STUDIES ON:
THE SPECIFIC ACTIVITY AND INHIBITION OF UREASE;

TRYPSIN AND CHYMOTRYPSIN - CATALYZED HYDROLYSIS

OF SIMPLE PEPTIDES;

ISOMERIC TRANSITIONS OF RADIOACTIVE TELLURIUM.

Thesis by

Kent Midgley Harmon

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Phllosophy

Celifornia Institute of Technology
Pasadena, California

1948



Acknowledgment

I wish to express to Professors Niemann and
Dodson my deepest appreciation for their guidance and
instruction, and to my wife my gratitude, not only for
typing this manuscript, but also for her constant love

and encouragement during my career as a graduate student.



Abstract

It has been observed ghat the specific activity of
urease in solutions containing hydrogen sulfide, or cysteine,
and expressed In terms of arbltrary units of urease activity
per unit weight of enzyme taken as protein nitrogen is depend-
ent, within limits, upon the apparent enzyme concentration.
The Michaells constants of several urease preparations have
been determined at 25° and pPH 7.0 under conditions minimiz-
ing the above noted phenomenon.

It has been observed that urease is competitively inhi-
bited by phosphate, but not by maleate or glycine buffers.
The effects of several substituted ureas upon the kinetics of
the urease-catalyzed hydrolysis of urea have been compared.

It has been observed that although the trypsin-cata-
lyzed hydrolysis of benzoyl-l-arginineamlide is apparently
first order with respect to substrate, the first order rate
constant is dependent upon the initial substrate concentra-
tion. Similar results have been obtained in a study of the
hydrolysis, by chymotrypsin, of N-acetyl-l-tyrosylglycine-
amide, and possible explanations for the two cases have been
advahced. Inhibition of chymotrypsin by N-acetyl-d-tyrosyl-
glycineamide has been observed.

Unsuccessful attempts have been made to obtain proof
of a proposed mechanism for the chemical changes which accom=
pany the isomeric transition of T6127-129. Further informa-

tion regarding the nature of these changes has been obtained.



Part

11

III
Ao

Be

Table of Contents

Title

The Dependence of the Specific Activity
of Urease Upon the Apparent Absolute
Enzyme Concentration

Nature of the Inhibition of Urease by
Phosphate and Substituted Ureas

Experiments with Trypsin and Chymotrypsin

Kinetics of the Trypsin-Catalyzed Hydro=-
lysls of Benzoyl-l=-arginineamide

Chymotrypsin=-Catalyzed Hydrolysis of l=
and dl- N-Benzoyltyrosylglycineamide
and Ne-Acetyltyrosylglycineamide

Chemical Effects Accompanylng the Isomeric
Transitions of Radloactlive Tellurium

Page

16

33

46

53



Part I

The Dependence of the Specific Activity of Urease

Upoh the Apparent Absolute Enzyme Concentration

)
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If the activity of an enzyme preparation is deter-
mined under conditions where a further increase in sub-
strate concentration is without demonstrable effect, all
other factors being held constant, it is ordinarily
assumed that the specific activity of the enzyme, expressed
in terms of arbitrary units per unit weight of enzyme, is
indepehdent of the absolute enzyme concentration (1, 2).
However wilth urease solutions stabilized with hydrogen'
sulfide or cysteine (1) we have observed that the specific
activity of a given urease preparsetion when determined
under the above conditions, increases with decreasing
apparent enzyme concentratlion over a wide range of concen-
trations and that this increase in specific activity
proceeds with a meastrable velocity at temperatures above
150. This phenomenon was observed with crude urease pre-
parations, such as jack bean mesal, and with two, three,
and seven times recrystallized urease. Since little or no
difference was observed in the behavior of three and seven
times recrystallized urease the data presented in this
paper are limited to those obtained with thrice recry-‘
stallized preparations. Uresse activity was determined
by a modification of the procedure described by Van Slyke
and Cullen (3). The precision of the modified procedure

was + 2«3 pér cente



Experimental

A. Determination of Urease Activity

Reagents.- The buffer solution, O.1 molar in phosphate
adjusted to pH 7.0, used in all experiments was prepared
from dipotassium hydrogen phosphate and potassium dihy-
drogen phosphate. The 1.0 molar solution of urea was
prepared daily in order to minimize the effects of bac-
terial contamination. The crystalline urease was prepared
from jack bean meal by the method of Dounce (4) with all
operations subsequent to the initial extfactioh being
carried out at 59, Thrice recrystallized urease from 200
gme. of meal was dissolved in 3-5 ml. of water 1% saturated
with hydrogen sulfide and this stock solution kept at 5°
prior to its use. Hydrogen sulfide solutions were pre-
pared daily by appropriaste dilution of.a solutlon saturated
at 0°, Redistilled water was used in all cases.
Procedure.- Clean 18 x 150 mm. reaction tubes were charged
with 2.0 ml, of buffer solution and 1.0 ml. of 1.0 molar
urea solution (or standard ammonium sulfate solution con=-

taining IOO}Ag. of ammonia-nitrogen per ml.,) and placed in

either a 25° or 15° constant temperature bath. When ther=
mal equilibrium had been attained the enzyme éolution was

added (usally 1.00 or 0,79 ml.) and the time noted. After
the desired time interval had éiapsed (usally two minutes)

065 mle Of 1.0 molar sulfuric acid was added to sach of the



tubes, the latter shaken, and placed in an ice bath.

Exactly 10 ml. of 0.0l molar sulfuric acid was placed in
each 18 x 150 mme. absorption tube and the tubes fitted with
rubber stoppers each bearing a 4 mm. glass inlet tube and a
capillary type orifice designed to permit an air flow of
300-400 ml./min. To each reaction tube in the ice bath was
added 3-4 ge of anhydrous potessium carbonate and the tubes
fitted with rubber stoppers each bearing a 4 mm. inlet tube
as well as a 4 mm. "U" tube serving to connect the reaction
tube with the absorption tube. With each reaction tube
connected to an absorptlion tube with a short length of rub-
ber tubing the reaction tubes were placed iIn a 55° bath, the
inlet and outlet tubes connected to manifolds and the aera-
tion started. After twenty'minutes each reaction tube was
disconnected and shaken so as to wash down the sides of the
tube with carbonate solution. After this process, the tubes
were reconnected and allowed to aerate for a second period
of twenty minutes, when the washing process was repeated.
After a final twenty minutes seration the absorption tubes
wore disconnected and placed in an ice bathe. To the chilled
contents of each of the absorptlon tubes was added 1.0 ml,.
of Nessler's reagent (5), the tubes removed from the ice
bath and after ten minutes the intensity of the color measur=-
ed in a Klett colorimeter. With the apparatus at our dis-
posal it was possible to run eleven determinations simultan-

eously and in every such series two or more determinations



were blank determinations in which either the urea solution
or the urease solutlion wes replaced by an equal volume of
water or standard ammonium sulfate solution. For precise
results such blank determinations were found to be neces-
sary. The conversion of colorimeter readings to micro-
moles of ammonia was based upon a serles of determinations
of the'ammonia recoverable in the range of 10-2ogﬂg. of
ammonia-nitrogen from a standard of ammonium sulfate. The
specific activity was calculated from the relation: speci-
fic asctivity = lOJx/ta, where X= number of micromoles of
ammonia liberated, t = time in minutes during which hydro-
lysis occurred, and a = micrograms of protein-nitrogen

present in the solution.

Be Dilution Experiments

Procedure.- Relatlvely concentrated solutions of thrice
recrystallized urease in water 1 per cent saturated with
hydrogen sulfide, 1l.e., ones containing SOO-ISOQﬁg. of
protein-nitrogen/ml., were diluted with the solutions of
hydrogen sulfide or cysteine previously adjusted to pH

7.2-7.5 by the addition of anhydrous potassium carbonate.*

% The pH of water 1-10 per cent saturated with hydrogen
sulfide was found to vary between 5.5 and 4.5



The specific activity of urease in these solutlons was then
determined as a function of time taking zero time as the
time of mixing. In those experiments where a stepwise dilu-
tion technique was employed the solutions were allowed to
stand at 25° for two hours after the initial dilution. A
1-10-6000 stepwise dilution 1s defined as an initial 1-10
dilution which has subsequently been dlluted to effect a
final over-all dilution of 1-6000. The date obtained in

these experiments are given in Tables I - III inclusive.

Ce Determination of Micheells Constants

Proceduree- The kinetics of the hydrolysis of urea by
thrice recrystallized urease were studied at 25° and PH 7.0,
The activity of the urease solutions was determined as
described previously and the rate determinations were made
at nine different urea concentrationg i.e., 0.004, 0.005,
0.006, 0.007, 0.008, 0,010, 0.015, 0,025, and 0,250 molar
urea., The data so obtained were found to obey the Michaelis=
Menton equation, v = VS/(X, + S), where v = the rate of
hydrolysis at a urea concentration S, and V = the maximum

of limiting rate of hydrolysis, over the concentration

range of substrate studied. In practice it was found
convenient to follow the suggestion of Linewsaver and

Burke (6) and to transform the original Michsasells equation
into iﬁs linear form 1/v = 52 .1 E for evaluation of the

Vv 8 v



data, It should be noted that the concentration of urea
corresponding to a given rate was always teken as the aver-
age urea concentration obtaining during the determination

of the rate.

Discussion

The dependence of the specific activity of urease
upon the apparent enzyme concentretion in systems contain-
ing hydrogen sulfide was first observed when relatively con-
centrated solutions of urease in water containing hydrogen
sulfide were diluted approximately a thousand fold with the
same solvoht.* It was further observed™ that in the absence
of hydrogen sulfide rapid inactivation of the urease occur-
red and that the effect observed with solutions contaeining
hydrogen sulfide could be obviated by the presence of silver
lon. In earlier experiments it was not apprecliated that
urease is slowly inactivated at pH 4.5-5.5 in solutions con=
taining hydrogen sulfide. However, it was found that this
inactivation could be mlnimlzed or suppressed by meintaining
the systems at epproximately pH 7 at all times.

The data presented in columns 2 and 3 of Taeble I are

# TUnpublished experiments of the suthors.



typical of those observed when reletively concentrated
solutions of urease are-diluted at 25° and pH 7 with water
containing hydrogen sulfide and the specific'activity of
the urease in these solutions determined as a function of
time taking zero time as the time of mixing. The initial
values are not particularly accurate since the actual deter-
mination of urease activity requires a_minimum of two mine
utes if precise results are to be obtained. Nevertheless
the data in columns 2 and 3 of Table I clearly illustrate
that the specific activity of the urease in these solutions
increases with time,

The increase in the specific activity of urease upon
dilution noted above was observed when urease solutions
containing 1365)yg. protein-nitrogen/ml. were diluted to
give ones containing approximately 0.23/ﬂg. protein-nitrogen/
mle In order to determine whether this effect could be
observed with lower order dilutions the device was adopted
of carrjing out dilutions of l-4 to 1-10, allowing these
qplutions to stand sufficiently long to attain equilibrium,
and then diluting these solutions uniformly to the polnt
where it was possible to determine the specific activity of
the urease contained therein reasonably accurately. As
before the specific activity of the uresse in the final solu-
tions was determined as & function of time (Table I, columns

4-7 inclusive). It will be noted that in every case " .:



the specific activity ilncreased with time and reached,
within experimental error, the same maximum limiting value.
Further, it 1s clear from these data that the initisl 1l-4
and 1-10 dilutions were effective in diminishing the per-
centage change in specific activity observable upon the
final 1-6000 dilution and one may conclude not only that
the low order dilutions were attended by changes in speci=-
fic activity, but also that at equilibrium and with rels=-
tively high concentrations of uresse the specific activity
of urease is a function of the enzyme concentration if the
latter be taken as being equivalent to the amount of protein
nitrogen present in solution.

An attemﬁt was made to estimate the magnitude of
the temperature coefficient of the above reaction by meas-
uring the change in the specific activity of urease
brought about by a 1=-4000 dilution, of a relstively concen-
trated urease solution, at 15° and 25° and at PH 730
Unfortunately the data obtained in these experiments
(Table II) did not justify the calculation of a value for
the temperature coefficient. However, they do provide
evidence that the reasction is temperature dependent.

The above observations on the behavior of urease in
solutions containing hydrogen sulfide suggested the desira-
bility of investigating the effects observaeble with another
so called stabilizing agent. In Teble III are presented

deta which were obtained in preliminary éxperiments using



10

cysteine instead of hydrogen sulfide. While these data
are not as extensive as those available for hydrogen sul-
fide it 1s clear that in both systems similar, but not
necessarlly ldentlical, reactions are operative.

The Michaells constant (1,2,7) of an enzyme is often
teken as & characteristic property of the enzyme though it
is recognized (7) that the constant may be dependent upon
temperature and pH.*¥ Using crude preparations Van Slyke
and Cullen (3) and Ambros and Minch (8) obtained data
which give values of 0.011 moler ures at 20° and pH 7 and
0.0082 moler urea at 50° and pH 7.6 for the Michaelis con-
stant of urease. With ureasse solutions containing 0.065-0.095
}lg. of protein-nitrogen/ml., which had been prepared by
dilution with water 1% saturated with hydrogen sulfide and
allowed to stand at 25° for three to four hours, values for
the Micheells constant of five different urease preparastions,
obtained from two different lots of jack bean meal, were
found to be 0.,0098, 0.0116, 0.,0098, 0.0112, and 0.0103
molar urea at 25° and PH 7.0 respectively. The variation
in the Michaelis constant noted above, i1.e., 0.0107 % 0.0009,
was somewhat greater than that observed, i.e., 0.0106 X
0.0003, when the constant of a given uresse preparation

was redetermined at intervals extending over a period of

#% Ionic strength may aléo be an importsnt varieble.
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several months.

The fact thaet a substantial increase in the specific
activity of urease is observed when a relatively concen-
trated solution of uresse in water containing hydrogen sul=-
fide or cysteine 1s diluted with the same solvent appears
to preclude the possibility that the effect observed is
simply'an activation of urease by hydrogen sulfide or
cysteine (9). An alternative explanation may be that the
urease molecule dissoclates into smaller units upon dilution
and that this process 1s accompanied by ean increase in the
number of resctive sites, the hydrogen sulfide or cysteine
merely serving to prevent inactivation. A second slterna-
tivé explanation may be that the crystalline urease prepara-~
tions are contaminated with a naturaelly occurring inhibitor,
which is not removed by the repeated recrystallization of
urease from relatively concentrsted solutions, and that the
urease-inhibitor complex dissoclates in dilute solutions,
the degree of dissoclation being a function, within limits,
of the degree of dilution. Although there are insuffliclent
data to determine whether all of the sbove hypotheses are
operative or whether any one should be completely excludéd
it 18 clear that the observed effect must be taken Iinto
account if studies on uresse actlon are to be properly

evaluated.,
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Table I

Dilution of Urease Solutions With Water 1% Saturated
With Hydrogen Sulfide at 25° and pH 7.2=7.5° "

Specific Activity at 25  and pH 7.0%*

Time After
Dilution in 1-6000 1-4-6000 1-10-6000
Minutes Dilution Dilution Dilution

I II I II I II

(1) (2) (3) (4) (5) (6) (7)

2 136 131 138% 146 156 148

10 141 134 145 151 161 153

30 149 139 156% 154 168 154

70 169 163 186 170" 181 163

120 186 175 207 186 196 184

180 198 191 218 203% —_—

240 210 207 228 204 210* 204

300 220 — 228 217
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Table II

Dilution of Urease Solutions With Water 1% Saturated
' With Hydrogen Sulfide at 15° and pH 7.3%%¥

Time After Specific Activity at 15° and pH 7.0
Dilution in After a 1=-4000 Dilution®¥®
Minutes E ¥ Il
(1) (2) (3)
2 88 83
15 88 .
45 ' 86 .88
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Table III

Dilution of Urease Solutlion with Solution of
Cysteine At 25° ana pHIV.O***

Specific Activity at 25° and pH Y ol
Time After 0.,01lM Cysteine 0.002M Cysteine

Dilution in
Minutes 1-5000 1-5000 1-4-5000  1=-10-5000
Dilution Dilution Dilution Dilution
(1) (2) (3) (4) (5)
2 119 137 123 08
10 123 141 129 103
30 134 150 136 109
70 154 169 152 121
120 179 183 166 130
180 188 190 171 132%
240 198 193 175 132

360 198 176 189 150
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Notes to Tables

% Obtained from a smooth curve through other points of
serles.

#¥% Average of‘dupiicate determinations agreeing within
+ 2 per cent.

#¢  Original urease solution contained 1365 /Jg.
protein-nitrogen/ml.



Part II

Nature of the Inhibition of Urease

by
Phosphate and Substituted Ureas
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One of the best approaches to an understanding of
the mechanism of enzyme-catalyzed reactions is through an
investigation of the effect of inhibiting substances upon
the kinetics of such reactions. 1In view of the simplicity
of its substrate and probable inhibitors, the ease of
determinatlion of its activity, and the high degree of its
specificity, crystalline urease is especislly suitable for
a study of this type.

An early investigation of the inhibition of urease
by substituted urees, carried out by Ambros and Mfinch ( 8),
was inconclusive because of the crudity of their énalytical
methods. Recent work by Dr. Jack Peterson, in these labora-
tories, resulted in a precise method for the measurement of
urease activity (described in Section I) and gave a gdod
indicaticn of the directlon in which further research would
be fruitful. The research here reported is an extension and

confirmation of Peterson's resultse.

Theory

A theory which has received wide application in
explanation of the observed kinetics of enzyme=-catalyzed
reactions is that of Michaells and Menten (10). They postu-
lated equilibrium intermediate compound formation between
enzyme and substrate. Simple modifications of thelr theory
lead to equations which represent the action of various types

of inhibitors. The following considerations are based on the
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treatment given by Lineweaver and Burk (6 ) and by Ebersole,
Guttentag, and Wilson (11).

Consider a system containing enzyme, substrate, and
an inhibitor. If E ©represents an enzyme molecule, S a
substraete molecule, I an inhibitor molecule, and S' the

reaction products, one may assume reactions 1-5 to occur,

(1) E + S <«—» ES
(2) ES —> E + 8¢
(3) E + I <« EI
(4) ES + I <4 ESI
(5) EI + g ——ESI
Let e = total enzyme concentration
8 = substrate concentration
1 = inhibitor concentration
p = concentration of ES, the enzyme-substrate
complex
q = concentration of EI, the enzyme-inhibltor
complex
g = concentratlon of ESI, the enzyme=-substrate-

inhibitor complex
e-p=g-g = concentration of free enzyme
k = rate constant for reaction 2

Then
(6) Ky = s(e-p~4-¢) dissociation constant of ES
Y
(7) Ko = i(e-p-q-g) = dissociation constant of EI
q
(8) Kg = EE = equilibrium constant for resction 4
: g

By the use of equations 7 and 8, q and g may be
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eliminated from equation 6. The latter may then be solved

for p, to give

(9) p =
KpKcKg + 1KpK, + sKcKg + 1sKe

esKcKg

If the reaction velocity v 1s proportional to the con-
centration of the enzyme-substrate complex, v = -Ei = Kpe
dt

kechKg

(10) v =
KnKcKg + 1K,Ky + sKcKg + 1sKg

Let V represent the velocity, in the absence of inhi-
biter, when s 1s large enough that all enzyme 1s combined
with substrate (p = e). Then V = ke. Meking this substitu-
tion and taking the reciprocal of both sides, one gets equa-
tion 1l1:

(11) - il._) (Er-“-)(i) + (1 + .i.._) (i)
v Eac- 'V B8 Kg' 'V
According to equation 1ll, a straight line should re-
sult when E is plotted (ususlly as ordinate) agsinst é. As
shown beloz, en inhibitor may affect the slope of the line,
the ordinate intercept, or both. The type of inhibition
which occurs is defined on the basis of the effect on slope

and intercepte
A~ Reaction in the sabsence of inhibitor

If 1 =0, only reactions 1l and 2 occur, and equation

11 reduces to the Michaselis-Menten equation,

v

(12) . mo.
\' ]

1
v
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5

and the slope is E&,
v

As the ordinate intercept 1s

V and K, may be readlly evaluated.

B= "Competitive®™ inhibition

Cbmpetitive inhibition is assumed to result from the
sgqullibrium compound formation of the inhlbitor with the
enzyme at the same point as that ﬁith whlch the substrate
unites. This situatlion 1is represented by equations 1-3,.
Equation 11 may be adapted to represent only equations 1-=3
by setting Kg equal to o (reaction 4, then, does not occur).

If this is done, equation 13 resultse.

(13) t=@+iy & 1,1
v Ko v 8 v

A competitive inhibitor thus affects only the slope;
the addition of inhibitor causes the slope to increase by

the factor (1 + E_),
Ke

C- "Non-competitive™ inhibition

Non-competitive inhibition is usually regarded sim-
ply as a condition in which some of the enzyme molecules
are rendered lnactive. The net effect of adding a non-com=
petitive inhibitor should be merely that of lowering the

total enzyme concentration, and should show up as a greater

intercept (a lower maximum velocity in the presence of
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inhibitor) and a proportionally greater slope. This result
is predicted by equation 11 if K, = Kg.
D= "Un-competitive® inhibition

It is occasionally observed that addition of en inhi-
bitor causes an increase in intercept with no change in
slope. If Kc = o0 (reaction 3 does not occur), equation 1l

reduces to equation 14, which expresses this effect.

(14) .{:Km.i+(l+i_.).

i d
v v ] Kg v

E.

Apparently unrelated changes in intercept and slope
may result upon addition of an inhibitor if X, and Kg are

unequal.

In general, any change in slope is an indication that
reaction 3 is occurring; any change in intercept is an indi-
cation of reaction 4 or 5 or both 4 and 5.

Thus the results of an investigation of enzyme inhi-
bition are best summarized and compared in the form of the
slopes and ordinate intercepts of the straight lines obtained

by plotting E ageinst E.

v s
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Experimental

Urease activities were measured as described in Sece-
tion I-A. The kinetlics of the hydrolysis of urea were investi-
gated as described in Section I=C,

Thrice recrystallized urease was diluted to a concen=
tration of about one pg. protein N/ml. with a solution which
was 0.01 formal in buffer and which was stabilized with HpS.
The dilute solution, pH 6.5, was maintained at 25° for five
hours before use,

The maleate buffers were prepared by addition of solld
reagent grade sodium hydroxide to a solution of recrystallized
maleic acid; the glycine buffers, by addition of recrystal-
lized sodium carbonate to a solution of recrystallized glycine.
At pH 7.0, the glycine buffer had a glycine: bilcarbonate ratio
of 100:6,

The reaction mixtures were prepared as described pre=-
viously. Reaction times of three minutes were used for all
activity measurements whose results are reported. Early
experiments with phosphate buffer gave the erroneous lmpres-
sion that the activity at the low urea concentration, and
consequently the slope: intercept ratio, was dependent upon
the reaction time. This effect was found to be caused by
insufficient mixing of the reaction mixture after additlon of
enzyme. Similar experiments with maleate buffer, in which
the reaction time was varied, and in which the solutions were

thoroughly mixed, showed only the usual experimental
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differences.
A least sqares trestment, in which the data were

weighted proportionally to the reaction velocities, was
4.

v S

used in computing the slopes and intercepts of the E vs

linese.

Discussion

A= Effect of Buffers

That ureese activity 1ls affected by the type of buf=
fer, and its concentration, was reported by Van Slyke and
Zacharias (12), who observed that urease activity 1s depres-
sed by phosphate, and by Howell and Sumner (13). The latter
authors noted the dependence of the activity--pH curve upon
the type of buffer, using phosphate, citrate, and acetate
buffers.

In the course of this investigation of the kinetilcs
of the urease--urea system, it has been found that phosphate
exerts a marked inhibiting influence of the competitive type.
The data pertaining to the effect of phosphate are summarized

in Teble IV, Exp'ts I and II, and presented graphically in

Fige 1o It is evident that the intercept of the i vs i line
v ]

remains essentlally unchanged upon increasing the phosphate
concentration, while the slope increases markedly. The in=-
crease In slope 1s approximately linear for the lower phos=-
phate concentrations., Extrapolation to zero phosphate gives

a value for the slope of 4.5. The slope: intercept ratio for
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zero phosphate concentration, or Michaells constant, is
about ijmole/ml. or 0.003 formel urea.

From equation 13, for a case of competitive inhibi-
tion the slope 1s

m=(1+_) Emy |
Kc v
Using the extrapolated value of m = Eﬂ = 4.5, K, may be cal-
'S

culated from the relation
- 4,5 1

m-4.5

Ke

» Wwhere 1 = umole inhibitor/ml.

For 1 = 30 to lGl/xmoles phosphate per ml., the average value
of K, 1s 0.035 formeal phosphate (Table IV, Column 7).

That the inhibitlon by phosphate is not simply en ionic
strength effect 1s shown by the markedly different results ob=-
tained with maleate and glycine buffers (Table IV, Exp't. III;
Figs. 2 and 3). Increasing the sodium mealeate concentration
from O0.16 to 0.53 formel causes no change in slope, and only
a reletively small increase in intercept. The increase in
slope upon increasing’the glycine concentration, when buffer-
ing with glycine, may or mey not be significant, since the
varietion is within experimental error, as judged by runs with
the same concentration of phosphate buffer. Glyclne also has
a small effect upon the intercsept.

It is interesting to note that with the maleate and gly-
cine buffers, a slope: intercept ratio is obtained which is not
greatly different from the ratio obtained from the phosphate

data upon extrapolation to zero phosphate concentration.
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The discovery of competitive inhibition of urease by
phosphate is an indication that other biological systems,
which are often studiéd in phosphate buffer, may be more

affected by the phosphate than is now supposed.

B- Effect of substituted ureas

The results of the investigation of the inhibltion
of urease by various compounds related to urea are summarized
in Table V (Figs. 4 and 5).

It is clear that n-butyl urea has & marked effect
upon the kinetics of the system, whether buffered with

maleate or phosphate. Unfortunately, the slopes for the

i vs i lines are too erratic to permlt calculation of a

v s
reliable value for Kc‘ The intercepts, however, increase

linearly with the concentration of inhibitor. Kg may be

calculated from the expression for the intercept in equa-

tion 11,
i 1

T

Kg A

Intercept (1 +

The values for Kg, as calculated for n-butyl urea
inhibition in both a maleate and a phosphate buffer, are
tabulated in Table V, column 8. They are all reasonably
close to the average of 0.032 formal n-butyl urea.

In phosphate buffer, neither t-butyl urea nor methyl

urea has much effect at low inhibitor concentration (0.05

formal or less).
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In maleate buffer, on the other hand, both compounds
exert a definite influence upon the kinetics of the reaction.
Values of the constants X, and Kg may be calculated for both
inhibitors, although such values should not be considered as
highly reliable, since only a single experiment was carried

out with each compound. The constants obtained from the

data are:
methyl urea -- K, = 0.132 formal
Kg = 769 formal
t-butyl urea -- Kc = 0,057 formal
Kg = 0,425 formal

Thus, of the inhibitors investigated, n-butyl urea

has much the greatest effect.
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Table IV

Upon Kinetlcs of Urease-Urea System

Buffer
(2)
Phosphate

Maleate

Glycine

Buffer
Conce

(3)

«030
«056
« 109

«056
«109
«161
« 267
«38

«16
032
53

16
032
* 93

f.

Slope
" mn

(4)

8.12
11.3
22.1

11.9
19.4
25.8
52,0
69.1

7.84
780
7.82

676
7 .00
7621

Intercept m/b

ﬂbﬂ

(8)

1.27
1.28
1.26

1.49
1.53
1.62
1.39
1.71

1.70
1.80
2.30

1.45
1.54
1.68

(6)
6o4

P
~3
e & o o °

B Ol
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Table

\'J

Effect of Substituted Ureas

Upon Kinetics of Urease-Urea System

Buffer

(2)

134 fo
maleate

053 f.
phosphate

134 T,
Maleate

056 f.
phosphate

134 fo
maleate

«056 f.
phosphate

Inhi-
bitor

(2)

n=butyl
urea

t=butyl
urea

|

methyl
urea

Inhi
bito
Conec

(4)

00583 f,

.021
037
<083

0053
016
032
053

0035

012
025
0057
«049

.050

<083
0263

2

g
T
o
Lo

fo

f.
T

Slope
ﬂmﬁ
(5)

5,20
4,96
6.95

6e36

11.9

10.8
15.6
14.9
18.2
18.0

5.1
746

11.7
11.7
12.7
12.4
12.8

D oo
[ ]
G o

e

Inter=
cept
ubn
(6)

1.40
173
2.36
3e21
3672

1,48
1.64
2.14
3013
3,90

1.58
1.71

136
1.38
1.34
1,39
l.41

1.58
1.63

1.28
1.28
1.39

m/b

(7)

3.71
287
2,94
1.98
3420

7033
9.50

OOy

e o
O M =
0N~

QWOW® »WW OOWOO W
s o o e o e @ ¢ o e
=IO O HOUBLO &N

)

(8)

0027
«034
030
0034

«040
«033
«028
«031
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—Effect of n=Butyl Ures

Iq 0,134 f. Maleaste Buffer

: .053 £ inhibitor
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| | | | t $ t 1 "::‘*” 1 |
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Effect of n-Butyl Urea
In 0,053 f. Phosphate Buffer
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6
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Notes to Figures 1=5

5 (};mole NHs)-l ml.mine

it (jxmole urea)-l mle



Part III

Experiments with Trypsin and Chymotrypsin
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A- Kinetics of the Trypsin-Catalyzed Hydrolysis

of Benzoyl-l-Arginineamide

Crystalline trypsin has been shown (14-19) to catalyze
the hydrolysis at the amlde link, of « =benzoyl-l-arginine-
amide (BAA), L -hippuryl-lesrginineamide, < =-toluenesulfonyl=-
l-arginineamide, «K=-benzoyl-l-lysinesmide, and «-hippuryl-l-
lysineamide; and, at the ester link, of the methyl esters of
benzoyl-l-arginine (BAME) and toluenesulfonyl-l-arginine.
Previous investigations of the kinetics of the amlde hydro-

lyses were carried out only with initial substrate concen-

trations of 0,043 to 0.05 formal. They led to the conclusion
that the resction rate is first order with respect to the
concentration of both the enzyme and the substrate. This
conclusion was drawn because for any single experiment,
with a given enzyme concentration Eq and ean initiel substrate
concentration of about 0.05 formel, the rate of hydrolysis
was found to decrease as predicted by equation 15. Since

(15) - EE = k'E s

at 9

8 = substrate concentration
k!'= proteoclytic coefficient

these results were obtesined with initial 0,05 formal sub-
strate concentrations, the Michaells constants were assumed

to be relatively large.

On the other hand, Neurath's studies (18) of the

hydrolysis of BAME show this reaction to be zeroc order with
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respect to the substrate up to 95% hydrolysis. As the ini-
tial substrate concentration was 0,0063 formal, a very low

Michaelis constant 1s indicated for this reactione

Hydrolysis of benezoyl-l-arginineamide (BAA)

A further Investigation of the kinetics of the tryp=-
sin-catalyzed hydrolysis of BAA has shown that the initial
reaction velocity varies little with inital BAA concentra-
tion, over the range of 0.0l to 0.07 formal BAA (see Table

VI columns2 and 4). The initial reaction rates obey the

Michaelis-Menten equation, v = - o5 = V 8 , Within
dt  Kp+s

experimental error. At 25° C. K, was found to be ~0.,0021
formal BAA. It was also observed that for any value of sgo,
the reaction epparently follows a first order kinetics,
although at high initlal substrate concentrations, the
reaction rate decreases somewhat more rapidly with time
than expected for & reaction which is truly first order
with respect to the substrate concentration. The first
order rate constant k', however, increases as sy decreases,
Further, the reaction products have & marked inhiblitory
effect upon the reaction rate, although ammonium ion alone
is without effect,

These results parallel those recently reported by
Neurath et al ( 20 ) for the hydrolysis of both the ester
and amlde of benzoyltyrosine by crystalline chymotrypsin.

These lnvestigators observed no inhibition by the products
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of the reaction, and concluded that their results agreed

with the integrated Michaelis-Menten equation,
(1) ket = 2.3 K log 32 + (85-3) °
s

However, 1f the rate of an enzymatic reaction 1s consis-
tent with the latter equation, it should not decrease as
rapidly with time as it should if the rate were truly first
order with respect to the substrate concentretion. Neurath
doesn't give suffienct data to tell whether or not this is
true.

In view of the observed inhibition of the trypsin -
BAA hydrolysis by the split products, a different explana-
tion seems in order., One possible theory is outlined below.
(21).

Consider the equilibria:

k
B & BAA‘EEﬁr E*BAA —> E + BA + A
(e=p=-q) (s) (p)

K
E  + BA <>, EeBA
(e-p-q) (sg=8+I) - (q)

total enzyme concentration

substrate concentration
= initial substrate concentration

concentration of the enzyme-substrate complex
concentration of the enzyme-split product complex

I= initiael concentration of the split product
e-p=-g= free enzyme concentration

Hu

Qg e o
I Ho

(17) ©. = g, =2 {e-P-a) PKp = s (é-p-q)
p 5
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(18) Ky = (80‘3"'1)(9“?"(”
q

FromB, g = (80-3+I) (e-p)

Ky+8g5-8+1

Substituting into 17,

9Ky = (sy=3+I)(e-p=-q)

K+ _8_9_+I+(r-l) s

r

kes

D = esKy
Kn(Ky+8o - s+I)+sKy
If K =rK , p =
T
=d8
(19) — = kp =
at o

L 8o*D) o (1-r)s

(20) Integrating, ket

- kes
(21) If I =0, 298

r b

(22) And at t = 0, - 98 - Xe8g

dt Km*ﬁo
(23) If r=1 - ds = kes

dt  Kys  +I

r

at K20 - (I=F)s—

r.

2.3[%m+1(q0+1) ] log 2°-
r

(1-r)

r

(50-8 )

In equations (19-23), r represents the relation between

K, and K.« If r = 1, the reaction should appear to be exactly

i q

first order with respsct to the substrate.
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An equation similar to equation 23 is obtained by
application of Klotz'! linear equation (22) for the binding
of lons by & protein with n equivalent binding sites per

molecule,
e K 1
(236 ) L. ="l 4 =
Ag n A n
where e = protein (enzyme) concentration

A = ion concentration (in this case,
concentration of substrate plus
split product)

A,= no. of moles of lons bound to protein
per unit volume of solution

Taking the reciprocal,

a, = on4
K+E

Assuming that only the substrate 1s bound to the enzyme,

ens
8 =
e e

K+8

where s = substrate concentration
Se= bound substrate concentration.

If the rate of reaction is proportional to sg,

kens

( 25 ) v =
_ K+s
Equation 25 has the same form as the Michaelis-Menten
equation, with a different significance applied to the con=
gtantS.

If one assumes, on the other hand, that the combining
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slte of the enzyme may be occupled equally well by either

the substrate or one of the split products,

_ 8 s enA
Se-_Ae=_o
A A K+A
Then kens
( 26 ) v =
K+A

If in equation 20 r 1s less than one, the split
product must be more firmly bound to the enzyme than is the
substrate. In such a case, as the reaction proceeds the
rate should decrease more rapldly than would be predicted
from a first order kinetics, =« .o |

Such a deviation from a first order reaction has
been observed in all experiments in which s, was high. A
value of r of about 0.5 has been found to fit such cases

fairly well. However, with low s, values, the deviation

o
was not observed--perhaps because of the experimental diffi-
culties involved.

The rate constants k, calculated from eguation 22
are llisted as observed for various initial substrate concen-
trations, enzyme concentrations, and temperatures, in columns
3 and 5-8 of Table VI . At 25° C, consistent results--as
indiceted by the uniformity of the k values = were obtained.

They gave values of k = 0.0022*, K, = 0.,0021, and r = 0.5,

# k = millimoles min.~? (mg. enzyme nitrogen)'l. This enzyme
preparation was about one-half as active as those of Bergmann.
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At 40°, however, the k values varied considerably from one
experiment to another.

It is evident that the Michaelis constant, Ky, for
the reaction 1s temperature dependent, ranging from 0,0021
formal BAA at 25°C to 0.0082 at 40°C.

It seems of interest to compare experimental values
for the extent of hydrolysisA(so-s) with those calculated
from equatiqn 20, using different values of r. These results
are tabulated in TableVII, for r = 0.432 and r = 1.0, Gene=-
rally spesking, the agreement is better with the lower value
of r, although r = 1 fits more closely at the very low ini-
tial substrate concentrations.

The effect of the resction products upon the rate is
shown 1n TableVIIIe 0.05 formal NH4+ causes no demonstrable

change. Since benzoylerginine 1s only slightly soluble,*”

% In view of the low solubility of benzoylarginine, it is
surprising that no crystallization of split products from
the reaction solution was observed, even after standing for
24 hours. If the inhibiting split product crystallized out
upon reaching the concentration u, the rate from that time
on would Le expressed by the equatiocn

kes
v =

(Kmﬁ;) + s

Consequently, the plot of log s (as ordinate) against time
would give & curve which was concave upward from zero time
to the time when the split product concentration became
equal to u, and which was concave downward from that time
to the end of the reaction. Such an effect was not obser-
ved in any of the experiments.
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it could not be tested alone. A solution of 0,05 formal BAA
was completely hydrolyzed, the enzyme destroyed by heating,
fresh BAA added, and fresh trypsin. The rate was then fol-
lowed in this solution, which was initielly 0,042 formel in
benzoylarginine and NH4+, and was found to be markedly
decreased. The results obtained in this experiment are com=
pered with those calculated from equation 20 (using the
values of k = 0,0027 end r = 0.53), in Table VIII The agree=-
ment 1is good,

The data presented fit well with the theory, although
Neurath's observations upon the rate of hydrolysis of BAME
argue ageinst the postulated inhibition by benzoylarginine.
Perheps both NH4+ and benzoylerginine are necessary for

inhibition.
Experimental

Reagents: The data presented were obtained wlth a prepara-
tion of crystalline trypsin procured from Armour, Similar
results were given by crystalline trypsin from Lehn and Fink.
The trypsin solutions were prepared by dissolving a weighed
quantity of the dry enzyme - MgSO, mixture (7.5% nitrogen) in
water and centrifuging to remove the small amount of insoluble
material. Such & solution preserved its activity essentlially
unchanged for several hours.

The substrate solutions were prepared by dissolving &

welghed amount of benzoyl-l-arginineamide hydrochlorlide in
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water. A 0,05 formal solution had a pH of 3 to 4. In the
early experiments, the pH was adjusted to 8 by addition of

e minute amount of X2CO0z. This practice was discontinued
because it broved to be unnecessary and because it was found
that carbonate in large amounts (0.04 formal) acted to
decrease the activity of the trypsin.

A O.1 formsl phosphate buffer, pH 7.9, was prepared
from recrystallized potassium dihydrogen phosphate and
disodium hydrogen phosphate. Glass-redistlilled water was
used for enzyme, substrate, and buffer solutions.

Reagent grade formaldehyde was found to have too low
a pH for use in formol titrations (23). This situation was
remedied by shaking the formaldehyde wlth basic magnesium
carbonate, allowing to stand two or three days, and filter=-
ings The pH of the resulting solution was about 8.
Procedure: In the usual procedure, 5.0 ml. of substrate
solution end 1.0 ml. of buffer were pipetted into a 1" x 6%
test tube, which was placed in a constant temperature>bath1
1.0 ml. of trypsin solution was adéod from a plilpet, the mixe
ture sheken, and a 1.0 ml. sample withdrawn for the blank
determination. The blenk was corrected for the one-half to
one minute time interval required for this operation. 1.0
ml. ssmples were withdreswn thereafter at the times desir@d.

Each‘sample was added immedisately to an equal volume
of formaldehyde in either a 10 ml., beaker or s beaker of the
same diameter but 2% to 3 inches high. The besker was placed

in & rubber stopper which in turn was mounted on the shaft of



42

an inverted air-driven stirrer in such a way as to permit
rotation of the besker during the titration. The pH meter
electrodes in the solution acted as stationary stirrers.

Titration of the sample was carried out by the addi-
tion of 0.01 f. sodium hydroxide from an automstic buret,
calibrated in hundredths of a milliliter. A smell dismeter
glass tube, its lower end drawn to s fine opening and
immersed in the solutlon, delivered the base directly into
the sample.

The end-point of the titration was taken at pH 8.1,
as measured by a Beckman pH meter using electrodes especially
shaped for use in & limited space. It was found necessary to
thoroughly rinse the electrodes after each titration, and
check them against a standard buffer, as their calibration
changed somewhat during the course of & titration. It was
also found edvisable to titrate a sample as soon as possible
after it was added to the formaldehyde, as the titer changed
upon standing.

Blank runs were made with solutions conteining no
enzyme. No appreclsble hydrolysis of the substrate was

observed under these conditions.
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50
4344
37
30
10
8.7
5.8
5.0
4.6
4.0
360
2.0
1.5

mg. protein N/ml.
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Table VI
Reaction Rates and Rate Constants
PH = 7.7
. 25° C. -
E_=.055%% Eg=e034"
=,0021 formal
8. =-g% 8, . =g¥®
(In 20m (20 60")
(2) (3) (4) (5)
3e'7 0022
367 «0024
1.7 «0023
1.5 « 0023
200 0018
1.2 0020
1.0 0021 1.5 .0021
0.9 .0023

moles BAA per ml,

30° ¢ 40°
30043%* E030064”H‘-
=,0035 Ky=.0082
, formal formal

k k

(6) (7)
«0065 «0074
0067 «0076
0060 0076
«0066 « 0061
«0061 «0073
0066 0074
+0054

Ce )
36
Eo—.042

k

(8)
0057

«0059



44

Table VII
Comparison of Experimental and Calculated Results 25° C.
K = 0,0021 formal BAA; k= 0.0022; E,= 0.055 mg. N/ml,

8, Time Percent s,-s bbs.) sy=-s kale.) s -s (cala)
moles/ml. (min.) hydro- s mole/ml. mole/ml. pmole/ml,
lysls r= 0,43 r=1
(1) (2) " (3) (4) (5) (6)
10 11.5 1l.2 1.12 - 1.11
20 17.0 1,70 1.70 1.83
40 2845 2.85 2.90 SeB1
5.0 10 16.2 0.81 0.76 0.80
20 29.8 1.49 . 1.30 1.47
30 37.0 1.85 1.78 2.02
40 45.8 2.29 2.14 2449
50 51.0 2.55 248 2.88
60 56.8 2.84 2.76 3,20
4.0 10 16.7 0.67 0.68 0,73
20 30,0 1.20 1.19 1.31
30 41,8 1.67 1.58 1.79
40 48,3 1.93 1.92 2.18
50 59.0 2036 2.06 251
60 6248 251 2.42 2,77
3.0 10 20,0 0,60 0.58 0.57
20 32.0 0.96 1,03 1,14
30 44,7 1.34 1.35 1.53
40 59,0 1.77 1.61 1.84
50 6563 1,96 1.73 2008
60 71.0 2.13 2.00 227
20 46,0 0.92 0.72 0.90
30 61.5 1.23 1.05 1.18
40 69.5 1.39 1.24 1,39
50 70.5 1.41 1.38 1.54

60 80.5 1.71 1,49 1.66
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Table VIII
Effect of Reaction Products upon the Rate

25° C. E = .062 mg. N/ml. s = 50 + moles/ml,

Reaction Product added  Time Percent s,-s (obs) s -8 (cale.)™

(min.) hydro- K moles/ml.//xmoles/ml.
lysis :

(1) (2) (3) (4)

None 60 16.8 8.42. 8,90
120 29.0 14,51 14.5
270 50,0 25,0 2563

.05 formal NHg* 60 1649 8447 8490
120 29.4 14.68 14,5

«042 formal benzoyl-
arginine; 4042

formal NH, 60 8427 4,153 348 4
120 15,50 7.75 7.0 4
240 273 13.62 12.8 £

% using k= 0027 , 1= .53
#% Assuming no inhibition by ammonium ion.
Assuming inhibition by benzoylarginine.
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B=- Chymotrypsin-Catalyzed Hydrolysis
of 1- and dl=-
N=-Benzoyltyrosylglycineamide

and

N-Acetyltyrosylglycineamide

Contrary to the report of Bergmenn end Fruton (24),
benzoyl-dl=-tyrosylglycineamide is rapidly hydrolyzed by
crystalline chymotrypsine. At 40° Cc. and PH 7.8 in a
0.00344 formal solution of the dl- mixture, the l- compon-
ent is split as rapidly as 1in a 0.00172 formal solution of
benzoyl-l-tyrosylglycineamide. Experiments at markedly
higher substrzte concentrations, while desirable, could not
be done because of the low solubility of the substrate.

The data are presented in Table IX.

A more compiete picture is.presented by experiments
which were done with (1-) and (dl-) acetyltyrosylglycine=
amide. The solubility of this compound was large enough to
permit work with solutions 0.05 fdrmal with respect to the
(1-) component. At pH 7.8 and et either 25 or 40° Ce., the
rate of hydrolysis of the (1-) component in & O.1 formel
solution of the (dl-) mixture i1s about one-helf the rate in
a 0,05 formal solution of the (1-) compound. At 40°, in
solutions 0.,00172 formal with respect to the (1l-) component,
the rates sre identical within experimental error . for the
(1-) and (dl-) compounds. These data, comgled in Teble X,

thus indicate that in 0.10 formael (dl-) solutions the (d-)
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form acts as an inhibitor. In solutions of low (dl-) con=
centration, the enzyme is unsaturated and no inhibition
occurse

In the course of these experiments, as shown by the
tables, the extent of hydrolysis of each reaction mixture
wes measured at suiltable suécessive time intervals. A plot
of log's* against time gives an approximately straight line
in each case, indicating a reaction which is first order
with respect to the substrate. Rate constants snd proteo-
lytic coefficients, celculated by the commonly used first
order rate expression, are included in Tables IX and X.
Comparison of the proteolytic coefficients show that the
benzoyl peptide is hydrolyzed much more rapidly than the
acetyl peptide under the same conditions. These constants,
however, should be taken only as a rough approximation,
since they represent the sum of two reactions--the hydrolysis
of the tyrosylglycine peptide bond and the comparatively
slow splitting of the amide link (25).

Based upon the seme approximetion--omission of con-
sideration of the amide splitting--was an attempt to
investigate the kinetics of the hydrolysis, catalyzed by
crystalline chymotrypsin, of N-acetyl-l-tyrosylglycine~

smide at 25° C. and pH 7.8. The rate of this reaction was

# 8 = substrate concentration at time t; 8, = initial sub-
strate concentrationi. ,
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measured for several different initial substrate concentra-
tions. As in the case of the trypsin-catalyzed hydrolysis
of benzoyl-l-arginineamide (BAA) and the chymotrypsin-cata=
lyzed hydrolysis of both the ester and the amide of benzoyl=-
tyrosine (20), an apparent first order kinetics is observed
for the reaction at all initlal substrate concentrations;
but the first order rate constant k' increases as So
decreases, In many of the experiments, the reaction rate
falls off less rapidly with time than would be expected
of a truly first order reaction.
Either of two possible explanations for this behave
ior may be advanced:
1) If inhibition by thé split products occurs, as in the
trypsin--BAA reaction, the course of the reaction
would agree with equation (20).
2) If no inhibition by split products occurs, the rate
 law may be expressed by the integrated Michaelis-Menten
equation, equation 16,
Either equation would fit the data equally well.
Since the data are meager, and nothing is known of possible
reaction product inhibition, the simpler explanation embodled
in equation (16) was adopted for purposes of comparison with
experlimental data. In Table XI are tabulated the experimen-
tal values of 8,=8 and those calculated from equation (16),

using the best experimental values of Ky = 0.03 formal and
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k = 0,0089%, The agreement 1s within experimental error.

Experimental

Crystalline chymotrypsin prepsrations obtained from
Lehn and Fink and from Armour were compared and gave aboub
the same results. The solutions were buffered with 0.015
formal phosphate, pH 7.8.

The procedure was the same as that described in Part
IIT-A. The extent of hydrolysis was determined by formol
titration to pH 8.1, using a pH meter for end-point deter-
minations. One-half ml. samples of the 0.05 formal sub=-
strate solutions were used; 2 ml. samples of the 00,0017

formal solutions were titrated.

# ¥k = millimoles min=% (mg. enzyme nitrogen)’l.
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Table IX

Hydrolysis of N-Benzoyltyrosylglycineamide
40° C.; PH = 7.8

E Time of 848 it o*
(mg. Prot. Reaction pmolés/ml.
N/ml.) (min.) dl 1 dl 1 dl 1
(1) (2) (3) (4) (5) (6) (7) (8)
517 s 10 66 70 049  .052 3.2 3.4
20 1.18 1.22 .058 062 3.7 4,0
.0154%#% 10 1 .65 053 047 3.5 3.1
20 1.24 1.15 .083 .055 4.1 3.6
30 1.60 1.38

* Concentration of dl substrate = 5.44/Amole/ml.
L 8 l i _172
“”Crystalline chymotrypsin preparatlon from Armour.
e " Lehn and Fink.
# k' i1s the first order rate constant, min.” 1,
# C is the proteolytic coefficient.
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Teble X

Hydrolysis of N-Acetyltyrosylglycineamide

Temp. E * g ¥%
oG o

(1) (=) (3)
40 .0154 1.72
40 031 1l.72
40 ,060 50

25 075 50

25 .30 50

Time

(min.)A/amoie/ml.

(4)

30
60

20
40
60

20
40

20
40
60
80

10
20
30
40

pH = 7.8

8 -
(5)
.29
.60
45
63
90

7.36
13.46

5.92
8.06

13.74

7.64
12.6

24 .4

S

1
(6)

36
64

042
70
«85

12,76
22.0

752
14.20
19.96

14.1
24.7
3242

X
p R

(min.=1)
al 4
(7) (8)
.0061 .0079
0071 .0077
015 .014
.011 .013
.012  ,01l
L0079 .015
0077 ,015
.0041 ,0081
.0044 .0083
.0085
.0040
0165 .0329
0146 ,0342
.0342
.0167

dl
(9)

e39
46
045
37
«40

.13
«13

.054
.058

054

«055
«049

«056

1
(10)

«51
«50

045
42
056

24
024

11
oll
«11

o1l
+11
o1l

* Mg. protein nitrogen /ml. of Lehn and Fink chymotrypsin.

*¥Concentration of 1- form of substrate,
first order rate constant,
# C is the proteolytic coefficient.

Py ak‘

is the

). mole/ml.
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Table XI

Comparison of Experimental and Calculated Results
259C; pH = 7.8; E, = 0,15 mg. prot. N/ml.

(K, = 0.03; k = 0.0089)
8, Time of Percent so=-s (obs.) s5-s (calc.)
molé/ml. Reaction Hydrolysis }Jmole/ml. /ﬂmole/ml.
(min. )

(1) (2) (3) (4) (5)
50 10 14.9 7.44 Bl
20 27 6 13.8 15.7
40 48.6 24.3 273
30 10 16.9 5.08 6.3
20 o7 =l 1l.1 11l.6
40 65.2 19.6 20,0
20 10 26.1 5.22 4,9
20 45.2 0.04 8.9
30 59.4 11.9 12..4
8.3 10 3lel 2.6 2.5
20 53.2 4.4 4.3
30 68.7 5.7 5.7
5.0 10 31.0 1.55 1.6
20 533 2+87 > 4
30 70.6 353 3¢5



Part IV

Chemical Effects Accompanying
the

Isomeric Transitions of Radloactive Tellurium
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The isomeric transitions undergone by T6127,129,
127 90 da 127 93 hr, 2
Te _______y# e Il £ §

T o s
I. T, p
and
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are known to bring about the reduction of telluric acide. The
molecular species resulting from this reduction is commonly
assumed to be tellurous sasclid, since 1t may be separsted from
the solution, along with added inactive tellurous acid, as
elemental tellurium following fractional reduction with SO,
in 3N HCl. This procedure has been used as a method of
separating the nuclear isomers. Similar effects are found

to accompeny the lsomeric transitions of BrS0 (27-32), 8079,
and SeS (33) .

In an early paper on the subject, Seng and his cowork-
ers remarked (28) that the recoil energy, imparted to the
atom either by the transition gemma or by an electron
resulting from internal conversion, might be enough to
break the necessary bonds. However, it was later shown
that the recoil énergies are much smeller than the bond

energies involved (27).

127,129 80

It is further known that the Te and Br transi-

tion gammes are largely internally converted. The conver=
sion electrons play a part in the phenomene as has been
shown in an experiment (27) in which the daughter activities

127,129

of Te were colleéted from the walls of a vessel in
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which gaseous di-ethyl tellurium had been allowed to decay.

In a similar experiment with Zn69

» Which undergoes an iso-
meriq transition which would be expected to impart & much
higher energy to the recoiling zinec atoms, but whose gammas
are largely unconverted, no daughter isomer was found to
have separated.

An attractive theory (31) lays the cause of moleculser
disruption of this type to an Auger process, initieted by
the conversion electron. The Auger process should result in
a partiasl stripping of the valence electrons from the decay-
ing atom, leaving the molecule with & net positive charge.
The molecule would thereby become unstable and fly apart.

If this theory 1s correct, the fragments from the dis-
rupted molecules should have a positive charge, and . it
should be possible to collect them upon & negatively charged
plate in an electric field. De Vault and Libby (31) per-
formed such an experiment, placing oppositély charged plates
in gaseous ethyl bromide containing Brso. At the conclusion
of the experiment there was no difference between the activi=-
ties on the plates. This result was attributed to a neutra-
lization of the charge on the fragments before they came in
contact with the plates.

In this laboratory, charged plate experiments,h similar
to that of De Vault and Libby, but using gaseous hydrogen

telluride and dimethyl-tellurium, were also carried out

without success. These attempts are described below. Also
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described 1n the following pages are a number of solution
experiments which show that tellurous acid is indeed pro-
duced from telluric acid as a result of the isomeric tran-

sition.
Experimental
Reagents

Radiocactive tellurium: Tellurium containing the radlo-
127 129

sctive isotopes Te and Te was obtained from the Man-
hattan Distrlct. All subsequent references to compounds
containing tellurium refer to this material, unless other=
wise specified.

Hydrogen telluride: HopTe was prepared by electrolysis, as

described by Ernyei (34). A platinum anode and a tellurium
cathode, in compartments separated by a fritted disc, were
immersed in a 50% HpSO4 solution. A four volt potential
was applied; with the passage of current through the cell,
HoTe was formed. A stream of Np through the cathode com=-
partment swept the H,Te into a cold trap. The cell was

cooled in an ice-salt bath, to diminish thermal decompo=-
sition of the HyTe. |

Dimethyl Tellurium: (CHz)gTe (35) was prepared by reace

tions represented by the equations:
Te + 2 CHzgI <+ Te(CH3)212

Te(CH3)pIy + H20 + NapSOz = Te(CHz)p + NapSO4 + 2HI
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1 gm. Te (powdered) and 2.23 gme. CHzI were mixed, sealed in-
to a glass tube, and heated at 8000. for 24 hours. After
breaking open the tube, the contents were extracted with
hot CHClze Red crystals of Te(CHz)gI2 ropmeq upoR ¢0oling
the CHClz solution. One gm. of the iodide compound was
added to a frozen solution of 0.7 gm. NagS0z in several cc.
HoO in a small flask, the flask was connected to a vacuum
line, evacuated, and the mixture warmed. With care, it was
possible to distil the (CHz)oTe and only part of the water
Into an adjoining cold trap. Repeated fractional distilla-
tlon under vacuum finally gave a bright yellow solid, which
was substantially water-free and which melted to give a
11ght yellow liquid upon warming. Low yields were obtained.

Tellurous acid: Te was dissolved in HNOz with a small

amount of HCl added, to give tellurous acid. The solutlon
was neﬁtralized with NaOH, precipitating the tellurium. This
was then dissolved in 3N HCl, to give a solution of tellu-
rous acld in approximately 3N HC1.

Telluric acid: Tellurium oxide, precipitated as in the pre-

paration of tellurous acid, was mixed with conc. H550,, and
HoOg was added. When the solid had dissolved, the solution
was evaporated until formation of crystals was observed.
The solutlion was cooled, and conc., HNOz was added, ceusing
crystallization of telluric acld. The crystals were heated
almost to the melting point to drive off the nitric acid,

then recrystellized twice from water. The crystals were
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dissolved in water to give a telluric acid solution.

Gas Phase Experiments

The first charged plate experiments were made with
gaseous HyTe, in é small cell with iron plates as elec=-
trodese. HZTe proved unsatisfactory, however, due to its
instability; activity with the half lives of the parent iso-
mers was: found on both plates. Decompostion of the H2Te
seemed to occur preferentlally on the positive electrode,
as 1t was often found ?o pick up markedly more activity
than did the negative plate.

Because of the difficulties in preventing decomposi-
tion of H2Te, all following gas phase work was doné with
Te(CH5)2. Several charged plate experiments were carried
out using stainless éteel plates, each about 3 cm? in area,
end 1 to 2 mm. apart, and with gas pressures from 20 to 30
mme. A potential drop as high as 340 volts was applied
across the gap for five hours. Essentially zero activity
was found on both plates, although an activity of 1850 c¢/min.
was recovered from the gas phase,

Believing that with larger plates, there would be a
greater chance of success, Exp't. II (Table XII) was carried
out using the cell shown in Fige 6 . This consisted of 2
concentric giass cylinders, with the annular space enclosed

and sealed at the ends. The inner surface of the outer
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cylinder and the outer surface of the inner cylinder were
rendered conducting with a thin, continuous layer of
colloidal graphite (the graphite was applied by painting
onto the glass a suspension of alcohol-dag in acetone).

The cell was filled with (CH5)2Te to a pressure of 10 mm.
and 60 volts applied for 15 minutes. It was then discbvered
that a small current was flowing. The voltage was reduced
to 374 volts and was continued for five hours. At that time,
the gas in the cell was frozen out into the side arm ahd
removed; the cylinders were separated, and the graphite
surfaces swabbed down with conce. HNO3 to remove any depo=-
sited Te. The HNOg solutions were concentrated and finally
evaporated to dryness on glass microscope slides, on which
they were counted. The gas removed with the bulb was also
treated with conce. HNO3 and mounted for counting in the same
waye. The results, given in Table XII show that the activi-
ties collected on the two plates were nearly the same.

As a check on the work of Seaborg (33), Exptt. III
was performed,. Te(CH3)2 was allowed to stand at low pres-
sure in a sealed glass”bulb. After 10 hours, the gas was
frozen out and the walls were washed down with conc. HNOgz
The decay curve of the activity obtained from the walls
was analyzed into curves which showed the 9 hr. and 72 min.

half-lives of the daughter isomers,
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Solution Experiments

If the theory that an Auger type process, with the
resultant loss of electrons from the molecule, is respon-
sible for the effects observed, one would expect an oxida-
tion to occur during the isomeric transition.” It seemsd
well to investlgate the statement that the lsomeric transi-

tions of Te1e! 2129 pring

about reduction of telluric acild

to téllurous acld, in view of the scarcity of experimental

evidence that 1t 1s actually tellurous acid which is formed.

1) In-active telluric acid carrier was added to a solution
of labelled sodium tellurite (2800 ¢/min.), then sepa-
rated by precipitation of zinc tellurate. The precipi-
tated telluraste was found to have an activity of 30
¢/ min. Apparently the isomeric transition does not
result in oxidation of tellurous to tellurlic acid,
under these conditionse.

2) Several mg. of freshly precipitated, inactive tellurium
was added to 5 cce of labelled tellurous acid (350 ¢/min.).

After shaking for ten minutes, the tellurium was filtered

#% In a paper which appeared since this investigation was
carried out, Williems (36) reported that in acid solu-
tions, 55% of the isomeric transitions of Te cause
reduction of telluric to tellurous acid. In alkaline
solution, however, only 40% of the transitions bring

about this reduction, while 15% cause the oxidation of
tellurous to telluric acid.
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off and counted. Its negligible activity of 10 ¢/ min.
indicated that tellurous acid was not reduced either to
tellurium or to a form which exchanged rapldly with
tellurium., In another experiment, the mixture was
allowed to stand over night. Similar results were
obtained.

The common experiment of mixing tellurous acid carrier
with labelled telluric acid was carried out. The tel-
lurous acld was selectively reduced with SO

2
HCl solution, and was found to have plcked up activity,

s In a 3N

with the half life of the 9 hr. daughter isomer. (By

the time this experiment was performed, most of the 32
day parent isomer had decayed).

An Experiment similar to the above was performed. In
this case, however, the tellurous acld was precipitatéd
in three fractions, the first two as the oxide, by neut-
ralizing with NaOH, and the third as the element, by
reduction. Fractions 1 and 2 were dissolved in HCl and
reduced to elemental tellurium for countinge The speci=-
fic activities were messured and compared. As may be
seen from Table (XIII), the specific activities of the
three fractions are practically the same. If the product
finally resulting from the reduction induced by the
isomeric transition were anything but tellurous scid,

one would not expect nearly as close an agreement between

the specific activities as was obtained.
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Except where otherwlse specified, all samples were
reduced to elemental tellurium and mounted on & circle of
filter paper for countinge. A bell jar type counter tube,

with a thin mlica window , was usede.
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Table XII

Gas-Phase Experiments with (CHz)oTe

at Room Tenperature

Pressure
(mm)

25
10
42

Act., on
Negative
Plate
(c/min.)

6
440

Voltage Distance Area
between between of Each Tinme
Plates Plates Plate (Hrs.)
( mms,) (cms )
340 1 3 4%
AT - 2 1200 5
m— — — 10
Act. on Activity T% of
Positive Recovered
Plate From Gas Ak on
(¢/min.) (e/min.) Plates
7 1865
385 535 9 Hre
72 mine
5942 9 Hre

Activity on walls-
2120

72 mine.
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Table XIIT

Fractional Separation of Daughter Isomer

From Telluric Acid Solution

Fraction Ppt's Wt. of Te. Total Specific Activity
as Counted Activity (9 hr half life)
1 + 4 oxide 4.2 mg. 400 ¢/min. 95 c¢/mg/min.
2 + 4 oxide 8.5 mge 697 ¢/min. 82 c/mg/min.

3 Tellurium 11.8 mg. 955 ¢/min. 81 c/mg/min.
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Cell Used in Experiment II

Brass ring

Concentric glass
cylinders —so

I€ 44 mm. ‘*

0. D.
— — 41 mm, — | 100 cm.

I. D. |

Graphite layers
shown in red

Annular space ﬁ
containing'———’¥ 1
(CH3)2Te

i'ia‘.::::::::::;\\ )

Brass ring

Fig. 6
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1)

2)

3)

4)

5)

Propositions

The general methods used in the investigation of urease
inhibition (see Thesis, Part II) should be applied to
the following systems:

a) The inhibition of trypsin by acylarginine compounds;

b) The inhibition of trypsin and chymotrypsin by the
optical antipodes of their substrates;

¢) The inhibition of urease by p-chloromercuribenzoate

(Hellermen et al, J. Blol. Chem. 147, 443 (1943).

The reversible inactivatlion of trypsin has been insuffi-

ciently investigated and should be further studied using

simple substrates for which the specificity of trypsin
has been demonstrated.

a) It is proposed that the irreversible inactivation of
trypsin at pH 8 would be inhibited by benzoyl-l-
arginine.

b) The claim that the basic €-amino group of lysine is
necessary for trypsin activity (Hofmann and Bergmann,
J. Biol. Chem. 130, 81) is based on inconclusive
evidence.

The effect of an inhibitor upon an enzymatic reaction may

be that it causes changes in K and k. (see Thesis, p. 18).

The study of an enzyme reaction under only a limited num-

ber of different conditions may be very misleading.



6)

7)

8)

9)

10)

It is proposed that the effect of phosgene upon animal
life is not caused simply by the release of HCl in the
cells, and that the true effect may be discovered by
the use of tracer methods, using radio carbon of the
high specific activity now available.

Information as to the mechanism of the oxidation of
organic compounds could be obtained by tracer studies
with 018,

The exchange of 505 with SOS, and of ferro- and ferri-
cyanide should be reinvestigated.

The attempted verifications of the postulated Auger-
effect mechanism for the chemical effects which accom=-
pany the isomeric transitions in tellurium (see Thesls,
Part IV) probably failed because of the high ratio of
inactive to active tellurium. It is proposed that the
experiment be repeated, using TeF; containing tellurium
of a much higher specific activity than has heretofore
been available,

The words “éublimed“ or "resublimed®” upon bottles of
chemicals are not good indications of the purity of the

contentse.



