values of Cm we

may evaluate<?v , for n = 7, on the basis of equation 11
o
1/2
2
G, = (1/o8%)(2°%6%,

2 2 2 2
+ 7 +...+ 150,633°¢ }
o 1,7 G\C2, ¢

7 5,7
(11)
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which may be transformed into equations 12 and 13. The

S, = (@, /o8%)(2°/168 + 72/168+- .+ + 150.633°/2184)1/
O

(12)

Sy, Gy Ly, /b &% (13)

parameter Lm in equation'13, which is the quantity given

n

2

by the square root term of equation 12, is computed but once

and values of L and L for values of m up to and includ-
m,7 m, 8

ing m = 5 are given 1n Table I. I%t willl be seen from the

above discussion that if T for v, given by a third order

set of orthogonal polynomials is to be computed, the square

root of the first three terms under the square root sign of

equation 12, i.e., the value of L3 7 given in Table I, is
2
multiplied by the quantity (s“y/b AT,

f. Application Of The Evaluation Procedure

In practice it has been found desirable to present the
entire evaluation procedure in block form in order to facili-
tate computation. The form used 1n these laboratories is
illustrated by the following example.

The & -chymotrypsin catalyzed hydrolysis of L-tryptophan-
hydroxamlde was studled in aqueous solutions at 250 and pH 6.93
and 0.3 M in the THAM component of a THAM-HC1l buffer under

conditions where [E] = 0.914 mg. protein-nitrogen per ml. of
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an Armour preparation No. 00592 and [S8], = 21.79 x 1073 M.
One ml. aliguots were withdrawn from the reactibn mixture
at four minute intervals and the L-tryptophanhydroxamide
“bresent in these samples was determined spectrophotometri-
caily essentlally by the same procedure that was used by
Foster, Jennings and Niemann (15) for the determination of
Q?tyrosinhydroxamide. The primary experimental data so ob-
tained, 1l.e., optical density, i.e., ODi, as a function of
time, i.e., VW 1in minutes, are given in Table II,

Table IT 1s so organized that the part of the table
above the first dashed line is devoted to the evaluation of
The coefficients Cm,n of the orthogonal polynomials tabulated
for n =7and m = 0 to 5, c¢f., secticn a. above. The values
of PO(S), Pl(s), etc., are those given by Milne (9).. The
values of S in line (A) are the accumulative squares of the
coefficients Po(s), Pl(s), etc. The values of C, in line (B)
are the results of the accumulative multiplication of the
values of ODi by the corresponding coefficients, i.e., the
values of PO(S), Pl(s), etc. The values of Cé in line (C)
are the quotients cm/Sm, i.e., the quotients of each value
in line (B) divided by the corresponding value in line (A),
and are the desired coefficients Cm,? of the orthogonal
polynomials.

The second part of Table II, i.e., the part between
the first and second dashed lines, is devoted to computations

required for the "t" test, cf., section b. above. The values
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of (Cm)2 in line (D) are computed from the values of c, in
line (C) above. In line (E) the quantity 32; (ODi)2 -

%Ef S (Ck)2 is evaluated by filrst computiggothe accumulative
gzgares of ODi, entering this value in the ODi column of

line (E) and then successively subtracting from this quantity
the accumulative products represented by :g: " (Ck)2 and com-
puted from the values of Sm given in linekfg) and the values
of (Cm)2 in line (D). The values of (n - m), in this instance

7 - m), are entered in line (F) and in line (G) the quantity

(
2 7 > &I
(G ~n)° is evaluated as the quotient ( 2= (OD,)" - S- 8
o i=o T k=0 &
(c )2) (n - m) of the values of the numerator given in line
k
(E) and the corresponding values of the denominator given in

line (F). From the values of (S 2 in 1ine (@) the corre-

OD)
sponding values of<$bD are obtained and entered in line (H).
The value of<TOD in any particular column is the estimate

of the & of the observed values of OD based upon the residuals
between the approximating polynomial and the pfimary data.

Values of (Sm)l/é, in this instance of ( l/?, which may

Sm,T)
be obtained from Table III are entered in line (I) and in

line (J) the quantity t(n is evaluated from the relation

-m)
(Sm)l/gcm/G“OD by dividing the product of the values given in
lines (C) and (I) of any particular column by the corresponding
value given in line (H). The individual values of t(n - m)
in line (J) are now compared with the corresponding values
of t(n—m)Jq- which are given by Bennett and Franklin (13)

for a value of ¢h= 0.05, 1.e., for an assumed risk of 5%,
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and which are entered in line (K). It will be seen from the

values of t( -m) and t(n.nQ o 2iven in Table II that the
- 3

n-m

values of t(n—m

) in columns Pg(s) and P3(s) are greater than

the corresponding values of © and that the value of
(n-m) ,a

n-m) in column Pu(s) is less than the corresponding value

of t(n~m),Q . Therefore, for the example at hand we shall

represent the experimental data by the polynomials Po(s),

Pl(s), P,(s) and reject those of higher order.

The third part of Table II, i.e., between the second and
third dashed lines, relates to the transformation of the
orthogonal polynomial representation into a series represen-
tation and the subsequent evaluation of the initial veloccity,
cf., sections c. and d. above. In line (L) of Table II are

the values of m and in line (M) the coefficlents for v_ given

o)
by equation 7 and tabulated for values of n =7 and n = 8 in
Table IV. The quantity (ﬁdg/ds)8=o is then computed from
the relation (—d?/ds)szo = ggé Ci (coeff. Vo)m;n’ in this
case by the accumulative mulgiplication of the values given
in lines (C) and (M) and the value of (-dy/ds)__, so obtained
1s entered in line (N). It should be noted that in the case
at hand the value given in line (N) is in units of 0D and
(min./ﬂ)—l. To convert this latter value into one based upon
more general units, 1l.e., M/min., the value given in line

(N) is divided by the factor bAT , where b = ¢8.4 OD units/M

to give the value of v. in line (0) which 1s in units of

M/min. x 107", It will be seen that for the experiment being

o



=14

. -4 .
considered v = 14.20 x 107" M/min.
The fourth part of Table II, 1l.e., below the third dashed
line, is devoted to an estimate of the variabllity of the
value of vy obtained immediately above. The values of Lm n
in line (P) are those given in Table I. The quantity
| (-d§738)8=0 is evaluated as the product of the values glven
in line (H) and (P) of column P3(s) and is entered in line
(). The quantity @ , 18 then evaluated as the quotient of

0 A
the value given in line (Q) divided by the factor bAav | The

i
value of @ entered in line (R) is seen to be + 1.04 x 10 g

M/min. whicg leads to a final value of v_ = 14.2 + 1.0 x 107"
M/min.

The primary experimental data employed in the example
given immediately above are presented in Fig. 1.as 1is the
curve which is a graphical representation of the polynomial
selected to represent the experimental data in the above
ev’alua,tion operation. A line of slope v = 0.5558 oD/ (min. /4)
is also presented in Fig. 1 in order to demonstrate the dif-
ficulty of producing this latter line by visuél inspection.

For an experiment involving nine oobservations, 1.e.,
for the case where n = 8, a form similar to that described
by Table II may be prepared. However, it should be noted
that for the case of n = 8 all of the constant coefficients
will have values different than those given in Table II. For
the nine point experiment the necessary values of Po(s), Pl(s),

etc., are given in reference (9) and the values of L n?
. 3
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. \1/2
(bm) and (coeff. Vo)m,n

values of m and of (n - m) will be obvious and the values

in Tables I, III and IV. The

of t( may be obtained from reference (13). The choice

n-m) ,%
of the significance level, 1.e., the value of o , 1s deter-
mined largely by eXxperience. |

During the past year the polynomial approximation pro-
cedure described in this communication has been used to
evaluate the initial velocities of several hundred enzyme
catalyzed reactions. It has been found to be particularly
useful in those cases where sufficient experimental data were
not available to evaluate the enzyme-reaction product disso-
ciation constants, where systems were being studied under con-
ditions which appeared to preclude the usual steady state
approximations and where the nature of the study, e.g., the
preliminary evaluation of the inhibition constants'of compe -
titive inhibitors or initial studies of the effect of extrin-
sic parameters upon certaln enzyme catalyzed réactions, did
not justify the development of a complete rate equation for
the basic reaction system. With respect:to future applica-
tions of the polynomial approximation procedure it should be
noted that this procedure affords a basis for accepting or
rejecting a particular reaction mechanism provided that the
primary data are free of systematic errors. If a particu-
lar reaction mechanism is assumed and values of the iniltlal
velocities are calculated on the basis of the corresponding

rate equation then if the postulated rate equation is a valld
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ohe, one should observe lower Values fkn’Gy.and Gvb than are
observed when the same experimental data are evaluated by
the polynomial approximation procedure. If this is not
found to be the case then the postulated reaction mechanism
can be rejected.
'Finally with regard to the labor involved in performing

'the computations required by the polynomial approximation
procedure it.has been our experience that the evaluation of
a limited amount of experimental data with the ald of the
block form described above and a desk calculator is no more
time consuming than many graphlcal procedures (1-6). Further-
more, with larger quantities of experimental data the caleu~
lations required by the polynomial approximation procedure
can be performed with the aid of a digital computor, such as

the IBM 604, with a concomitant decrease in computational

time and an lncrease in computational accuracy.



The Evaluation of the Kinetic Constants of En-
zyme-catalyzed Reactions by Procedures Based
upon Integrated Rate Equations. II'

By Kr1TH A, BooMAN AND CARL NIEMANN?
ReceEIvep Jux~e 3, 1955

Enzyme-catalyzed reactions that can be repre-
sented by equations 1, 2 and 3 are of sufficient
k]_ E
E¢ + S —k<_>ES—’+Eg+ P+ Py-oo (1)
2
ky
E( + Py == EP, ()
ks
ks
E; + Py 2 EP» (3)
ks
general interest as to encourage the continued de-
velopment of more reliable and convenient meth-
ods for the evaluation of the kinetic constants of
such reactions.
For zone A conditions®~® a reaction represented
by equations 1, 2 and 3 can be formulated in terms
of equation 4 where &’ = k:Kp/(Kp — Ks),

— d[S]/dt = &'[E][S]/(Ks' + [8]) (4)
K¢ = KS(KP“‘F [Slo)/(Kp — Ks, Ks = (ks + ks)/

ki, Kp = 1/2 1/Kpj, Kp; = ks/ksand Kp, = kir/ks.

=1
Definite integration of equation 4 to time ¢ followed
by rearrangement gives equation 5. It is seen from
equation 5 that a

([s1a) [ asto = 110 =
((2Ks' + [S1)/28'[E]) + (ISl/2k:'[E]) (5)

{1) Supported in part by a grant from Eli Lilly and Co.

(2) To whom inquiries regarding this article should be sent.

(8) O. H. Straus and A, Goldstein, J. Gen. Physiol., 26, 559 (1943).
(4) A. Goldstein, {bid., 87, 520 (1944).

(6) R.J. Foster and C. Nlemansz, THis JourNAL, T7, 1886 (1855).
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plot of ( [[s]dr) / (1Sl — [S]) vs. [S] will lead to
a series of lines of slope 1/2k;'[E] and ordinate inter-
cept (2Ks’ 4 [Sly)/2ks’[E] for various values of
[S]n, (f., Fig. 1.
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Fig. 1.—a-Chymotrypsin-catalyzed hydrolysis of -
tryptophanhydroxamide in aqueous solutions at 25° and
PH 6.92 and 0.3 3/ in the THAM component of the THAM-
HCl buffer; [E] = 0.0932 mg. protein nitrogen/ml.; [S]y =
21.8 X 1078 Af; At = 5 min; f'IS] d¢/([Sle — [S]y) in
minutes; S|, in A X 103, i.e., moles per liter X 103.

For each of the lines of slope 1/2k;’[E] and ordi-
nate intercept (2Ks’ + [Sk)/2ks'[E] there is a
point corresponding to ¢t = 0, 4.e., when [S} =
[Sls. These points may be located as before®—2 by
the determination of the limits of the two parame-

ters (ﬁ)‘[sm;)/qsh — [S]) and [S) as ¢ — O.

Since the limit of ( [/[S]ar) / ([S]o — [S]0) as t—0

is [Sle/ (— d[S]/df) = [S]o/veand thatof [S]iast—0
is [Sleit is evident that the points at which the lines of
slope /33" [E] possess abscissa values of [S] = [S]
will be the points where ¢t = 0. Furthermore, the
initial velocities, 7.e., the values of 2, will be given
in terms of [S]o/oy by their ordinate parameter

(j;[[S]dz‘) /([S]u — [S]y) for the condition that

=0
As the codrdinates of the points corresponding to

(6) R. J. Foster and C. Niemann, Proc. Natl. Acad. Sci., 88, 999
(1953).

(7) T. H. Applewhite and C. Niemann, THis Journ~aL, 77, 4023
(1955). *

(8) R. R. Jennings and C. Niemann, ibid., T7, 5432 (1955).
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{ = 0 are, respectively, [S]o/z and [S]: it follows®
that a line drawn through these points will describe
the behavior of the reaction system when ¢ = 0.
This line will have a slope of 1/k;[E], an ordinate
intercept of Kg/k3[E] and an abscissa intercept of
—Ks. With Ks and k3 so determined Kp may be
evaluated from the slope and ordinate intercepts
of the parallel lines of slope 1/2k;’[E] and ordinate
intercept (2Ks’ -+ [S]o)/2ks’[E] and the relation
§P)= ky'Ks/ (k' — ki) = Ks(Ks' + [Sl)/(Ks" —

s).

The definite integral in equation 5 can be evalu-
ated in several ways., However, it has been found
that approximate integration through the use of
Simpson’s Rule is generally satisfactory when it is
used in the form given in equation 6 where m is one-

fozm[SJdt = (1/3)([S]o + 4[S): + 2[8T: + 4[S]s + 2[8] +
o4 4Slomos + [Slow) — mISIOHS/00 (6)

half the number of intervals over which the integral
is being evaluated, % is the time interval between
successive observations and [S]® is a value of the
fourth derivative of [S] with respect to ¢ at some
point between {Slyand [S]..* In practice the defi-

nite integral fo ‘[S]dt is first evaluated without re-

gard to the contribution of the remainder term of
equation 6. From this approximate value of

j; t [S]dt for a particular value of [S]o values of &;’ and

Kg' are obtained from a (f;[S]/dt) /([S]o — [Sh)

vs. [S]e plot. With these values of k3’ and Ky’ and
the corresponding values of [S] and [E] the quan-
tity m{S]o‘?A5/90 is evaluated to give a maximum
estimate of the difference between the actual area
under the experimental curve and the area given by
equation 6 without regard to the remainder term.
If this difference is within the limits of experimental
error, as is frequently the case, the above values of
k3’ and K’ may be taken as the final values. How-
ever, if the above difference is observed to be
greater than that ascribable to experimental error
the definite integral is again evaluated with the in-
clusion of the remainder term obtained as above.
Under the conditions which usually obtain in
studies of the a-chymotrypsin-catalyzed hydrolysis
of L-tryptophanhydroxamide and acetyl-L-tyrosin-
hydrazide it has been observed!® that when Af is of
the order of two to five minutes the remainder term
of equation 6 is generally less than 0.5% of the
total and therefore is well within the limits of ex-
perimental error. Finally, it should be noted that
if the use of Simpson’s Rule is contemplated for the

approximate integration of the integral fo i [S]d: the

experimental observations should be made at a
constant and closely spaced time interval.

The data which are presented in Fig. 1 relate to
the a-chymotrypsin-catalyzed hydrolysis of 1.-
tryptophanhydroxamide in aqueous solutions at
25° and pH 6.92 and 0.3 M in the THAM! com-
ponent of a THAM-HCI buffer for the condition

(8) W. E. Milne, “Numerical Calculus,” Princeton University Press,
Princeton, N. J., 1949, p. 121.

(10) Unpublished observations of K. A. Booman and W. Lands.
(11) Tris-(hydroxymethyl)-aminomethane.
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that [E] = 0.0932 mg. protein-nitrogen/ml., [S] =
21.8 X 10—% M and At = 5.0 minutes with the re-
action as represented by equations 1 to 3 inclusive
being allowed to proceed to an extent of approxi-
mately 707. These data when evaluated via a

(f;[S]dt) ([Sle — [S)) vs. [S] plot, in which

fo t[S]dt was approximated through the use of equa-

tion 6 without regard for the remainder term of this
equation, gave a value of k' = 7.86 X 10~ M/min./
mg. protein nitrogen/ml., a value of Kg' = 4.69 X
10—% M and a value of »o = 2.32 X 10—* M/min.
From the above values of ks’ and K’ and the other
known parameters of the system the quantity
m[S]®r/90 was evaluated and found to be but
6.86 X 10799, of the total area thus providing com-
plete justification for ignoring the remainder term

of equation 6 in the evaluation of j;t [S]d¢in this par-
ticular instance.
t
It will be recognized that the plot of ( j:) [S]dt) /

([S)e — [S]s) vs. [S]t described in this communica-
tion has many points in common with the plot of
t/(In([S1e/[S])) ws. ([Sh — [Slo/n([SL/{S])
described in an earlier communication from these
laboratories® and that both of these plots are re-
lated to the [S]o/vo vs. [S]o plot of Lineweaver and
Burk.!? However it should be noted that the lat-
ter plot requires the separate evaluation of the ini-
tial velocities and even if this operation is per-
formed in an objective manner!® this plot can be
used only for the evaluation of data obtained in the
initial stages of a reaction represented by equations
1 to 3 inclusive provided that Kp is substantially
greater than Kg. As this latter information is not
disclosed by a [S]e/ve vs. [S]y plot, or by either of
its two variants,® it is clear that the use of these
three plots is accompanied by some uncertainty in
the absence of knowledge of the relative magni-
tudes of Kp and Ks particularly since it has been
observed!* that with certain but not all specific
substrates of a-chymotrypsin Kp may be substan-
tially less than Kg when Kp is evaluated from ex-
periments conducted in the absence of added hy-
drolysis products.

In principle a ( [ [Sldr) / (ST — [S]) vs. [S)
plot should be equivalent to a ¢/ (In([S}y/[S])) vs.
([Sle — [Slo/(n([S]y/[S])) plot? a t/([Sle —
[SIe) vs. (In([Slo/[S)))/([Sle — [S]o) plot® or a
([Sle — [S10)/t vs. (In([S)o/[Sk))/¢t plot.57 There-
fore, it is of interest to compare the values of &/,
K¢’ and vy obtained from a (fot [S]dt)/([S]o — ISl

vs. [S]e plot with the comparable values obtained
from a ([Sly — [Sl/¢t vs. (In([S]e/{Sl))/t plots’
using in each instance the same experimental data.
It was noted above that the experimental data rep-

resented in Fig. 1 gave, on the basisof a ( fo ‘ [S]dt) /
([Sle — [S]e) vs. [S) plot, a value of k3’ = 7.86 X
10—% M /min./mg. protein nitrogen/ml., a value of
Ks' = 46.9 X 10—% M and a value of »p = 2.32 X

(12) H. Lineweaver and D. Burk, Tuis JoUrNAL, 86, 658 (1934).
(13) R. R. Jennings and C. Niemann, ¢bid., T8, 4687 (1953).
(14) Unpublished observations of W. Lands and R. Lutwack.

NortEs 5735

10~ M/min. When the same experimental data
were evaluated through the use of a ([S]lo — [S])/¢
vs. (In([S]o/[S}))/t plot®” it was found that k' =
8.09 X 10~* M/min./mg. protein nitrogen/ml.,
Ks' = 48.8 X 10— M and vp = 2.33 X 10—* M/min.

In practice it has been observed that for reactions
which may be represented by equations 1 to 3 in-
clusive the plot based upon equation 5 is better
suited for treating data that have been obtained
during the initial stages of a given reaction, z.e.,
for a lesser extent of reaction, than are the three
alternative plots which are derived by indefinite
integration and rearrangement of the common dif-
ferential rate equation. In addition there is less
numerical work involved in evaluating experimental
data with the first plot than with the other three.
However, as has been noted previously® this latter
factor of convenience may be outweighed by other
considerations.

As all of the plots considered above are useful
only when the reaction in question has been al-
lowed to proceed to an extent compatible with the
evaluation of Kp, which will be determined not
only by the magnitude of Kp but also by the relative
magnitudes of Kp and Ks we are now engaged in
exploring the possible use of methods involving
numerical differentiation since such methods would
be useful and desirable in those cases where reac-
tions proceed only at very low velocities and where
extended times of observation are not desirable.
CoNTRIBUTION No. 1998 FROM THE
GaATES AND CRELLIN LABORATORIES OF CHEMISTRY

CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA 4, CALIFORNIA

The (-Butylbenzenes. II. A High Melting Hy-
drocarbon from Friedel-Crafts Alkylation of 1,3,5-
tri-z-butylbenzene with ;~-Butyl Chloride!

By L. Ross C. BARcLAY AND E1LeEN E. BeTTs?
RECEIVED APRIL 25, 1955

In part 12 we reported a compound, CpHjs, m.p.
218.5-219°, obtained by Friedel-Crafts alkylation
of 1,4-di-t-butylbenzene with ¢-butyl chloride below
0°. The empirical formula CypHgs, the ultraviolet
absorption spectrum, and the high melting point
indicated the presence of at least one alicyclic ring
in this aromatic hydrocarbon. In this communica-
tion experimental evidence is presented which elu-
cidates the structure of this compound.

Bartlett and co-workers* alkylated 1,4-di-t-butyl-
benzene with f-butyl chloride to form 1,3-di-t-butyl-
benzene, 1,3,5-tri-{-butylbenzene and a compound,
m.p. 209-210°, which is probably the same as our
high melting hydrocarbon.

1,1,4,4,5,5,8,8-Octamethyl-1,2,3,4,5,6,7,8-octahy-
droanthracene.—The high melting hydrocarbon
was dehydrogenated with palladium at about 400°
in a sealed tube and the ultraviolet spectrum of the
product clearly showed the presence of anthracene
or an anthracene derivative. Among the possible

(1) Taken in part from the M.Sc. thesis of Eileen E. Betts.
(2) Recipient of a National Research Council of Canada Bursary.
(3) L. R. C. Barclay and E. E. Betts, Can. J. Chem., 88, 672 (1955).

(4) P. D. Bartlett, M, Roha and R. M., Stiles, TraIs JOURNAL, 76
2349 (1954).
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THE EVALUATION OF THE KINETIC CONSTANTS OF
~ ENZYME-CATALYZED REACTIONS WHEN THE STEADY
STATE APPROXIMATION IS INVALID

If the mechanism of an enzyme catalyzed reactioﬁ, or of
any oﬁher reacﬁibn, can be considered to be given by egua-
.tibn 1 where_Ef represents free enzyme, Sf is frée;SubStrate,
ES is the enzyme-substrate complex, and_P is the product or

k k

Ep +8 =— ES —> P+ E, (1)
: X,

products of the reaction, then at least two cases arise when
an_atﬁempﬁ“is made to evaluate the kinetic constants kl, kg,
and k. One case is that in which the rate concentraﬁion of
 the intermedlate ES can be considered to be constant through-

out the reaction. This situation 1s described by équation 2.
d[ES]/dt = O (2

The derivation of equation 3, which indicates how the rate
of change of product concentration is related to the total
enzyme concentration and the total substrate concentratlon,

from equaticons 1 and 2 wlll be given below. Equétion 4 de-

alPl/at = ky[E)[S1/(Kg + [S] ) (3)

'K'S = (k5 + k3)/ky (4)
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fines K. In this case k, and k, cannot be evaluated. A
second case arises. if the concentration of the intermediate
ES varies appreciably during the course of the reaction. In
this case kl, k2, and ks.can be evaluated. The deriyation
of equation 3 will ve preceded by an outline of the approach
used by Laidler (16) to determine the conditiéns for which
equation 3 is valid. Finally, the second case will be con-
sidered. Simple numerilcal methods will be applied to the
problem of evaluating k,, k,, and k3 when concentration-time
data is avallable and the steady state approximation, i.e.
equation 2, is invalid.

Equation 5 represents'the rate of change of the concen-

tration of the enzyme-substrate complex with time if the above
mechanism is a true indication of the course of the réaction.
Equatiors 6 and 7 relate the total concentration of enzyme

and substrate, i.e. [E] and [S]O to [S]f, [ES], and [E]f,
(5], = [8]; + [BS] + [P] (6)
[E] = [E], + [ES] (1)

and [P]. The next step is to eliminate [S]f and [E]f from
equation 5 by using equations 6 and 7. The result is equa-

tion 8. Laidler observes that for short reaction times
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(alESl/at) =k ( [E] - [ES) ) ( [s], - [P] - [E])
- (ky + k3)[ES] (8)

[S]O - [P] can be replaced by an "average" substrate value
[8], which is considered to be a constant. If thils approxi-
mation is made, equation 5 integrates to equation 9. The

'symbols are defined in equations 10, 11, 12, and 13.

1

roj

t = Q 1n{(b[ES] + 2¢ + [ES]QE)/(b[Es}.+ 2c
1
2

- ya)) | (9)
Q = b2 - lhac (10)
a = ky (11)
b = —(kl[E] + kpy + kg + k,[5] ' (12)
o = k[E][S] | - (13)

At the time when [ES] reaches a maximum value, the
right hand member of equation 9 can be set equal to zero.

The resulting equation can be solved for [ES]ma to give

X
equation 14. Equations 9 and 14 can be combined to show that

. _
— - 02
[Es]max = (-b -Q2%)/2a | (14)
the time, T , that is required for [ES] to reach [Es]max’ is
given by the lnequality 15.
1
T (5.3Q72 (15)
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Equation 1 indicates that an upper limit to the amount
of product formed during the induction period would be given

by equation 16. Finally, inegualities 15 and 16 can be
- oy
[Pl < kB[ES]maxt (16)

combined to give, after rearrangement and substitutions,

inequality 17. This inequality applies to the time when
1
([P1/181,) < (5.3k5/2k, [8],) ((1-bac/b®)72-1)  (17)

[ES] = 0‘99[Es]max'
The ratio [P]/[S]O will be small if inequality 18 is

ke [8], 5 kg (18)
obeyed or if inequality 1G holds. Inequality 1¢ 1s equiva-
- _
hacd{ b (1¢)
lent to inequality 20. Inequality 20 will be ﬁrue if any
2 - 2 2 =12
21T [B1[E1KL (ky + k3)“([E]° + [B17)
+ 2(ky + kg)k  ([E] + [S1) (20)
one or more of the inequalities 21, 22, 23, 24 is true.
(514 [E] (21)

[E] >» [8], (22)
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(ky + kg)>5 ky [E] (23)
(ky + k) 2> kg [8], (24)

The inequalities 18, 21, 22, 23, 24 give the conditions
for a short transient phase. The steady state approkimation
will be a good one if any of these five inequalities 1s true.

When the steady state approximation appliles, the right
hand member of equation 4 is set equal to zero to .give upon

rearrangement equation 25, If KS is defined by equation 4
((ky + kg)/kq)=([E1-[ES])([S],-[P] - [ES])/[ES] (25)

Ky = (kp + kg)/iy | (L)

5

and [ES] is negligible compared to [S]_ - [P], equations 25

o)
and 26 give rise to equation 27. This rate equation will

d[P]/at

kB[ES] | (26)

alpl/at = ka[E1([8],-1P1)/ (K ([8],-[P1)) (27)

describe the rate of formation of product as a function of
enzyme concentration and substrate concentration if the re-
action mechanism 1s that given by equation 1, if [ES] is
negligitle compared to [8], and if the steady state assump-
tion is valid. The requirement that [ES] be small compared
to [8] will pe satisfied if any one of the inequalities

21, 23, 24 hold. An estimate of [ES] can be obtained by

solving equation 25 for [ES] by the method of successive
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approximations,

Many methods have been developed for evaluating k3
and KS when data pertaining to the steady state reaction
are at hand (1-6). An approach will now be presented %o
the evaluation of kl, kg, and k3 which can be applied to
concentration-time data from a reaction which has a nojice-
able induction perilod.

The first step is to obtailn a differential equation
which contains only measurable guantities, i.e. [E], [S]O,
[P], or the time derivatives of these quantities, and the
constants kl, kg, and k3. Equation 26 is used to eliminate

[ES] from equation 5. The result is equation 28.
(1/k,) a®IP1/at® = ik [B](8] - ky[E] [P]
- (kq/kg)[B] (alPl/as) - (x,/kg)s] (alR]/at)
+ (kl/kB)[P](d[P]/dt)-+ (11 /%57) (d[p]/df)g
- ((ey + k3)/k3) (alP1/at) (28)

In the next step equation 28 1s divided through by
kl[E] and the operation of integrating each fterm With re-
spect to t from t equals zero to t 1s performed or indicated.
Equation 29 1s the result.

< t
(1/k ka[E])[alP]/at]y - [8]6+ /; [Plat + (3/k3)[P]
¥ (18]/k5[E])[P] - (kl/kgugt (alpl/ac) as

- (1/g[EDPIZ + ((ky + k3)/lyka(E])[PI=0 (25)
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Collecting terms gives equation 30. Eqguation 30 can be put
t t
(1/%,k,[E])[a[P]/at] - [8]_.t + [ [Pldt
3 o) © 0
+ (([E] + &y [8], + ky + k3)/k ko [E])(P]

- 2 > v 2
- (L/k5[E])[P]° - (1/k3[EJ)£ (d[Pl/dt)“at = ©

(30)

into a more concise form if we use the definitlions shown in

equations 31, 32, 33, and 34.

d[P1/ds = v (31)

a = 1/l k5 [E] (32)
b= (kg [E] + ky[8] + Iy + kg)/kyky[E] (33)
¢ = 1/ky[E] (34)
4 = 1/k,?(5] (35)

Equation 30 now becomes equation 36
t
a(v - v,) - [8]l, t+ [Plat (36)

0

i
+ b [P] - c[P]2 - %[ vgdt =0
(o]

It is seen that the kinetic constants are then given by

equations 37, 38 and 39.

ky = c/a (37)
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kg = c/d (38)

k, = (bc“[E] /ad) - (c/a) ([E]l, - [S]Q) (32)

Assuming that values of [P] have been observed at equally

and closely spaced time intervals throughout the course of
the reaction, there are several ways in which the veloccitiles
and integrals in equation 36 can be determined so that the
only unknowné are a, b, ¢ and d. The first method would be
to use any one of a number of integrating and differentiating
instruments. Another method would be to use Simpson's Rule
and differentiation formulae. A third method would be to
calculate the orthogonal polynomial representation of the
data and then to integrate or differentiate the resulting
polynomial. We shall discuss the second and third methods.*

) The second method would start with the evaluation of

f’b [P] dt by Simpsons rule (5). The value of v = d[P]/dt

'Say be calculated through the use of differentiation formulae,
A number of these formulae are given by Milne (18) for cases
in which the number of points used tc evaluate the derivative
at a particular point varies from three to seven. It is sug-
pested that the seven polnt formulae be used. The formulae

which should be used whenever possible is the formula for

*
The possible role of numerical calculus in solving com-
plicated kinetics problems has been suggested by Stabo (17).
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the derivative at the fourth point since the error term in
this case 1s at the minimum. The derivatives of the first

three points would be calculated with the ald of the formulae

1 1 !
for Yo ¢ Vo and Tp o« The derivatives at the last three

! ] 1
points would be calculated with the aid cof y, , Y5 Tg -

The formula for y. should be used at the rest of the points.
<

t .
Simpson's Rule can be used again to evaluatej’ -vadt.

o]

Method 3 would invelve fitting the orthogonal volyno-
mials of Milne (11) to the [P], t data using only those

polynomials whose coefficients were found to be significant

(8) by the t test. Using the nomenclature of Booman and

Niemann (19)
© m

m
v = (> CcpP(s))/oatand| [P]at=(1/048) Y
k=1 e} k=0
£
Cka Pk(s)ds.
0
£

The quantities vadt would be obtained by finding the

o)
. . 2 .
orthogonal volynomial representation of v~ as a function

v
of t and then integrating as in the case of }( [Plat.
v t o
next step, after V,J’ vgdt, j[ [Pldt have been
o o

obtained for each point in the data, 1s to determine a, b, ¢ ,

i

The

and d of equation 36 using the principle of least squares.

k k and k2 are then calculated from the relationships

s’ 71?

given in equations 32, 33, 34, and 35.
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For the approach of this paper to succeed it will de
necessary to average the values of [P] at % from n identical
runs, where n might be in the neilghborhood of five depend-
ing on the standard deviation of [P]. The reason for this
is twofold. First, the method of least squares will not
give the méximum likelihood estimates of a, b, c, and d
when applied to equation 36 if there is scatter in the data.
Obtaining maximum likelihood estimates of the constants when
scatter in the data is present is the usual purpose for
using least squares. The method falls down in this Instance
vecause equation 36 is of the form [P] = £(t,[P]) whereas
it should be of the form [P] = f£(t), assuming that t is the
errorless variable. Thus we must have values of [P] at t
which are errorless in . a practical sense. Then all that
can be said when the method of least squares 1s applied is
that a, b, ¢, and d have been so chosen that the sum of
the squares of the residuals of equations 36 afe at a mini-
mum. No statement, for instance can be made concerning the
standard deviations of a, b, ¢, and d.

The second reason for using the average value of [P] at
t from n runs applies to method 2 where Simpson's Rule was
used in conjunction with differentiation formulae. Since
Simpsont's Rule is of the form ffci[P]i it will be seen that
the standard deviation of the area becomes larger as more
values of [P]i are used to evaluate the area from 0 to t even

though the standard deviation of [P] 1s constant. Thus the



-30-

standard deviation of the calculated area will gradually
increase from the beginning to the end of the run. Another
type of consideration applies to the use of differentiation
formulae. It is well known that numerical differentiation
is not suitable when applied to data that contain scatter
(20). The reason for this is the fact that although the
Torm of the differentiation formulae is the éame'as that

of Simpson's Rule, the sign of the constant which is a pre-
multiplier for [P]i alternates from plus to minus to plus
to minus, etc. Since the derivatives depend on differences
between successive values of [P], the standard deviation

of the derivative as calculated by this method can becone
hopelessly large when compared to the actual value of the
derivative. Thus we see that the use of Simpson's Rule,
differentiation formulae, and the use of the principle of
least squares to calculate the constants a, b, ¢, and d all
make 1t desirable to have data at hand which héwaas low a
standard deviation as possible. This 1s accomplished by
using the average [P] values at t from n:différent runs.

It is granted that elther method 2 or method 3 will
involve a good deal of work. Method 2 will involve less
work but will also discard half of the points since Simpsonts
Rule gives values for the area at every other point. If it
is easy to observe many values of [P] during a run, method 2

wlll be preferred.
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Part Il

THE EFFECT OF ENZYME CONCENTRATION ON THE RATE
OF A REACTION CATALYZED BY
ATLPHA-CHYMOTRYPSIN
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INTRODUCTION

It has been known (21-23) for approximately forty years
that the rates of many enzyme catalyzed reactlions can be ex-

plained In terms of the reaction mechanism given in equation 1

1 3
_ .
E. + S, —— ES —— Ep + Pyp + Pop (1)
ko

and the rate equation 2. The symbols used in ﬁhe development
v, = kg[EIlS] /(Ky + [S]) - (2)
of the rate equations 2 and 10 are:

Ef = free enzyme
[E] = total enzyme concentration
Sf = free substrate
[S] = initial substrate concentration
P.. = free product. Plf may be amino acid and sz
may be ammonla, hydroxylamline, hydrazine, etc.

(k2 + k3)/k1

The work of Niemann (1-6) and his many coworkers has
verified that equations 1 and 2 apply to alpha-chymotrypsin
catalyzed hydrolyses of L-aminc acid amldes, hydroxamides,
hydrazides, and esters. This work has been concerned for

the most part with the dependency of v_ on [S]O. The enzyme

O
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concentration has always been less than 10_5M. It was the
purpose of this study to examine the behavior of alpha-
chymotrypsin catalyzed hydrolyses at higher enzyme concen-
trations.

Information concerning the rate of catalyzed hydrolysis
at high enzyme concentrations was desired since a number
(24-27) of investigators had interpreted molecular weight
studies in térms of the presence of monomer, dimer, and
higher polymers. No experimental data were available which
would allow any decision to be made as to the nature or
magnitude of the effect of association of the enzyme on

reactions which it catalyzed.



PRELIMINARY EXPERIMENTS

A set of experiments was devised in which the rate of
hydrolysis of a 12 x 10-3 M solution of L-tryptophanhydrox-
6

amide was studied at enzyme concentrations of 8.88 x 107

‘M and at 8.88 x lO"LL

M, at pH 6.0, pH 6.9, and at pH 7.9.
Equation 2 indicates that the ratioc r = vo/[E] should be
constant over the entire range of enzyme concentration. If
we designate the value of this ratio at the high enzyme
concentration by rys and at the low enzyme concentration by
rrs then we see that for the ideal situation described in
equation 2 that PH/TL is equal to unity. The experimental
data are presented in Table VII. In figure 2, rH/rL is
plotted against pH. While the éystem is ideal at pH 8,
rH/fL drops as the pH is decreased, becoming one-half at
pH 6.6. |
This behavior can be understood in part if the equilib-

ria represented in equations 3 and 4 are added to equation 1.

Ky
tEp T Epp

ks

Ky
E, + ES p— EsS (4)

K5

(3)

These two equations express the fact that the enzyme can
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dimerize. Equation 4 expresses the assumption that two
enzyme molecules can be bound together even though one enzyme
molecule is already bound to a molecule of substrate. Fur-
thermore, the dissociation constant KD = k5/k4 is assumed

to be the same for the two equilibria. In other words, the
dimerization process is assumed to be independent of the
complexing of substrate. This means that the equilibrla ex-

pressed in equations 5 and 6 also have the same equilibrium

+ 8 T ES (5)

E -I-S—:“",EQS (6)

k

2f
2

constant. It is not expected that a small substrate moclecule
bonded at the active slte of the enzyme will affect the
dimerization process. |

The assoclatlon of two enzyme molecules to form the
dimer 1is assumed to involve the binding area of the active
site of the first enzyme molecule. The polnt of attach-
ment of the second enzyme molecule may be some place along
.the peptide chain that is occupied by an amino acid such as
tryptophan, phenylalanine, or tyrosine. The binding area of
the active site of alpha-chymotrypsin is known to bond to
synthetic substrates (28) containing these amino acids.

The last assumption is that the rate of hydrolysis of
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EES 18 the same as tThe rate of hydrolysis of ES.
The mechanism that results when the éguilibria of
equations 3, 4, 5, and 6 are combined with equation 1 is

given in equation 7.

k k

1 3
ey,
E, + S, T—2ES —>» E. + Pj. + P,
X5
+ +
Ef Ef (7)
|
k), !‘k5 kqj [\k5
X, kg
Epp + Sp T ES —> Eyp + Pyp 0 Pop
K
o

It may be noticed that if the complex ES and EP exist,
then E2P probably exists too. The added complicatlon of
treating the equilibfia in equations 8 and 9 is not great.

kg

+ E ——— EP. (8)

P f - i

ir

2 = E2Pi (9)
Ky

if

However, since the work described here involves initial

velocities only, equations 8 and 9 may be ignored.
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THE FORMULATION OF THE KINETIC EQUATION

The mechanism expressed in equation 7 gives rise to

the rate equation 10. The derivaticn of ecguation 10

(v /IEIIS],) = (ky/2([81, + Kg))
(10)

nj=

- (k3K /BIE]Kg ) (1-(148[E]Kg/Kp(Kg + [s]é)) )

starts with equation 11. The rate of hydrolysilis 1is propor-
v o= k3([ES] + [E,8]) : (11)

tional to the concentration of ES plus the concentration o

E.S. Both complexes are attacked by water at the same rate.

2
Equation 12 accounts for all the species 1n which enzyme

(E] = [B]. + 2[E,], + [ES] + 2[E,S] (12

is present according %o equation 7.

Equation 13, which is the eguivalent of equations 3
and 4, and equation 14, which is the equivalent of equations
8 and 9, make it possible to eliminate [E]f, [Eg]f, [ES],

[EQS} from equations 11 and 12,

Ky = ([E13/[E,)p) = ([E],[ES1/[E,S] (13)
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Ky = ([E].[8],/[ES]) = ([E,],[S]./[E,S]) (1)

One path to egquation 10 would be to transform eqguations
11 and 12 into equations in [E]f and [S]f and then to elimi-

nate [E]f. Equation 11 becomes equation 15 and equation 12
2
becomes equation 16. Eliminating [E]. from equations 15 and

([E]Kg/([8], + Kg)) = [Bl. + (2/K,)[ELG (15)

16 gives equation 17. Remembering that this equation is

(v/IEVI8)p) = (2)k3[E]/(Kg + [S]g)

ol

—(k3KD/8KS)(1f(1+8[E]KS(KS+[s]f))?)

valld only at time equals zero, v should be written Vg
Next, the material valance for substrate is given in equa-

tion 18. For situations in which [ES] + [Egs]<< [s]f, [s]O

(81, =[]y + [ES] + [ES] (18)

o}

*

Equation 14 1s valid if a steady state G exists, l.e.,
if d[ES]/dt and d[EQS]/dt are practically zero. The experi-
ence of investigators working with alpha-chymctrypsin
catalyzed reacticns with a half-time cf approximately one-
half hour is that the steady state assumpfion is a good one.
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can be substituted for [S]f in equation 17. Incorporating
these two changes, equation 17 becomes equation 19. The

guestion of whether the plus of the minus sign 1s correct

(vo/IEIIS],) = dieglE]/(Kg + [81,) (19)

=

-(kBKD/BKS)(1t(1+8[E]KS/KD(KS + [81,))2)

is resolved by noting that the right hand memberlmuSt
approach k3[E]/(KS+[S]O) at low enzyme concentrations or

for high values of KD. In other words, the second term of
the left hand member of equation 1§ must be positive. There-
fore the minus sign is the correct choice and equation 10

results.

(v,/IEILS],) = Zk3(E]/(Kg + [8],)
(10)

- (k3KD/BKS)(1—(1+8[E]KS/KD(KS+[S]G))

oj-

)

Equation 1C applies to the situation in which:
1. EQS hydrolyzes at the same rate as ES
2. E2 has the same KS as E
3. EZS has the same KD as E2
4, the concentration of trimer and higher polymers
is negligible. |
5. [81, » [ES] + [EpS]
6. +the steady state assumption is valid.
All of these conditions must be kept.in mind when equation

10 is used to correlate rate data.
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EXPERIMENTAL RESULTS AND CALCULATIONS

It is customary to evaluate enzyme kinetic constants
at the pH optimum for the reaction under study if the pH
dependence of the rate of the reaction is of no immediate
importance. Thus the first ster in the study of a parti-
cular enzyme svstem is to locate the pH cptimum, i.e., tThe
pH at which the reaction proceeds at the highest rate. The
results of experiments 3 through 1% are shown in Tizure 3.
These experiments were carried out at a substrate concen-
tration of 9.16 x 10_3 M and an enzyme concentration of
0.200 mg/ml. The only variable that was changed was pH.
The pH optimum is 6.93.

The initial velocitles were cbtained by fitting the
data to a first order rate equation by %the method of aver-
ares (29). This method fits the eguation to the data so
that the sum of the residuals is egqual to zero; The simpli-
fying assumptlon that the reaction is first order is justi-
fied by the fact that the object of this set bf experiments
is to locate an optimum. The results are veing compared
within the set of experiments. The initial velocitlies were
not evaluated by the orthogonal polynomial method since
equal time intervals were not used throughout every experl-
ment in this series. In this set of experiments the reac-
tions went to approximately 16% completion. The results

shown in figure 3 are taken from Table V.
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Experiments 32 through 148 were designed to give
information concerning the effect of enzyme concentration
on the rate of the 2lpha-chymotrypsin catalyzed hydrolysis
of L-tryptophanhydroxamide. Referring to equation 10,
which states the proposed mathematical model for this sys-
tem, it 1s seen that the experimental quartities involved
are [E], [S]O, and v . The initial velocitles were obtained
from the concentration-time data (Table VI) by the method of
orthogonal polynomials., The initial velocities have been
listed in Tavle V.

The constants in equation 10 that are to be determined
are k3, KS, and KD. Since it would ve very difficult to
evaluate all three constants by fitting equation 1C to the
experimental data directly, the following approach was de-
vised. At low enzyme concentrations, equation 10 reduces
to equation 2. When equation 2 1s rearranged as suggested

by Lineweaver and Burk (29), equation 20 is the result.
([S1[E1/vy) = (Kg/kq) + (1/k3)08] ) (20)

The constants k3 and KS can be evaluated by the method of
¥*
least squares. All experiments for which the enzyme con-

centration was 0.200 mg/ml or less were correlated in terms

*
It is recognized that the method of least sguares will
give biased values for k3 and Kg (31,32). The magnitude of
the blas has not been evaluvated.
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of equation 20, The results, as calculated by the method
of least squares, are summarized in Table XII.

With ks and Kgq known, equation 10 can be solved for
KD to glve equation 21. Only experiments at enzyme concen—

trations higher than 1 mg/ml were considered.
K. = 4K, a/b (21)
D S . .

The new parameters a and b are defined in equations 22 and 23.

a = (vo/igls]) - 2([E1/Kg + [S],)) (22)

o
il

((E1/(Kg + [81.)) - vo/ksls]y | (23)

A value of KD was calculated from the data from each experi-
ment that was carried out at an enzyme concentration of
1 mg/ml or higher. The values which were obtained from
experiments where the only varlables that were allowed to
change were [E] and [S]O were averaged. The average K
values are listed in Table XII as a function of pH and of
ionic strength.

The results of the experiments at an ionlic strength
of 0.300 M are presented in figures 4, 5, 6, 7, and 11. The
supporting tables are numbers VIII, IX, and XI., In each
one of these figures is drawn the line given by equation 20
with the appropriate constants for the particular pH. Fig-
ures 4 and 5 represent experiments at pH 6.0. On the aver-

age, the points from high enzyme concentration experiments
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fall considerably above the line in figure 4, 1In figure 5
the high enzyme concentration points have been corrected by
the factor predicted by equation 10. The experiments at pH
7.0 have been treated the same way in figures 6 and 7. Again,
the points from experiments at the higher enzyme concentra-
tions are ébove the line in Figure 6. The correction for
the effect of dimerization as predicted by equation 10 is
shown in figure 7. Only one graph, figure 11, 1s required
at pH 8 since at this high pH all the points, regardless of
enzyme concentration, are reasconably distrituted about the
line. This behavior was expected. The experiments corre-
lated in figure 2 indicated that there was no dimerization
at pH 8.

The situation at pH 6.6 and an ionic strength of 0.3C0 M
has been depicted in figures 8, 9, and 10. The least squares
fit of equation 11 to the low enzyme concentration data 1s
shown in figure 8. The points taken at an eﬁzyme concen-
tration greater than 0,200 mg/ml lie above this line with
a few exceptions as 1s seen in figure 5. In figure 10 the
high enzyme concentration points haw been corrected for
the effect of dimerization as given by equation 10. _

Turning to the actual values obtained for KD in Table
XII, two trends are noticed. As the pH increases, KD in-
creases. As the ionic strength increases, KD decreases. The
experimental error is too large to allow a definite state-

ment about these trends to be made on the basis of these data.
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However, the same two trends were noticed by Steiner (27)
in his studiles on the concentration dependence of the mole-
cular weight of alpha-chymotrypsin by the light scattering
method. Extrapolating his values for the association con-
stant of alpha-chymotrypsin to pH 6.0 and an ionic strength
of 0.300 M, a K, of 1 mg prot N,/ml is obtained. The Kp
spare reported in Table XII of this thesis is 0.7 + 0.4

mg prot N,/ml.

To summarize, the hypothesis that the effect of the
concentration of alpha-chymotrypsin on the rate of hydroly-
sls of L-tryptophanhydroxamide is due to a reversible
dimerization of the enzyme in which one of the binding areas
of the two enzyme molecules involved is made unavailable
for complexing substrate is substantiated by the following
items:

1. The rate of hydrolysis is one-half the expected

fate at high enzyme concentrations. See figure 2.

2. Equation 10 correlates rate data from high

enzjme concentration experiments in a satisfactory

manner. See figures 5, 7, and 10.

3. The dissociation constant has the same pH and

ionic strength as the constant determined by an

independent method. See figure 12 aﬁd Table spare XI1I.

4., The dissociation constant obtained at pH 6.0

and an ionic strength of 0.300 M agrees with the

value obtained by an independent method (27).



EXPERIMENTAL PROCEDURE

L-Tryptophan Methyl Ester Hydrochloride. This inter-

medlate was prepared by the method of Brenner (33). The
dropwise addition of 20 ml. of thionyl chloride to 100 ml.
of reagent grade methanol was carried out during a half hour
périod. The temperature was kept at 0° during ﬁhis time.
The solution was stirred continuously from the_start of
the thionyl chloride addition until the point indicated be-
low., After a fifteen minute interval, 50 g. of‘g—tryptophan
was added 1n small portions. A period of twenty minutes was
allowed for the addition of the amino acid. The reaction
mixture temperature was then slowly raised to 500 énd 100 ml
of reagent grade methanol was added to the reaction flask.

The temperature of the reaction mixture was maintained
at 500 for two hours. The reactlon mixture was then stripped
to dryness in vacuo. The solid light orange product was
dissclved in 100 ml. of methanol plus 150 ml., of ethyl acetate
at the boiling point of this solvent combination. The slow
addition of 50 ml of n-hexane to the hot solution started
the precipitation of product. The product was filtered,
washed, and dried in vacuo. This material weighed 38.5 g.
and melted at 212°,

n-Hexane was added to the hot filtrate until crystalli-

zation started again. By this procedure an additional 18 g.
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was recovered. This material was impure and required another
recrystallization.

L-Tryptophanhydroxamide. A suspension of 20 g, of

L-tryptophan methyl ester hydrochloride and 11 g. hydroyl-
amine hydrochloride 1n 50 ml. of methanol was neutralized

by a methaﬁolic sodium methoxide solution which had bteen
prepared by dropping 5.5 g. of sodium in small portions into
100 ml. of methanol. The neutralization of the ester hydro-
chloride and hydroxylamine hydrochloride suspenslon was car-
ried out at 0°,

The reaction mixture was kept at 50 for one week. The
sodium chloride was then filtered off and n-hexane added to
the bolling solution until a second phase separated. At
this point isopropyl ether was added until the second phase
disappeared. Crystallization occurred when this solﬁtion
was kept at 50 overnight. The fine crystals were separated
from the mother liquor by flltration and washed with a mix-
ture of isopropyl ether and n-hexane. The produce was re-
crystallized from methanol, n-hexane, and isopropyl ether
as above, and a final drying operation was carried out in
an Abderhalden drier. The dessicant was P205. The drier
was evacuated, heated to 60° for one-half hour, and opened
the following morning.

The product, which weighed 12 g., mel%ed at 157.0-

157.5° [ngB is 93.10. The concentration of the agueous
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solution for the measurement of the coptical rotation was

My ot

Jealo,

Analysis. Calculated: ¢ 6C.3, H &.C, N 1¢.2
Tound: o624, HH.0, N 173

=urfer Scolutions

Tne agqueous stock solutions of vuffer were prepared
from tris-(hydroxymethyl)-aminomethane nydrochloride “or the
pH range 7-% and from cacodylic acid for the pH range 5-7.
THAM* was purifled by recrystallization from water and then
from agueous ethanol and then converted to the nydrochloride
with concentrated HCl., Water was added to 3ive a soluticn
c? the desired concensration, 3.75 F. To make a stock soclu-
tion of a specified pH, 20 ml. of the 3.75 F THAM.HCL solution
was pipetted into a 25 ml. volumetric flask and concentraced

gired pH. Water was

«

o

NaOH addced until the solution had the d
ther added until the total volume was 25 ml. This stock
solution is 3.C0 F, in THAM and has an ilonic strensth of
3.00 M.

Puffer solutions which were 3.00 F. in cacodylic acid

with an ioniec strength of 3.0C M., were made from 3.75 F

sodium cacodylate and concentrated HC1l. The cacodylic acld

* A\
Tris-(hydroxymethyl)-aminomethanc.,
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which was used for this purpose was C.P. reagent. Titra-
tion with standardized base indicated that the cacodylic

acid was 1C0.1% pure.

Enzyme Solutions

The enzyme solutions were prepared from g}gﬁg-chymo—
trypsin (Armour Co., Lot No. 00592). These solutions were
kept at 25.00 for the time Iinterval during which.thé aliquot
portions were transferred to the reactlion system. No ali-
guots were taken from stock solutions which had been at
250 for more than one hour. The protein nitrogen content

of this lot is 14.1%..

Reaction Procedure

The following procedure 1is a modification of the pro-
cedure used by Jennings (15). A 10 ml., volumetric flask
was used to contain the reaction mixture. One millililter
of 3.00 F. buffer was pipetted into the reactién flask. A
measured volume of a stock solution of substrate (L-trypto-
phanhydroxamide) was then added. This was followed by the
number of milliliters of water that would make the total
volume of the reaction mixture 10 ml. when the desired
volume of enzyme stock solution was added. All the stock
golutions were sufficiently dilute that thelr volumes were
strictly additive on mixing, as judged by the level of the
meniscus in a 10 ml. volumetric flask.

At equal time intervals cne milliliter aliquots of the
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reaction mixture/were pipetted into a 10 ml. volumetric
flask which already contained 8 ml. of methanol and one
milliliter of a solution which was prepared as follows:

54 g, Fe013-6H20 was dissolved in water and 200 ml. of con-
centrated HC1l was added. This solution was dilutedlto 500
ml. with wéter, and then to one liter with methanol

In a number of instances the enzyme concentration was
higher than 6 mg./ml. The one ml. aliquots from these re-
actlon mixtures were pipetted into a 10 ml, voiumetric flask
containing 8 ml. of H,0 and 1 ml. of the acidic solution
of FeCl3 in methanol mentioned in the last paragraph. The
substitution of HEO for methanol was necessary to prevént
turbidity at the higher enzyme concentrations.

The optical densities of the sclutions of L-tryptophan-
hydroxamide-ferric ion complex were measured in a one centi-
meter cell at 505 millimicrons 1in the BeckmanvModel &}
Spectrophotometer. The proportionality constaﬁt between
optical density and concentration of the hydroxamide, while
independent of enzyme concentration, was strohgly dependent
upon ionic strength, the solvent, the buffer, and the pH.
The proportionality constants, listed in Tesble V, were deter-
mined each day under the conditions that would be encountered

during that day.
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Jag alpha-chioootrypsin eatalyzed bydrolysis of L-tryptophan-~
ardeoxamide at pil £,0.  The enzyme concentration for the
experinents represented Ly cirecles is 0.2 wg/mi,  The 4ril-
orsleg deacite results ohbained at hisher enzynme concentrations.

Do 2T, DLD0GF cacodylic acid buffer, ionle strength 0,300 M.
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Tirure

The alpha-chymotrypsin catalyzed hydrolysis of L-tryptophan-
hydroxamide at vH 0.2, The circles rebreaent results at
éﬁzyme concentrations hisher than 1 m/ml. The Peactiog
conditions arc: 25.00, cacodylic acid buffer 0.150 T,

ionic strength 0.150 M.
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[S1,[E)/v, (mg/ml) min,
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Mlpure 10

s
5

alrho~-ciymotrypoin catalyzed ujuiuljbib of L-tvyptophan-
Iydrexamide at pil 6.9, Phe clrcles represent results at.
cnoynme uonben’”au¢on higher than 1 wg/ml which have been
corrected Tor the effect of dimerization. Tie reaction con-
ultlons are: 25.00, cacodylic acid vuffler 0,150 F, ionic

strength ©,15C M.
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Pigure 11

The alpha-chymotrrpsin catalyvzed hydrolysis of L-tryptophan-

Yyar e N R i < . . RS N o}
hydroxanide at pil 7.9, Ths reaction conditions are: 25,07,

i

THAM buflfer 0,300 F, ionic stren;;th 0,300 M,
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200,0
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~ Ficure 12

-
The assocciation constant for alpha-chymotrypsin at 227 and
in aqueous solubion buffered by C.1 F HalAc, Data of

Steiner (27).
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The lower curve glves KA ag a function of pH at an
ionic strensth of 0.1 M, The upper curve, for an lonic

strensth of 0.3 M, has been extrapolated to pH €.2,
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Table I

Values of Lm,n forn=7and n=8

Ly,7 0.1542 1.139 1.605 2.510
Lnm,8 . 0.1291 0.4543 1.061 1.940
Table III

Values of (Sm’n)1/2 forn =7 and n = 8

m , 1 2 3 4
(S, )% 12.96 12.96 16.25 24,82
(Sp,8) M2 7.75 52.65 31.46 LhuTh

Table IV

Values of (coeff. vo)m,n forn=7andn=8

m 1 2 3 ¥
(coeff. vo)p,7 24000 7.000 18.333 47.833

(coeff. vo)p g  1.000 24,.000 30,166 724666

44100

2.876

46.73

21.63

5
150.633
45.933
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Table V

Results of Kinetic Studies on the alpha-Chymotrypsin

Catalyzed Hydrolysis of L~Tryptophanhydroxamide

Expt. (s8] ;x10 (E] PH — x 10 Degree
m,

No. M g/ml  final Po of OF vox10h Gy x104

Ionic strength 0.300 M. v, obtained by "method of averages"
fit to a first order rate equation.

Buffer is cacodylic acid except as noted.

3 (a) 9.16 0.200  7.38 04420

6 (a) 9.16 04200 7.78 04292

8 9.16 0,200 6.69 0.500
10 9.16 0.200 6.05 0.279
11 9.16 0.200 6.28 04366
1, 9.6 0.200 7.19 0.483
15 9.16  0.200 6.54 0447
16 9.16 0.200 7.05 04525
17 9.16 0,200 6.79 04524
18 9.16 0.200  6.94 0554
19 (a) 9.16 0.200 7.55 0.365

Ionic strength 0.150 M. v, obtained by the orthogonal polynominal method.

32 21.81 0635 6.89 1.10 2 2.6 0.13
34 R1.79 6.312  6.84 1.02 2 11.9 1.0

35 (b) 21.86 0.0567 7.04 1.10 1 0.258

36 21.96 2494 6.89 1.06 3 9.96 0422



Expt.
No.
37 (e)
38
39
40
41
43
45
47
48
49
61
62
63
64,
65
66
67
68
69
70
71
72

{s]ﬁxlo3 el

21.85
21.96
21.89
10.95
10.95
11.27
15.10
15.20

6.08

6085
21.71
16.28
10.86
20,11
15.08
10.06
23.07
17.30
11.54
18.90
14.18

945
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Table V (Continued)

g/ml

0.197
4,30
1.01
0.508
0.248
0.0102
0.999
0.100
+04100
0.0230
2.036
2.036
2,036
0.114
0.114
0.114
1,088
1.088
1.088
0.0584
0.0584
0.0584

pH

final

6.97
6.81
6.83
6.83
6.85
6.93
6.85
6.99
6.88
6.80
6.79
6.78
675
6.87
6.82
6.79
6.83
6.78
6.73
6490
6484
6.80

[flg xlO2
ODo

M
2.87
1.05
1.05
1.02
1.03
1.03
1.04
1.04
1.04
1,04
1.04
1.02
1.02
1.04
1.02
1.02
1.04
1.02
1.02
1.03
1.03

1.02

Degreg
of CP

NN R OH W W W RN R H D W NN W

N

B R RN

v, X104

0.810
15.2
3.32
1.89
0.388
0.0533

3.70

0.339
0.318
0.078
7.20
690
5,86
0.388
0.361
0.361
410
3.96
3.32
0.191
0.190
0.167

G"vc,:xlo"*

© 0.05
0.24
0402
0.02
0.04
0.005
0.06
0.06
0402
0.03
0.18
0.12
0.14
0.023
0403
0.02
0420
0409
0.18
0.021
0.012
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Table V (Continued)

Expt. {SIOXIOB 1E] pH [S]o 2 Degree

No. M mg/ml final  OD_ x'wlo of OP*  voxl0h Gy x104
73 2240 3.142  6.79 1.04 3 11.10 0.16
7, 16.99  3.146 676  1.03 3 9.84 0.46
75 11.29 3.2 6,73 1.02 2 7.92 1.3
76 19,28 0.284 6.85  1.03 2 1.02 0,08
77 14446 04284 6.80  1.01 2 1.01 0.07
78 9.64  0.284, 6,75  1.01 1 0459 40,10
82 19.86  0.102 6,88 1.03 2 04431 0.03
83 14.90  0.102 6.80  1.02 1 04349 0.03
84 9.93  0.102 6.7,  1.03 1 0298 0.03

Ionic strength 0.300 M.

96 (d) 12.19  21.0 5499 3.13 2 12 3

97 6.10 04200 6,04 1.29 1 0422 0.04
o8 12,19 0.200 6.04 1.27 1 0;30 0414
99 (d) 12,19 2044 7494 1.57 3 - 17.5 Oed
100 6.10 0.212  7.95 0.950 1 0.17 0.03
101 12.19 0.212  7.94 0.959 1 0.2 0.1
102 6410 0,199  7.00 1.27 1 0439 0.09
103 12.19 0.199 7.05 1.29 2 0.37 0.12
104 (d) 12,19 21,0 6.96 3.30 3 2446 Oe4
105 (4) 12,19 2.0/ 6.01 3.01 4 12.1 043
106 6.16 0.238 6,01 1.25 2 0.28 0405

107 12,31 0.238 6.03 1.29 1 0.40 0.08
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Table V (Continued)

Expt. [Slg03 [B] @

No. i mg/ml finel  Tp_ 'X;OE oo vox104 Ty x10t
108°(d)  12.31  20.9 6.91  3.22 3 32 1
109 6.16  0.213  6.96  1.27 1 046 0.05
110 1231 0.213 696  1.29 2 0456 0.05
111 (@)  12.31  21.0  7.90  1.59 3 22.2 0.5
112 6.16  0.222 7.92  0.988 1 0,30 0.04
113 12,31 0.222  7.95  0.978 1 0.25 0.02
114 1641 0.199 6,10 1.28 1 0.398 0.033
115 12,31 0,199 6,10  1.28 1 0.311 0.04
116 8,20  0.199 6.09  1.28 1 04261 0.02
117 410 0.199  6.01  1.28 1 0.164 0.01
122 (a)  20.94  0.203 7.92  0.979 1 0.234 0.03
123 (a) 15,70  0.203 7.91  0.973 1 0.228 0,02
124 (a) 10.47 0203  7.90 0.957 1 0.218 0402
125 (a) 5423 0.203 7.91 0.960 1 04149 0.01
126 1047  0.201  6.03  1.28 1 0.314 0.03
127 10.47  0.603 6,06  1.28 2 - 0,922 0.07
128 10.47  0.804 6.04  1.28 2 1.22 0.0/
129 10.47  1.005 6,02  1.28 2 1.41  0.08
131 (a) 11.95 0.428 7.89 0.945 2 0.558 0.06
132 (a) 7.96  0.428 7.91  0.946 1 0.411 0.03
133 (a) 3.98 04428  7.89 0.897 2 0.345 0.03
134 15,93  2.02  5.95  1.29 3 3450 0.01
135 15,93  0.202 6.01  1.29 1 0.376 0.05



Expt.
No.
-136
137
138
139
140
141
142
143
144
145
146
147
148

the e

(a)
(b)
(e)
(a)

(8] x10%

M

7496
7.96
11.95
16.42
16.42
12.31
8.21
410
17.27
17.27
12,95
864
4.32

Table V ( Continued)

LE] pH
ng/ml final
2.02 6.01
06202  5.99
2.02 6.01
0.200 17.06
1.00 6.98
1.00 6.98
1.00 6.98
0.200 6.98
0.200 6.99
1.00 64,99
1.00 6.98
1.00 6.95
0.200 6.95

-72-

(sl

-2 xlO2
M .

b .
o

1.29
1.29
1.29
1.27
1.27
1.26
1.26
1.25
1.29
1.29
1.28
1.27
1.26

Degree

of

NDONNOW W WD

NOWwWowWw N

vox104

2.10
0.241
2.50

0,706
3.32
3420
274

0448

0.700
3.21
3.17
2469
0.413

CYV&XIOL

0406
0.03
0.1

0.05
0.07
0.05
0.02
0.05
0,05
0.1

0402
0.06

0.02

*The highest degree orthogonal polynominal used in the representation of

xperiment.

THAM Buffer.

0D measured at 475 millimicrons v, from initial slope.

1 ml aliquot from reaction mixture diluted 1:25 instead of 1:10.

Iron camplex of the hydroxamide formed in water instead of methanol.
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Table VI

Primary Data from Experiments on the alpha-Chymotrypsin

Catalyzed Hydrolysis of L-Tryptophanhydroxamide at 250,

Expt. Oty Point
No. mine No. 1 2 3 A 5 6 7

Optical density at time equals At x (Point Noe)«

3 (a) A 04746 0e644 04590 04519 04458 0.415 0.363

6 5 0.802 0774  0.761  0.753 0,741 0.732

8 5 0.614 0.603 0.585 0.571 0.552 0.538
1 5 0.618  0.597 0.590 0.576 0.566 0.558
14 (b) 5 0.611 0.597 0.581 0.563 0.552 0.535 0523
15 5 0.615 0.603 0.587 0.577 0.560 0,546 0.532
16 5 0.613 0.598 0.583 0.568 0.553 0.536 0.517
17 5 0.610 0.596 0.579 0.567 0.546 0,533 0.518
18 5 0.612 0.595 0.582 0.563 0.546 0.529 0.512
19 5 0.771 0.759  0.745 0.734 0.712 0.708 0.683
32 10 1.781 1.591  1.409 1.257 1.105 0.979 0.869
34 4 1.656 1.291 0.960 0,724 0.614 0.482 0.353
35 3 1.976 1.928  1.923  1.853 1.845 1.828
36 4 1.734 1442  1.224  1.016  0.772 0,700  0.580
37 10 0.734 0.704 0.686 0.658 0.632 0.612 0,592
38 A 1.606 1.203  0.899 0.681 0.511 0,378 0,284
39 10 1.772 1.514 1.391 1.163 0.963 0.800 0.663
40 10 0.897 0.756 04632 0.533 0.446 0.373 0.308

Al 10 0.982 0.899 0.838 0,768 0.685 0.652 0.612



—

Expt.
No.

43
45
4
48
49
61
62
63
64
65
66
67
68
69
70
71
72
3
4
75
76

at,
mine

Table VI (Continued)

Point
No. 1

-Th-

Optical density at time equals at x (Point No.).

10

o o O B B

15
15
15

15
15
15

15

1.076
1.320
1.429
0.575
0.651
1.728
1.234
0.765
1.910
1.441
0.946
2,019
1.468
0.930
1.802
1.360
1.905
1.613
1.176
0.681
1.756

' 1.066

1.184
1.438
0.566
0.653
1.405
0.948
04545
1.851
1.378
0.896
1.802
1.271
0.790
1.780
1.332
1.887
1.175
0.763
0.413
1.611

1.065
1.079
1.420
04556
0.655
1.121
0.718
0.374
1.788
1.319
0.851
1.595
1.094
0.640
1.762
1.310
0.859
0.855
0.513
0.252

1.477

1.062
0.962
1.395
0547
0.651
0.902
0.550
0.267
1.721
1.275
0.801
1.438
0.941
0.522
1.726
l.é?&
0.837
0.614
0.339
0.155
1.347

1.054

0.857

1.390
04536

0.652

0.711

0.409
0.182
1.682
1.210
0.759
1.258
0.806
0.430
1.701
1.251
0.810
0.442
0.233
0.092

1.231

1.052
0.768
1.375
04526

0.641

04574

0.311
0.126
1.631
1.169
0.722
1.115
0.694
0,351
1.665
1.227
0.790
0.316
0.149
0,107

1.127

1.046
0.691
1.367
0.514
0.643
0.458
0.232
0.090
1.573
1,119
0.686
0.978
0.586
0.290
1.650
1.196
0,760
0.227

0.098

0.035

1.025



Expt. -
No.

7
78
82
83
84,
96
97
98
9

100

101

102

103

104,

105

106

107

108

109

110

111

at,
mine.

Table VI (Continued)

Point
No. 1

- -75-

Optical density at time equals At x (Point No.).

15
15
15
15

)
Ut

N N N DN N N~ NN N>

1.288
0.840
1.861
1.389
0.929
0.318
0.468
0.940
0.583
0.632
1.256
0.475
0.919
0.245
0,322
0.482
0.956
0.218
0473
0.938
0.540

1.156
0.725
1.808
1.339
0.874
0.243
0.460
0.920
0.421
0.628
1.258
0.461
0.903
0.156
0.260
0.475
0.942
0.110
0.456
0.919
0.351

1.026
0.630
1.758
1.289
C.840
0.196
0.450
0.912
0.298
0.616
1.244
0.458
0.912
0.096
0.209
0.461
0.928
0.059
Outdl
0.903

04223

0.912
0.539
1.715
1.248
0.800
0.460
0.448
0.910
0.214
0.610
1.239
0.429
0.895
0.063
0.170
0.456
0.921
0.035
0.420
0.881

0.142

0.818
0.478
1.656
1.193
0.745

0.440
0.901
0.153
0.604
1.228
0.421
0.872
0.044
0.136
04447
0.917
0.024
0.415
0.867
0.096

0.737

- 0.392

1.602
1.140
0.716
0.100
0429
0.905
0.112
0.600
1.223
0.409
0.866
0.034
0.113
0.437
0.892
0.020
0.399
0.848
0.071

0.639
0.350
1.554
1.101
0.671
0.083
0.430
0.879
0.086
0.589
1.212
0.400
0.859
0.020
0.095
0.430
0.880
0.017
0.385
0.838
0.060
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Table VI (Continued)

Expte. at, Point
No. min. No. 1 2 3 4 5 6 7

Optical density at time equals At x (Point No.).

112 A 0.638 0.623 0.609 0.599 0.588 0.581 0.566
113 A 1.249 1.238  1.229 1.219 1.210 1,195 1.189
114 8 1.265 1.231  1.212  1.186 1.166 1.139 1.116
115 8 0.949 0.928 0.910 0.890 0.865 0.850 0.840
116 8 0.635 0.615 0.597 0,581 0.568 0.551 0.538
117 8 0.319 0.309 0.298 0.288 0.278 0.268 0.259
122 8 2,122 2.108 2.088 2.072 2.047 2.022 2,009
123 8 1.601 1.582  1.567 1.543 1.526 1.500 1.489
124, 8 1.072 1.051 1.028 1,019 1.000 0.985 0.961
125 8 04540 0.525 0,511 0.499 0.485 0.475 0.461
126 8 0.799 0.781 0.758 0.740 0.717 0.700 0.682
127 8 0760  0.707 0.664 0.615 0.576 0.535 0.503
128 8 0.739 0.67, 0.616 0.560 0,511 0.473 0.434
129 8 0.738 0.656 0.582 0.522 0.474 0.417 0.378
131 é 1.238 1.200 1,171 1.134 1.109 1.080 1.057
132' 6 0.824 0.798 0.768 0.739 0.719 0.689 0.664
133 6 0.422 0.403 0.378 0.361 0.342 0.326 0.309
134 10 1.000 0.794 0.640 0.532 0.438 0.366 0.307
135 10 1.219 1.181 1,157 1.115 1.096 1.051 1.045
136 10 0.477 0.357 0.269 0.207 0.160 0.126 0.100
137 10 0.604 0.581 0.565 0.545 0.518 0.505 0.493

138 10 0.728 0.587 0.446 0.356 0.288 0.235 0.202



Expte.
No.

139
140 -
141
142
143

145
146
147
148

(a)

(v)
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Table VI (Continued)

A%, Point
min. No. 1 2 3 4 5 6

Optical density at time equals 4t x (Point No.).

10 1.222 1.184,  1.131  1.090 1.041 1.000
10 1.047 0.848 0.683 0.538 0.430° 0.338
10 0.743 0.569 0.428 0.320 0.239 0.175
10 0.462 0.317 0.215 0.145 0.095 0.064
10 04292 0.264 0,228 0.215 0.190 0.171
10 1.294 1.242 1,191 1,150 1.111 1.062
10 1.119 0.906  0.729 0.579 0.468 0.370
10 0.795 0.614 0.466 0.353 0.262 0.193
10 04496 04348 0.241 0.166 0.113 0.074
10 0.312 0.280 0.255 0.228 0.208 0.187

The pointg were actually observed at the following times:
3:00, 7:10, 11:00, 15:00, 19:00, 23:00, 27:00 minutes.
The points were actually observed at the following times:

5:00, 10:30, 15:00, 20:50, 26:00, 30:00, 35:00, 40:00 minutes.

0.961
0.269
0.128
0.039
0.156
1.026
0.292
0.142
0.060

0.166
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Table VII

The Effect of a Hundred-fold Change in Enzyme Concentration on the alpha-

Chymotrypsin Catalyzed Hydrolysis of L~-Tryptophanhydroxamide

Reaction conditions: 25.0°, [S], 12 x 103 M, ionic strength 0.300 M.

Expt, [E] vox104 o/ (B

~No. pH mg/ml Momin‘ M min™l (mg/m1)—L rH/rL
96 5.99 21,0 12 0.572 0.382
98 6,04 0.200 0.30 1.50
99 7494 20.4 17.5 0.858 1

101 7 494, 0.212 0.2 0.9

103 7.05 04199 0.37 1.86 | 0.629

104 6.96 21.0 24,46 137

105 6.01 20.4 12.1 0,694 0.413

107 . 6.03 0.238 0.40 1.68

108 6.91 20.9 32 1.53 0.582

110 6496 0.213 0.56 2.63
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Table VIII

Results of the alpha-Chymotrypsin Catalyzed Hydrolysis
of L~Tryptophanhydroxamide at pH 6.0.

The buffer system is 0.300 F cacadylic acid. The ionic strength is 0.300 M,

Expt.  [S]x10° (E] vox104 (S1o(El /v ([S]4lE] /vo)
No. M mg/ml M min™ (mg/ml)min - (mg/ml )min
114 1641 0.199 0.398 82.1

115 12,31 0.199 0.311 7540

116 8.20 0.199 0.261 62.6

117 410 0.199 0.164 499

126 10.47 0,201  0.314 67,0

127 10.47 " 0.603 0.922 684 64,47
128 10.47 0.804 1.22 68.9 6348
129 1047 1.005 1.41 T4he5 6840
134 15493 2.02 3650 92.0 - 80.7
135 15.93 04202 0.376 85.7

136 7.96 2402 2.10 76.6 . : 65.5
137 7.96 04202 0.241 66.8

138 11.95 2.02 2.50 96.8

®sorrected for the effect of dimerization.



A

The buffer system is 04300 F cacadylic acid.

Exp‘t .
No.

139
140
141
142
143

145
146
147
148

Results .of the alpha~Chymotrypsin Catalyzed Hydrolysis

-80~

Table IX

of l-Tryptophanhydroxamide at pH 7.0.

(8] x10°
M

16.42
16.42
12.31
8421
4010
17.27
17.27
12.95
8464

he32.

¥sorrected for the effect of dimerization.

(E)

mg/ml

0.200
1.00
1.00
1.00
0.200
0.200
1.00
1.00
1.00

04200

voxlo4
M min—l

0.706
3.32
3.20
2.74
0.448
0.700
3.21
3.17
2.69
0.413

18] o 1] /vg

(mg/ml)min-
46.6
49.6
38.5
30.0
1844
494
53.8
40.9
32.1

20.9

The ionic gstrength is 0.300 M.

([s) o8 /v ) *

(mg/ml)min

4842
3742
2847

5242

3945
3047



Buffer system 0.150 F cacadylic acid.

Exp’b.
NOQ ’

32
35
36
37
38
39
40
41
43
45
47
48
49
61
62
63
64,
65
66

Results of the alpha~ Chymotrypsin Catalyzed Hydrolysis
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Table X

of L-Tryptophanhydroxamide at pH 6.9.

(s) O;Iclcﬁ
21.81
21.86
21.96
21.85
21.96
21.89
10.95
10.95
11.27
15.10
15.20
6.08
6.85
21.71
16.28
10.86
20.11
15.08

10.06

(E]
mg/ml

0635

0.0567

2494
0.197
4«30
1.01
0.508
0.248
0.0102
0.999
0.100
0.100
0.0230
2404
2.04
2.04
0.114
0.114
0.114

voxlo4

M min™

2,64
0.258
9.96
0.810

15.2
3.32
1.89
0.888
0.0533
3.70
0.339
0.318
0.078
7020
6490
5.86
0.388
0.361
0.361

Ionic strength 0.150 M.

ehinis
5245
48,0
6448
5342
6242
66.6
29e4
30.6
21.6
40.8
hhre8
19.1
0.2
6led
4840
37.7
59.1
4746
31.8

o fro)”

5143

5944

5545
6442
28.5
30.1

3849

5745
4tie3
34.1
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Table X (Continued)

F A M e o BN e Tl
70 18490 0.0584 0.191 57.8
71 14.18  0.0584 0.190 4347
72 945 0.0584 0.167 33.1
82 19.86 0.102 0437 464,
83 14.90 0.102 0.349 4345
84, 9.93 0.102 0.298 3440
57 23,07 1.088 4.10 612 590
68 17.30 1.088 3.96 47.5 4544
69 11.54 1.088 3432 37.8 - 35.6
73 22,40 3.14 11.1 63.4 570
74 16499 3.14 9.84 55.3 497
75 11.29 314 7.92 44,48 37.0
76 19.28 04284 1.02 53.7 53.1
77 14446 0.284 1.01 4047 40.1
78 9464 04284, 0.59 Abak . 4545

¥oorrected for the effect of dimerization.
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Table XI

Results of the alpha-Chymotrypsin Catalyzed Hydrolysis

of L-Tryptophanhydroxamide at pH 7.9.

Puffer system 0.300 F THAM. ITonic strength 0.300 M. -

Expt. (8] jx10° (£] VX104 (1, @ /7,
No. M mg/ml M min™1 (mg/m1)min
122 20,94 0.203 0.234 182

123 15.70 0.203 0.228 10

12, 10.47 0.203 0.218 97T
125 5.23 0.203 04149 7142
131 11.95 0.428 0.558 91.6
132 7.96 0.428 0.411 83.0

133 3.98 0.428 0.345 4945
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Table XII

Summary of the Kinetic Constants for the alpha-Chymotrypsin

Catalyzed Hydrolysis of L-Tryptophanhydroxamide

Ionic strength 0.300 M

pH 6 7 8
k3 x 10%, M/min/ng prot. 2.6 + 0.1 3.1 + 0.2 0.93 + 0.07
No/ml
Kg x 10°, M 15.4 + 0.5 542 341
Kp x 10, mg prot. Np/ml 7+ 4 10 + 1 large

Ionic strength 0.150 M

ky x 10°, M/min/mg prot. 3.1 + 0.4

No/ml
Kg x 10°, M | 4+ 2

Kp x 10, mg prot. No/ml L+ 4
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PROPOSITIONS

1. It is proposed that calorimetry is at such a stage
of refinement that this method may meet the need for a
general and continuous means of following enzyme reactioﬁs
(1, 2). -

2. It is proposed that further information concerning
the mode of action of proteolytic enzymes may be.gained by
studying the catalyzed reactions in solutions of heavy water.

3. The concept that the side-chain for a substrate of
alpha-chymotrypsin must be aromatic was proven false when
Jennings and Niemann (3) published data concerning the
hydrolysils of acetyl~g¢hexahydrophenylalaninamide.

It is proposed that cycloheptyl-, cyclopentyl-,
cyelobutyl-, and cyclopropylalanine be investigated as sub-
strates for alpha-chymotryprsin.

L. Dimerization should be suspected as a possible
feature of mechanism for any enzyme-catalyzed system in
which the reaction being catalvzed is that of a proteln or
a protein model,

5. A linear relationship between Kg and k3 for the
glgﬁg—chymotrypsin»catalyzed hvdrolysis of subsirates de-
rived from acetyl-L-tyrosine may exist.

I is proposed that more substrates derived from

acetyl-L-tyrosine should be investigated.
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6. It is proposed that compounds derived from 2-amino-
I-phenylbtutanocic acid and 3-aminc-4-phenylbutanoic aclid will
give information concerning the requirements for substrates
of alpha-chymotrypsin.

7. Acetylene has been copolymerized with a number of
vinylidene compounds (4). Copolymerization of acetylene
with ethylene may raise the softening point of the poly-
ethylene product.

8. It is proposed that nitrophenyl esters of acylated
amino aclds may be prepared by heating the acylated amino
acid with nitrophenyl acetate. A strong acid would be
used as catalysS. The eguilibrium would be displaced by
the removal of acetic acid.

9, Dichlor.ocarbenes should be investigated as ring-
expanding agents for the synthesls of azulenes (5) and
tropilidenes (6).

10, I% is proposed that the 1,6-cyclodecadione inter-
mediate in the Pfau and Plattner synthesis (7) of azulene
may be obtained by the reactlon of lead tetraacetate with

decalin-9,10-dicl.



(1)

(2)

(3)

(4)
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