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ABSTRACT

The known reactions of N,S-diphenylthiocarbamate were
extended by studies of the effects of various reagents and
conditions. The results are discussed in terms of pre-
viously suggested reaction mechanisms.

The mixed anhydrides between S-phanylthiocarbonyl-
chloride and carboxylic acids were briefly investigated as
preparative intermediates. Low ylelds of the expected
products offset the utility of this method.

The non-reactivity of secondary amine S-phenylthio-
carbamates was further demonstrated with N-pentamethylene-
S-phenylthiocarbamate. The inert nature of this compound
indicates that the effects are not due to steric hindrance.

A brief investigation of the reactions of S-benzyl-
thio- and O-benzyl-N-phenylcarbamate suggest that they have
1ittle value as preparative intermediates as compared to
the S- and O-phenyl derivatives.

Some S-phenylthiocarbamates of amino acid derivatives
were prepared, and their use in a polymerization reaction
and stepwise dipeptide synthesis is described. The results
suggest that the various methods are not as elegant as indi-
cated earlier.

A recently developed automatic titration instrument
was employed in a preliminary study of the alpha-chymotrypsin
catalyzed hydrolysis of some acylated amino acid esters. A

useable system was developed, and some preliminary results



were obtained concerning techniques, data treatment, surface
effects and steric effects in enzyme catalyzed reactions.

The kinetics of the alpha-chymotrypsin catalyzed
hydrolysis of methyl hippurate were re-investigated. In
addition, the enzyme-inhibitor dissociation constants of
two competitive inhibitors were re-determined. The results
are compared with values obtained earlier.

Benzoyl-L-valine methyl ester, a new substrate for this
enzyme, was studied in the catalyzed reaction employing the
above techniques. Additional refinements in technique and
errors in this system are discussed.

A number of potential competitive inhibitors, the N-
acetyl amino acid N'-methylamides, were synthesized and
tested for inhibitory activity in the alpha-chymotrypsin
catalyzed hydrolysils of methyl hippurate and benzoyl-L-
valine methyl ester. The results indicate that, of the
compounds studied, only those containing an aromatic resi-

due have a measurable effect in the present systems.
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I. THIOCARBAMATE STUDIES



A, Introduction*

It was shown by Schuller and Niemann (1) that S-phenyl-
thiocarbamates derived from primary amines readily react
with primary and secondary amines under basic conditions
to form di- and tri—substiﬁuted ureas, while S-phenylthio-
carbamates derived from secondary amines are lnert to these
reagents. The first reaction was further examined by Crosby
and Niemann (2) and proposed as a general method for the
synthesis of substituted ureas. In addition, it was shown
that the reaction of S-phenylthiocarbamates prepared from
primary amines with certain hydrazides and amides give semi-
carbazides and acylureas respectively (2). Although most
of the above reactions proceed in nearly quantitative yield
at room temperature, the substitution of oxygen for sulfur
in the carbamates necessitated the use of much higher reac-
tion temperatures to attain satisfactory yields (2).

In addition to the above application, it was suggested
earlier by Ehrensvdrd (3) that fhe S-phenylthiocarbonyl
group was a satisfactory blocking group for the amino
molety of amino acids. Although no experimental evidence

was presented, it was further suggested by this author that

*
. Portions of the work reported here were included in
the paper of Crosby and Niemann (2).
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the blocking group could be readily removed by treatment
with lead acetate. That this was not the case,. without
undesirable products forming, was demonstrated by Lindenmann,
Khan, and Hofmann (4) who found that S-phenylthiocarbamates
of dipeptide esters on treatment with lead acetate, were
converted essentially quantitatively to substituted hydan-
toins.

A more recent application of the S-phenylthiocarbamates
of amino aclds is due to Noguchi and co-workers (5) who have
described the thermal polymerization of these derivatives
and those of dipeptides in a manner which supposedly yields
high molecular weight, linear polypeptides.

Because of the wide variety of possibilities for reac-
tion studies offered by the above observations, itAwas con-
sidered that an examination of the reactions of thiocarba-
mates under conditions differing from these previously in-
vestigated (1-5), as well as with different types of
reagents would be of value in broadening the knowledge
concerning the chemical behavior of these compounds. In ad-
dition, the proposed formation of mixed anhydrides between
carboxylic acids and S-phenylthiocarbonyl chloride (2) was
briefly investigated as a preparative method. ’

S-Phenylthiocarbamates of primary amines not only re-
act with amines and some amides as previously noted (1,2),

but also undergo hydrolysis, base catalyzed decomposition
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in non-aqueous media, and salt formation with a strong base
under the latter conditions. It also was found that the lack
of reactivity of the secondary amine thlocarbamates under

the above conditions (1) could not be attributed to steric
hindrance.

Extension of the reactions of S-phenylthiocarbamates
to the systems S-benzylthio- and O-benzyl-carbamates were
generally unsuccessful.

Attempted preparations of mono-S-phenylthiocarbamate
hydrochlorides of several diamines, and their subsequent
base catalyzed polymerization to polyureas, as well as the
direct preparation of the polyureas from the acid chloride
and the diamine generally led to products which were of a
guestionable nature. However, the polymerization (5) of
the S-phenylthiocarbamate of glycine (4,5) appeared to
proceed (in much diminished yield) as stated. In addition,
" the use of the S-phenylthiocarbonyl group (3-5) in the
preparation of a number of S-phenylthiocarbonyl dipeptides

was investigated.

B. The Preparation and Reactions of

N,S-Diphenylthiocarbamate (2,6).

Although this compound may be obtained from thiophenol
and phenylisocyanate (6), the present study was based on the

applicability of the reaction of S-phenylthiocarbonyl chlo-
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ride (7,8) with primary and secondary amines (1-8). While
the reaction proceeded as stated (6), attempted recrystal-
lization from hot ethanol-water solutions (6) led to mix-
tures of compounds with wide melting ranges. These were
separated by ligroin extractions and identified as N,S-
diphenylthiocarbamate and N,N'—diphenylurea.*

An extension of the above observation was the investi-
gation of the effect of varying amounts of water on the
course of the reactions of N,S-diphenylthiocarbamate with
2-aminopyridine as well as the effect of water on solu-
tions of the thiocarbamate alone. In the first case addi-
tion of 9 V % water to an ethanol solution of the reactants
plus triethylamine did not appear to change the composition
of the product, while the introduction of 25 V % water to
a dioxane solution of the same reaction mixture resulted in
the isolation of sym-diphenylurea contaminated with the ex-
pected N-phenyl-N'-(2-pyridyl) urea. Repetition of this
type of treatment employing dlioxane solutions of the thio-
carbamate alone plus a one mole excess of water (ca. 1.3 V %)
in the presence and absence of triethylamine did not appear
to alter the starting material. These and the previous ob-
servations (6) would suggest that the thiocarbamates are

relatively inert>in golutions containing low percentages of

*

‘This undoubtedly accounts for the report that recrystal-
lization of S-phenylthiocarbamates from ethanol-water gave
compounds that had unsatisfactory analyses (6)
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water (cf. 2,6) at room temperatures, but that in the presence
of large amounts of water or at elevated temperatures the

side reactions accompanying hydrolysis lead to large amounts
of the symmetrical ureas of the primary amine employed in
prepafing the S-phenylthiocarbamate.

Although the above reaction might be postulated to be a
general one, Riemschneider (9), in addition to proposing a
new method for the preparation of some thiocarbamates, has
recently noticed that while the treatment of S-n-butyl-N-
cyclohexylthiocarbamate with boiling sodium hydroxide solu-
tions leads. to sym-dicyclohexylurea in 86% yield, the same
treatment of S-phenyl-N-t-butylthiocarbamate gives a T7%
yvield of t-butylamine. While this fact invalidates the
generality concerning the transformation of thiocarbamates
of primary amines to the corrésponding sym-ureas, it sug-
gests an even more interesting possibility of further in-
vestigations of the steric factors operating in the reac-
tions of these compounds. Further elaboration of these
steric factors might well aid in a final elucidation of
the mechanism(s) in operation during the reactions of
these compounds.

The mechanism(s) of the reactions of thiocargémates
have been'considered by several authors (1,2,4,5). While
it has been suggested (4) that the thiocarbamate first

loses a proton and undergoes a 1:2 elimination reactlon



to form an 1isoeyanate,

+ BH-*'ng + O==C=NR2
which then reacts with a primary or secondary amine to form
di- or tri-substituted ureas, it has been shown (2) that the
presence of an isocyanate cannot be demonstrated by the use
of appropriate trapping agents or by carrying out the reac-
tion in the presence of an excess of isopropanol or ethanol.
These facts, plus the obvious base-dependence of the system,
led these authors (1,2) to suggest that the reaction could
be formulated as proceeding by the removal of a proton to
form a resonance-stabilized intermediate ion, i.e.

0 0 0
i - i { -
R)SCNHR, + BT ===[R,SCNR,; R,SC=NR,] + BH ,

which is then attacked by the primary or secondary amine
with the concomitant elimination of the thiol anion and

formation of the substituted urea, e.g.

0 0
i ! -
0 - 0
. ) |9 (| -
R{-5-C-NHR,j ——= RQNHC—NHR3 + R4S
NH
R

3
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In investigating the reactions of N,S-diphenylthio-
carbamate it was apparent that the generation of the first
intermediate and its tendency to rearrange to form either
phenylisocyanate or to remain as the anion would be inter-
esting to demonstrate. For this reason N,S-diphenylthio-
carbamate was treated with two moles of methyimagnesium
iodide. It was supposed that the reaction would proceed

as follows in the first instance,

0 0
i K i
CsH.S-C-N-C-H + CH,MgI—> C H_-S-C-N-C H + CH
675 H 65 3 65 ?— 65 L
MgI
CH3MgI )
C6H5—S—Mgl + C6H5—N=C=O ——p C6H5—N=/C—-0Mg1
: CH3
H,0 Q
—_— C6H5~NHC-CH3 + HOMgI ,

while in the second instance it did not seem likely that

the intermediate charged species would be subject to

attack by the Grignard reagent. The latter reaction appears
to be predominant in that salt formation was observed (evo-
lution of gas and separation of white solid), but ‘treatment
of the reaction mixture with dilute hydrochloric acid
resulted in recovery of a high percentage of the starting
material.

It is recognized, however, that this is not conclusive



evidence for the non-existence of an isocyanate intermediate
since under the conditions employed (ca. 35°C.) the salt
formed may not undergo the postulated (4) rearrangement.
However, the foregoing facts and earlier observations (1,2)
coupled with the observations of the behavior of N-t-butyl-
S-phenylthiocarbamate (9) in basic solution and the extremely
different behavior of t-butylisocyanate observed by Brauner
(10) under similar conditions are strong evidence against

the isocyanate mechanism. The latter author has shown that
treatment of t-butylisocyanate with water or caustic potash
yields only N,Nt'-di-t-butylurea, and none of the free t-butyl-
amine (cf. page 6 ), and the urea so formed is identical to
the urea formed by the treatment of t-butylisocyanate with
t-butylamine.

Further information regarding the reactions of N,S-
diphenylthiocarbamate was obtained by consldering the method
reported by Noguchi et al. (5) for the formation of amilde
bonds by heating the S-phenylthiocarbamates of amino acids
in benzene, dioxane, or a mixture of either with pyridine.
The present study demonstrates that on heating N,S-diphenyl-
thiocarbamate with acetic acid in boiling dioxane the thio-
carbamate is recovered’unchanged. On the other hénd,
addition of triethylamine to the reaction system results i1n
a high (79%) conversion of the thiocarbamate to sym-diphenyl-

urea.
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The above results may be compared to those of Naegeli
and Tyabji (11) who found that the treatment of phenyliso-
cyanate with acetic acid in bolling benzene solution yields
approximately equal percentages of sym-diphenylurea and
acetanilide. It is apparent that the two cases are not
equivalent, however, due to the presence of triethylamine
in one system and the evidence cannot be employed to prove
or disprove the possibility of an isocyanate intermediate.
The present results, however, are in agreement with the
evidence that basic catalysts are required in all of the
reactions of thiocarbamates that have been investigated (1-6).

It has been shown that the S-phenylthiocarbamates of
primary amines do not react with isopropanol and ethanol
under conditions which in the presence of primary amines
convert them essentially quantitatively to di-subétituted
ureas (2,6). However, treatment of a solution of N,S-
diphenylthiocarbamate in absolute ethanol with excess tri-
ethylamine for eighteen days at room temperature led to
a mixture of low-melting solids. These were not separated
or characterized, but a qualitative comparison of the rates
of this reaction (cf. 2) with that of ethanol and phenyl-
isocyanate in the presence of triethylamine (12) étrongly

suggests that an 1lsocyanate is not rapidly formed, 1.e.
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0 0
[1) q i +
- N tp——— QN N~
C6H5 SC g C6H5 + (CH3)3N ——— C6H5 S Cty C6H5 + (033)3NH
fast

—E22» CgHS™ + CgHgN=C=0 ,

for Baker and Gaunt (12) have clearly shown that the reac-
tion of phenylisocyanate and ethanol readily occurs at 200,

and further, that it is accelerated by added triethylamine.

C. Mixed Anhydrides of S-Phenylthiocarbonic Acid

and Carboxylic Acids

In view of the stoichiometry of the reaction of
S-phenylthiocarbonyl chloride with DL-phenylalanine in the
presence of excess aqueous sodium hydroxide, Crosby and
Niemann (2) proposed that a mixed anhydride was formed by
reaction of the amino acid carboxyl group with the acid
chloride and was then decomposed by excess alkali. They
also suggested that this mixed anhydride could be employed
for the synthesis of derivatives of the carboxyl function.
Two cases were examined for this possibility, using dif-
ferent reaction conditions.

The attempted formation of a mixed anhydride by the
reaction of acetic acid and S-phenylthiocarbonyl chloride
in the presence of ftriethylamine in an aqueous heterogehe—

ous system followed by treatment with aniline resulted in
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the formation of some N,S-diphenylthiocarbamate with no
evidence of anilide formation. On the other hand, repe-
tition of the above reaction in anhydrous dioxane gave a
4% yield of crude acetanilide. Essentially the same
results were obtained when hippuric acid was substituted
for acetic acid in the non-aqueous system.

These facts are in direct support of the proposal (2)
regarding mixed anhydride'formation, and they also tend to
clear up the question (2) as to whether any carboxylic acid
will catalyze the hydrolytic degradation of phenylthio-
carbonyl chloride. However, in view of the low yilelds of
purified products and the cost of the starting material
it is doubtful that this method is of general preparative
interest. In addition, little 1s known concerning the side
reactions occurring in this system, but it is suggested
that the highly nucleophelic thiophenate ion formed as a
product may enter into these (c¢f. 2), and this may account

for the low yields obtained.

D. Attempted Reactions of N-Pentamethylene-

S-phenylthiocarbamate (cf. 2)

4

As 1t is concelivable that the lack of reacti#ity of
N-methyl-N-phenyl-S~phenylthiocarbamate with primary and
secondary amines (1,2) may be attributed to steric factors

(2), a number of typical reactions of the primary amine thio-
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carbamates were attempted with N-pentamethylene-S-phenyl-
thiocarbamate.

This compound, prepared as described earlier (2,8),
was recovered unchanged from extended treatment with ex-
cess diethylamine, excess aniline and triethylamine, and
acetic acid plus triethylamine in boililing dioxane solutions.
In addition, in the last case mentioned the starting mate-
rial was recovered after standing in the reaction mixture
plus water for nearly six months.

Thus, unlike the S-thiophenylcarbamates of primary
amines (cf. 1,2, and above) the secondary amine compounds
are extremely stable. In addition, the possibility that
this stability is due to steriec hindrance in the N-methyl-
N-phenyl-S-phenylthiocarbamate (cf. 2) does not appear
likely, since the same lack of reactivity was noted in the
present case where steric factors were reduced. Further
support of this view is derived from the report of Aubert
and coworkers (13) who found that while the N-disubstituted
thioureas of glycine were readily obtained by the aminolysis
of N-dithiocarbethoxy glycine with secondary amines the op-
posite route of treating the N-disubstituted-S-ethyldithio-
carbamates with glycine gave no reaction unless oﬁe of the
N-substituents of the S-ethyldithiocarbamate was a hydrogen
atom.

'The above facts plus the arguments advanced earlier

(1,2) clearly show that the reactivity of this general class
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of compounds with primary and secondary amines and with
hydrolytic reagents is generally confined to the primary

amine thiocarbamates.

E. Reactions of S-Benzylthio- and O-Benzyl-

N-phenylcarbamates

*

Crosby and Niemann (2) demonstrated that in the reac-
tions of O,N-diphenylcarbamate and N-phenyl-(8 -phenethyl)-
thiocarbamate with primary amines 1t was necessary to employ
eleva ted temperatures in order to obtain good yields of the
ureas in the course of one hour. It was of interest to de-
termine if the same conditions were necessary in the case
of S-benzylthio- and O-benzyl-N-phenylcarbamates.

Although the preparation of S-benzylthiocarbonyl
chloride has been described (14), without experimental de-
tail, two attempts to syntheslze this compound by methods
employing phosgene and base catalysts (ef. 2,7) or employing
phosgene and lead benzyl mercaptide (cf. 8) resulted in ex-
tremely low yields with high recovery of the mercaptan.

Reaction of the crude acid chloride with excess aniline
gave a crystalline sélid which on treatment at room tempera-
ture with aniline and triethylamine in ethanol soiution was
apparently converted to very impure N,N'-diphenylurea.

O-Benzyl-N-phenylcarbamate (15) was prepared from carbo-
benzoxychloride and aniline. Treatment of a dioxane solution

of the carbamate with 2-aminopyridine and tri~*
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room temperature gave none of the expected urea. Heating
the reaction mixture under refluxing conditions for three
days resulted in a viscous oil that resisted all attempts at
purification.

it appears, therefore, that while the S-phenylthilo-
and O-phenyl-carbamates of primary amines (cf. 2) can be
employed for the facile preparation of substituted ureas,
the extension of these reactions to other Systemsvis of

doubtful value as a preparative method.
F. Amino Acid S-Phenylthiocarbamates

The original interest of earlier workers (1,3,4) in
the S-phenylthiocarbamates was based on their applications
to amino acid chemistry, and the report by Noguchl and co-
workers (5) that S-phenylthiocarbamates of amino acids
could be polymerized in pyridine-benzene solution in good
yield to give high molecular weight polypeptides represented
another application of the reaétions of these compounds. In
view of the well-established reactivity of the thioéarba-
mates in basic media (1,2,4) as well as the results in
the presence of acetic acid (¢f. pg. 9 ), it was of inter-
est to examine the Noguchi method (5). ’

The preparation of S-phenylthiocarbonyl glycine (n),
and its subseguent polymerization were carried out as

directed (5). The product, purified as described by the

authors (5), did not fit the analysis for polyglycine and
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contained traces of sulfur. Extensive purification by con-
tinuous solvent extraction or by steam distillation fol-
lowed by solvent extracgion gave products that were sulfur-
free. Analysis, however, showed that these compounds
contained ash, of unknown origin, and had low percentages
of carbon and nitrogen. Although this suggested the pres-
ence of urea linkages, Proféssor R. M. Badger kindly
examined the infra-red spectra of these preparations in the
solid state and found them to be in excellent agreement
with the spectra of authentic samples of polyglycine. These
spectra are reproduced in Figure 1.

An attempted polymerization employing the above condi-
tions was run with S-phenythiocarbonyl glycine ethyl ester.
The starting material was not recovered, nor was any polym-
eric material formed. The oily products were found to con-
tain a crystalline compound that was suspected to be the
sym-urea (cf. reactions of N,S-diphenylthiocarbamate) of
glycine ethyl ester described by Fischer (16). However,
lack of agreement of the melting point observed with the
published value (16) made this supposition unlikely, and
further information as to the identity of this compound was
not sought. ’

Several facts of interest in the formation Qf polypep-
tides from the S-phenylthiocarbamates of amino acids (5)
have recently been reported by Weymouth (17). This author

has carefully reevaluated the earlier work (5), and sug-
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gests that in addition to the occurrence of extensive side
reactions, the polymers obtained, in low yield, have mole-
cular weights roughly ten-fold less than claimed (5).

Also, unlike the previous results obtained here and in
earlier work (1,2), this author (17) has demonstrated that
a secondary amine S-phenylthiocarbamate, i.e., sarcosine,
undergoes polymerization to yield polysarcosine. While
this does not agree with the known lack of reactivity gener-
ally ascribed to the thiocarbamates of secondary amines, it
does definitely rule out the possibility of an isocyanate
intermediate in this case, and suggests that other mechan-
isms (cf. 5) must be considered for the polymerization reac-
tion.

In addition to the above brief study of the polymeri-
zation reaction, the use of the S-phenylthiocarbonyl group
as a protecting group (3,4,5) in the attempted synthesis of
a number of dipeptides was investigated. Although the
literature (3,4,5) suggests that the use of this group
supplies an easy route to these compounds, it has been the
experience of the present author that such claims should be
viewed with caution. Whereas many of the reactions studied
proceed essentially as noted (4,5), the end produéts often

present considerable problems in purification.
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G. Experimental

S-Phenylthiocarbonyl Chloride.--This compound was pre-

pared from phosgene and thiophenol by the method of Rivier
(7), and fractionally distilled to give a product b.p. 79.5-
77.0°C. /3.5-4.5 mm., N§5 = 1.5812.** Yield 26%, based on
the recovery of 27% of thiophenol.

An improved method is as follows: Cylinder phosgene
washed with cottonseed oil and dried with concentrated
sulfuric acid was passed into 700 ml. of toluene in a 3-1.,
three-necked flask with mechanical stirring and cooling in
an ice-salt mixture until 224 g. (2.27 moles) had been col-
lected. Thiophenol (243 g., 2.2 moles) was rapidly intro-
duced through a dropping funnel, followed by the dropwise
addition of 256 g. (2.53 moles) of redistilled triethylamine
in 400 ml. of toluene. During the addition of the triethyl-
amine solution, which required ca. 1.5 hours, the reactlon
mixture was cooled as above and stirred continuously. A
light-yellow solid separated from the reaction mixture,
and at the end of the addition period a heavy slurry re-
sulted. Three hundred ml. of water and 500 ml. of 6 N

hydrochloric acid were added and the solid dissolyed. The

*
Analyses by Dr. A. Elek. All melting points uncorrected.

* %
"Pure S-phenylthiocarbonyl chloride boils at 89.5-90.0°/
5 mm. , N§5 1.5801 (6).
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phases were separated, the agueous phase extracted with two
100-ml. portions of ether, the combined organic phases
washed with 250 mi. of 1 M sodium carbonate solution, and
dried over magnesium sulfate.

After removal of the toluene in vacuo at steam tempera-
ture, the light-orange residue was fractlonally distilled
through a ten inch Vigreux column at reduced pressure.

There was essentially no fore-run and the yellow product*
was collected over the range 75.0-78.0°/3.5-4.5 mm., N%B
1.5803." vield, 284 g., 75%, based on utilization of all

of the thiophenol.

Attempted Synthesis of S-Benzylthiocarbonyl Chloride

via the Reaction of Benzyl Mercaptan with Phosgene.--Treat-

ment of an ice-bath cooled solution of 150 g. (1.52 moles)
‘of phosgene and 183.5 g. (1.48 moles) of redistilled benzyl
mercaptan in 700 ml. of toluene with 1500 ml. of 1 M sodium
carbonate followed by aeration to remove excess phosgene
gave on removal of the aqueous phase, drying and fractional

distillation as above 143.0 g. (78%) of benzyl mercaptan and

*

Although the product should be colorless, attempts to
remove the yellow color by very careful fractional distilla-
tion were unsuccessful. However, the color was not objec-
tionable, and it was noted that it was immediately discharged
on addition of the acid chloride to reaction systems contain-
ing bases.

%* %
Pure S-phenylthiocarbonyl chloride boils at 89.5-90.0°/
5 mm., N5° 1.5801 (6).
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approximately 3 ml. of material, b.p. 101°/5 mm. S-benzyl-
thiocarbonylchloride boils at 1330/18>mm. (14).

Attempted Synthesis of S-Benzylthiocarbonyl Chloride

¥*
by the Reaction of Lead Benzyl Mercaptide with Phosgene, --

Lead benzyl mercaptide (18) (21.0 g., 0.046 mole) slurried
in 20 ml. of toluene was added to ca. 20 g. (0.2 mole) of
purified phosgene in 100 ml., of toluene with ice cooling
and mechanical agitation. The brilliant yellow color of
the mercaptide was rapidly discharged and a finely divided
white solid separated. Afﬁer the addition was completed,
the heavy slurry was stirred at ice temperature for ca. 0.5
hour and then allowed to stand at room temperature over-
night. Aeration of the reaction mixture with dry nitrogen
to remove excess phosgene followed by removal of the solid
by filtration and fractional distillation gave 4.5 ml. of
fore-run b.p. 68.5-126.5°/16-17 mm. and 1.4 g. (8%) of product,
b.p. 126.5-128,0°/15-17 mm. (cf. above).

N,S-Diphenylthiocarbamate.--This compound was prepared

as directed by Crosby and Niemann (2). Recrystallization
of the essentially quantitative yield of crude product from

hot aqueous-ethanol (6) gave a 15% yield of crystalline prod-

*
This method 1s essentially that of Riemschneider and
Lorenz (8) which has been used to prepare a number of analo-
gous compounds.
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wet m.p. 125-126.2°.° Addition of water to the filtrate
near the boiling point gave a crystalline solid (3.4 g.)
on cooling, m.p. 1230—1990. Repeated extraction of this
s0lid with hot 60-70° ligroin and cooling gave 2.0 g.
(17.5%) of product m.p. 126-127°." The residue from the
ligroin extractions was recrystallized from ethanol to
yield 0.74 g. of sym-diphenyl urea m.p. 237.0-241.6°.
Repetition of the above procedure modified to include

recrystallization of the crude, dry product from 2:1 1li-
groin=toluene gave a 94% yield of white needles, m.p.

125.6-127.6°.7

Attempted Reactions of N,S-Diphenylthiocarbamate with

Amides (cf. 2).--N,S-Diphenylthiocarbamate (0.57 g. 0.0025

mole), benzamide (0.30 g., 0.0025 mole) and triethylamine
(0.7 ml., 0.005 mole) were heated for 2.5 hours under reflux-
ing conditions in 20 ml. of dry dioxane. After standing at
room temperature for two hours the clear solution was

poured into ice cold 1 N hydrochloric acid, the solid col-
lected, washed with three 10-ml. portions of 2 N-hydro-
chloric acid and air dried. Repeated extraction bf the

crude solid with hot 60-70° ligroin and cooling of the

extracts gave 0.26 g. (46% recovery) of N,S-diphenylthio-

*
Literature value (2) 123.3-124°,
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carbamate, m.p. 122.3"124(50. The ligroin insoluble resi-
due had a melting point range from ca. 200—227°Lwith decom-
position.* Literature value for N-benzoyl-N'-phenylurea
210-211° with decomposition (2).

In a similar experiment employing malonamide a negli-
gible amount of ligroin insoluble material was obtained. |
Recovered 0.22 g. (38.5%) of the thlocarbamate, m.p. 125.1-

127.1°,

The Reaction of N,S-Diphenylthiocarbamate with 2-Amino-

pyridine in Aqueous-organic Media.--In a mixture of 15 ml.:

of dioxane and 5 ml. of water 1.14 g. (0.005 mole) of N,S-
diphenylthiocarbamate was treated with 0.47 g. (0.005 mole)
of 2-aminopyridine and 1.4 ml. of triethylamine., After '
standing overnight the solvents were evaporated at steam
temperature under a stream of illuminating gas. The solid
residue was triturated with 60—70o ligroin and air dried:
yield 0.52 g. The crude solid was recrystallized from 22
ml, of 1:10 water-ethanol: m.p. 185-238.5° with most of
solid melting in upper portion of range.

Treatment with warm 5% hydrochloric acid did not appear
to dissolve an appreciable guantity of the solid.’ Decanta-
tion of the solvent followed by addition of excess 3 N

sodium carbonate solution did not yield any of the expected

'*

Crosby and Niemann (2) obtained an 80% yield of the
urea when the reaction was carried out in a much more con-
centrated solution containing a large excess of triethyl-
amine.
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product, vide post.

An identical experiment in which a solvent mixture
containing 2 ml. of water and 20 ml. of absolute ethanol was
substituted for the agueous-dioxane resulted in the forma-
tion bf 0.42 g. of crude product. Recrystallization from
22 ml. of 1:10 water-ethanol gave white, fluffy needles,

m.p. 183-185.1°. Literature value for N-phenyl-N'-(2-pyridyl)-
urea (2) 185-186°.

Treatment of the above solid with warm 5% hydrochloric
acid, followed by filtration and neutralization resulted in

the separation of N-phenyl—N'—(2—pyridyl)urea.

Attempted Reactions of N,S-Diphenylthiocarbamate with

Water.--To 1.14 g. (0.005 mole) of N,S-diphenylthiocarbamate
in 15 ml. of dry dioxane was added 0.2 ml. (ca. 0.0l mole)
of water, and the clear solution was allowed to stand over-
night. Evaporation of the solvent, trituration of the
solid residue with 60-700 ligroin and recrystallization of
the solid from ethanol-water gave none of the expected
N,N'-diphenylurea (cf. above).

A duplicate experiment containing, in addition, 1.4 ml.

of triethylamine gave the same results. P

The Treatment of N,S-Diphenylthiocarbamate with Methyl-

magnesium Iodide.--To the Grignard reagent prepared from

0.61 g. (0.025 mole) of magnesium turnings and 3.55 g.

(0.025 mole) of redistilled methyl lodide in 20 ml. of ether
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was added dropwise 2.29 g. (0.01 mole) of N,S~diphenylthio-
carbamate in 30 ml, of ether. Very little heat was evolved,
but a white solid separated and a gas escaped from the sys-
tem through a bubble counter. After the addition the mix-
ture was stirred at room temperature for 0.5 hour and under
refluxing conditions for two hours. With cooling in ice

30 ml. of 1 N hydrochloric aclid was added very slowly to

the reaction mixture. The first drop initiated an extremely
exothermic reaction and there was some loss from the system.
When the addition was completed, the phases were separated,
the organic phase dried over magnesium sulfate and the sol-
vent evaporated. The solid residue, 1.80 g., 78.5%, had
m.p. 124-126°, after trituration with hot 60-70° petroleum

ether. Melting point of starting material: 125.6-127.6°.

Attempted Reaction of Acetic Acid with N,S-Diphenyl-

thiocarbamate.--To 0.57 g. (0.0025 mole) of N,S-diphenyl-

thiocarbamate dissolved in 20 ml. of dry dioxane was added
3 ml. (0.05 mole) of glacial acetic acid followed by heat-
ing under refluxing conditions for 2 hours. After standing
overnight the clear, colorless solution was poured into

50 g. of ice in 50 ml. of water. The white solid was col-
lected, washed with water and air dried. Yield, 0.53 g.,
93% recovery. Recrystallization of a small sample from
60-70° ligroin gave long, white needles, m.p. 125.3-126.3°.

Starting material, m.p. 125.6-127.6°.
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Attempted Reaction of Acetic Acid with N,S-Diphenyl-

thiocarbamate and Triethylamine.--The above procedure was

repeated with the exception that 14 ml. (gg. 0.1 mole) of
triethylamine was added. When worked up, the crude solid
was not soluble in hot, 60-70° 1ligroin, and had m.p. 233.0-
235.50. Apparently impure sym-diphenylurea. Yield 0.21 g.,
79.5%.

In a similar experiment containing equimolar quanti-
ties of all three compounds the system was attached to a
bubble counter to observe any gas evolution. When heat was
applied a slow evolution of gas was observed which increased
as the system reached the boiling point. A steady stream
of gas passed through the bubble counter for ca. 10 minutes
and then the flow became intermittent. After ca. 1 hour
at the boiling point of the solutlion the evolution of gas
had essentially ceased.

The system was worked up as before and gave sym-diphenyl-
urea, m.p. 239.5-241.5°, after one recrystallization from

methanol.

The Reaction of N,S-Diphenylthiocarbamate with Abgolute

Ethanol (ef. 2).--In a tightly closed flask 2.3 g.. (0.01

mole) of N,S-diphenylthiocarbamate and 2 ml. of triethyl-

amine were dissolved in 20 ml. of absolute ethanol. After
standing for eighteen days at room temperature the solvent
was evaporated under aystream of illuminating gas. The

solid residue Was‘extremely soluble in warm 50-~6OO ligroin
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and separated on cooling as an o0il which solidified. The
air dried product (odor of diphenyldisulfide) 1.9 g., had
melting range 38-46°. One recrystallization from 50-60°
ligroin gave crystals, m.p. 41—470. A subsequent recrystal-
lization from methanol-water gave crystals, m.p. 52-58°,

It was supposed that the product obtained was a mix-
ture off diphenyldisulfide, m.p. 61O and O-ethyl-N-phenyl-
carbamate, m.p. 520. However due to the simlilar ~ solu-
bility characteristics of these compounds further attempts

to separate them were not made.

The Attempted Preparation of Acetanilide via the

Mixed Anhydride Between S-Phenylthiocarbonic Acid and

Acetic Acid.--S-Phenylthiocarbonyl chloride (1.58 g.,

0.009 mole) was added over a fifteen minute period with
vigorous stirring to 20 ml. of water containing 0.6 g.
(0.01 mole) of glacial acetic acid and 1.01 g. (0.01 mole)
of triethylamine. As the acid chloride tended to separate
15 ml. of absolute ethanol was added to promote mixing.
After two hours at room temperature, 0.93 g. (0.0l mole)

of aniline was added in a dropwise manner. The white solid
that iﬁmediately formed was filtered out, washed with 2 N
hydrochloric acid, water and air dried. Recrystallization
from ethanol by the addition of water to the cold solution
gave white needles, m.p. 126.5-127.7° (N,S-diphenylthio-
carbamate has m.p. 125.6-127.6°). The yield was not deter-

mined.
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When the above procedure was modified by employing dry
dioxane as the solvent and cooling in an ice bath, a white
solid rapidly separated from the reaction mixture as the
acid chloride was added. After allowing the system to stir
for one hour at room temperature 0.93 g. (0.01 mole) of
aniline was slowly added. The mixture was stirred an addi-
tional hour, filtered, and the filtrate evaporated to dry-
ness with exclusion of air. The residual yellow solid was
washed with 3 N sodium carbonate solution, 5% hydrochloric
acid, water, and was air dried. VYield 0.6 g. (44%).

Recrystallization of a small sample from 60-70° ligroin
gave white needles, m.p. 112.9—113.9O (1it, value for ace-

tanilide 113-114° (19)).

Hippurylanilide.--Hippuric acid (1.79 g., 0.01 mole)

and triethylamine (1.01 g., 0.01 mole) were dissolved by
warming in 25 ml. of dry dioXane. The solution was cooled
in an ice bath and 1.73 g. (0.01 mole) of S-phenylthio-
carbonyl chloride was added slowly with vigorous stirring.
Due to the heavy slurry that formed the addition of 15 ml.
of dioxane was necessary to promote stirring. After 15
minutes 0.93 g. (0.01 mole) of redistilled aniline was
added portionwise to the reaction mixture. Stirring was
continued for 1.5 hours at room temperature, and then the
reaction mixture was poured into 105 ml. of ice-cold 0.3 N
hydrochloric acid. The flocculent solid was removed and

washed on the filter with 100 ml. of 2 N hydrochloric acid
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and 200 ml, of water., After this treatment the residue had
considerable odor of thiophenol which was removed by sus-
pension with constant agitation for 15 minutes in 100 ml.
of 10% sodium hydroxide solution. The resulting solid was
washed with 2 N hydrochloric acid and with water and air
dried.

The alir dried solid still contained sulfur compounds
(odor). Recrystallization from ethanol-water gave 0.43 g.
(17%) of white mneedles, m.p. 211.5-212.5° (1it. value for

hippurylanilide 208.5° (20)).

Preparation of N-Pentamethylene-S-phenylthiocarbamate.--

This compound was prepared by the method (2) described for
the synthesis of N,S-diphenylthiocarbamate. Recrystalliza-
tion of the crude product from 60-70° ligroin gave a 79%
yield of white crystals, m.p. 60-61.6°. Literature values
60.0-60.5° (2), 62° (8).

Attempted Reactions of N-Pentamethylene-S-phenylthio-~

carbamate with Various Reagents.--Two and two tenths grams

(0.01 mole) of the thiocarbamate was dissolved in 15 ml. of
dry toluene and allowed to stand overnight in the presence

of 5.1 ml. (0.05 mole) of redistilled diethylaminé. The
clear solution was then heated on the steam bath under a
reflux condenser for two hours. Removal of the solvent,
washing with 2 N hydrochloric acid and air drying gave 2.2 g.

(100%) of material, m.p. 60-61.5°.
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Treatment of the same quantity of the thiocarbamate
under the same conditions with 0.95 ml. (0.0l mole) of re-
distilled aniline and 2.4 ml. (0.02 mole) of triethylamine
gave 2.26 g. () 100%) of crude product, m.p. 59.5-61.0°.
Recrystallization from 60-70° ligroin gave 1.7 g. (77%) of
tan solid, m.p. 58.9-60.1°.

N-Pentamethylene-S-phenylthiocarbamate (1.1 g., 0.005
mole) was dissolved in 10 ml. of dry dioxane. Acetic acid
(0.3 g., 0.005 mole) and triethylamine (0.5 g., 0.005 mole)
were added and the solution was heated at the boiling point
for two hours. The clear solution was allowed to stand at
room temperature for eighteen days, after which it was
poured into 50 ml. of water and set aside. After a period
of approximately six months, the white solid was collected,
washed with water and air dried. Recovered 0.96 g., 86%,

m.p. 60-61.5°.

Attempted Preparation of N-Phenyl-S-benzylthiocarbamate

and its Reaction with Aniline.--Five drops of the crude

S-benzylthiocarbonyl chloride (p. 19 , method of Rivier (7))
was treated with 10 drops of aniline with the immediate
formation of white solid. The system was well-mixed, washed
with two 1-ml. portions of 5% hydrochloric acid, three 1l-ml.
portions of water and air dried. The residue was dissolved
in hot 60-70° ligroin and separated as long, white needles
on cooling. Rough m.p. gl .8-97.0°,

The above solid was dissolved in 1.5 ml. of absolute
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ethanol and allowed to stand for one day in the presence

of 10 drops of aniline and 10 drops of triethylamine. At
the end of this period the characteristic stench of benzyl-
mercaptan was noted. Addition of 2 ml. of water caused

the séparation of a white solid. The solution was warmed
until clear and allowed to cool. The white needles that
separated were washed twice with 0.5eml. portions of 50%
aqueoﬁs—ethanol and dried in vacuo. Meltling range was
85—225O with most of the solid melting in high end of range.
The solid was triturated with hot 60-70° ligroin, washed
with 5% hydrochloric acld, water, and recrystallized from
ethanol-water. Unfortunately this product was inadvertantly
discarded, but the melting point behavior suggests that the

crude solid was a mixture of the thiocarbamate and N,N'-

diphenylurea.

The Attempted Reaction of O-Benzyl-N-phenylcarbamate

with 2-Aminopyridine.--0-Benzyl-N-phenylcarbamate (m.p.

75.9-77.1°; 1it. value 78° (15)) was prepared from carbo-
benzoxychloride and aniline in dioxane solution. The
carbamate (0.57 g. 0.0025 mole) and 0.29 g. (0.0025 mole)
of 2-aminopyridine were dissolved in 10 ml. of dry dioxane
containing 0.7 ml. (0.005 mole) of triethylamine and al-
lowed to stand overnight at room temperature. The solvent
was removed and the residue treéted with 5 ml. of 60-70°
petroieum ether. All of the solid dissolved or melted so

urea formation seemed unlikely. The ligroin was evaporated
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and the solid residue was heated under refluxing conditions
for three days in a mixture of 10 ml, of dioxane and 1 ml.
of triethylamine. When the solvent was removed, a red-
brown oil remained that did not yield solid products on
treatment with petroleum ether, or on attempted recrystal-

lizations from ethanol or ethanol-water mixtures.

N-(S-Phenylthiocarbonyl)-glycine Ethyl Ester.--This com-

pound was best prepared from glycine ethyl ester by the
method of Lindenmann and coworkers (4). Repeated attempts
to employ triethylamine as a catalyst in the reaction of
glycine ethyl ester hydrochloride with S-phenylthiocarbonyl
chloride resulted in mixtures of compounds that were puri-
fied only with difficulty.

In one instance glycine ethyl ester prepared as
directed (4) from 30 g. (0.22 mole) of the hydrochloride
was added to 17.3 g. (0.1 mole) of S-phenylthiocarbonyl
chloride in dry ether to yield 23.8 g. (99.6%) of crude
product, m.p. 93.0-95.5° (1it. value (&) 104-106°). Re-
crystallization of a small sample from ethanol gave long

prisms, m.p. 103.5-104.8°.

N-(S-Phenylthiocarbonyl)-glycine.--As this compound

was much more easily purified than the ethyl ester, most of
the preparations mentioned above were converted directly to
the acid by the published method (4). Generally, to obtain
the yields reported (4), it was found necessary to salt

out the product.
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In a typical experiment 20 g. (0.084 mole) of the crude
ester was suspended in 60 ml. of a 1:1 solution. of glacial
acetic acid and concentrated hydrochloric acid. After heat-
ing under refluxing conditions for 10 minutes the clear
solution was cooled at the tap and 200 ml. of water was
slowly added. Some white solid separated. The addition
of 70 g. of sodium chloride caused the separation of much
more solid. The product was washed with water and alr dried.
Yield 15.7 g. (89%), m.p. 150-154°. (Lit. value 153-154°
(4)). The compound was recrystallized from 70 ml. of ethyl-
acetate plus 300 ml. of toluene to yield 12.2 g. of fine

white needles, m.p. 155.0—157.5O with decomposition.

Polymerization of N-(S-Phenylthiocarbonyl)-glycine.--

This preparation was carried out as described by Noguchi
and coworkers (5). As there were some additional observa-
tions made in this case the details will be included.

The carbamate (2.1 g., 0.01 mole) was dissolved in
80 ml. of sodium-dried reagent grade benzene in an acid-
washed and oven-dried Pyrex ampoule. Pyridine (8 ml., ca.
0.1 mole), reagent grade previously dried over potassium
hydroxide pellets, was added, and after cooling in an ice-
salt bath the ampoule was carefully sealed. The ampoule
was placed in a chamber, and the vapor from bbiling ben-
zene was employed to maintain the required temperature.
After about 2.5 hours the solution was turbid and some

solid had separated. In two days considerable flocculent
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solid was formed, and at the end of the prescribed six-day
reaction period a heavy, yellow-brown precipitate was
present in the reaction mixture. The ampoule was recooled
in an ice-salt mixture and the tip carefully removed by
scratéhing and heating. There was no apparent pressure

in the system although it has been reported (5) that a
stoichiometric amount of carbon dioxide is formed in this
reaction.

The flocculent solid was separated, washed with four
20-ml. portions of benzene, four 15=ml. portions of
ethanol and three 15-ml. portions of ethyl ether. After
drying in vacuo the tan, mobile powder weilghed 0.38 g.
(67% assuming all the starting material was converted to
polymer).

Anal. Calc. for (02H3ON)n C,42.10; H,5.30; N,24.55; S,0.00
Found C,41,29; H,6.26; N,20.79; S,0.15.

Further purification of this material was carried out
by two paths.

Approximately one half of the solid was steam dis-
tilled with 10 ml. of 1 N hydrochloric acid and much odor
of sulfur containing compounds was noted. The residual
solid was filtered out, washed with water, and with many
small portions of ethanol. After further washings with
ether the compound was dried in vacuo over phosphorous

rentoxide.



-34-

Anal. Calecd. for (CQHBON)n C,42.10; H,5.30; N,24,55
Found C,39.05; H,5.65; N,21.69 plus
some ash, | |
The other half of the polymeric material was continu-
ously extracted with dry benzene for sixty hours, washed
with three 5-ml. portions of ethanol, three 5-ml. portions
of ether, and dried in vacuo over phosphorous pentoxide.
Anal. Calcd. for (02H3ON)n C,42.10; H,5.30; N,24.55

Found c,39,17; H,5.08; N,21.51 plus
some ash.

The Reactions of N-(S-Phenylthiocarbonyl)-glycine

Ethyl Ester under the Noguchi (5) Polymerization Conditions.-

In an experiment carried out simultaneously with the pre-
ceding reaction 2.4 g. (0.01 mole) of the ester was treated
in an identical manner. No solid was formed, but the reac-
tion ampoule had considerable gas pressure (ef. above) when
opened. The solvent was removed at reduced pressure and

a mobile oll remained. Treatment with 20 ml. of 1:1 benzene-
ligroin resulted in the formation of some light yellow
crystals., As the remaining solution apparently contained
much’pyridine it was extracted with two 20=ml. portions of
1% hydrochloric acid. As a result of this treatmégt much
white crystalline material separated from the organic phase.

The solid was removed, washed once with ethyl ether and air

*
dried, m.p. 124-124.5°." Evaporation of the organic phase

¥* .
“Fischer gives m.p. 146° for the symmetrical urea of
glycine ethyl ester (16).
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in vacuo gave additional white solid plus a yellow oil. The
solid was washed free of the oil with petroleum‘ether and
air dried, m.p. ca. 90°.

No further attempt was made to identify these compounds.

N-(8-Phenylthiocarbonyl)-L-leucine Methyl Ester.--This

compound was prepared by the method employed for the glycine
derivative (4), except that the ester was liberated from its
hydrochloride with 50% potassium carbonate solution, and tﬁe
reaction was carried out i1in ether solution.

From the ester prepared from 10.5 g. (0.053 mole) of
L-leucine methyl ester hydrochloride and 4.15 g. (0.024
mole) of S-phenylthiocarbonyl chloride there was obtained
4.58 g. (64.3%) of colorless prisms, m.p. 59.5-61.5° after
one recrystallization from hexane. (Noguchi (5) reports
the ethyl ester to be an intractable o0il.) Concentration
of the mother liquors gave an additional 1.51 g. of product

to bring the total yield to 85.3%.

N-(S-Phenylthiocarbonyl)-L-leucine.~-This compound was

obtained as an oil as described by Noguchi (5). Although
he reported that this o0il resisted all attempts to induce
crystallization it was found that after drying at low pres-
sure over P205 the o0il could bé solidified on treatment
with n-hexane. However, on exposure to air the compound

reverted to an intractable oil,
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N-(S-Phenylthiocarbonyl)-L-leucyl-DL~alanine Methyl

Ester.,~--The c¢crude acid from the previous reactipn was con-
verted to the acid chloride with thionyl chloride by the
method previously described for the preparation of N-
(S-phénylthiocarbonyl)-DL-alanyl chloride (5). Treatment

of an ether solution containing ca. 0.015 mole of the crude
acid chloride with an ether solution of DL-alanlne methyl
ester prepared from 4.5 g. (0.032 mole) of the hydrochloride
with cooling and swirling resulted in the formation of a
white solid. This solid was removed by filtration, washed
with ether and air dried. When washed with 1 N hydrochloride
acid only 0.3 g. of solid remained undissolved. Reérystal—
lization of the residue from ca. three volumes of methanol
gave white needles, m.p. 173.0-174.5°.

The ether solution from above was extracted with 1 N
hydrochloric acid, 1 F sodium bicarbenate solution and water.
After drying over magnesium sulfate the solvent was removed
in vacuo. The residual brown oil was partially induced to
solidify from ethanol-hexane to yield 0.2 g. of tan powder,
m.p. above 260° with decomposition.

From the ethanol-hexane filtrate on evaporation an
oil was obtained that was induced to solidify by ftreatment
with methanol, m.p. 59.0-60.5°.

None of the products above were obtained in either suf-
ficlent quantity or purity to warrant analysis. The results,

however, emphasize the difficulties inherent in the use of
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the S-phenylthiocarbonyl group in dipeptide synthesis (cf.

page 17 ).

N-(S-Phenylthiocarbonyl)-glycyl Chloride.--Preparation

of this compound according to the method of Lindenmann and
coworkers (4) resulted in a 95% yield of crude product,
m.p. 86-92° dec.; 83-85° (4); 87° (3).

It should be mentioned that this is an extremely labile
compound. Heating causes extensive decomposition, and traces
of moisture or alcohols transform the acid chloride into

mixtures of inseparable solids,

The Attempted Reaction of N-(S-Phenylthiocarbonyl)-

glyeyl Chloride with L-Leucine and L-Proline Methyl Esters.--

One and three-tenths g. (0.013 mole) of the crude acid
chloride in 50 ml. of ice-cooled dry ether was treated in
a dropwise manner with 75 ml. of an ether solution of L-
leucine methyl ester liberated from 5.45 g. (0.030 mole)
of the hydrochloride. During the addition the system was
stirred mechanically and moisture was excluded. A white
solid separated, and the resulting suspension was allowed
to stand overnight at room temperature. The white solid
was removed by filtration, washed with three 10-mY. por-
tions of dry ether and air dried (2.06 g.). The filtrate
and washings were combined, extracted with three 10-ml.
portions of 1 N hydrochloric acid, and once with 10 ml.
of water. After drying over magnesium sulfate, the solvent

o . . . :
was removed at ca. 40° in vacuo. The viscous oil obtained
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was triturated with 2 ml., of 1:1 toluene-hexane and the
resulting solid (4.0 g., 90%) was washed with hexane and
air dried. Recrystallization of the crude solid from a
solvent composed of 30 ml, of toluene and 45 ml. of hexane
gave 3.27 g. (T4%) of white needles, m.p. 64.5-71.5°, This
compound, Jjudging by its odor, was contaminated with much
thiophenol and its oxidation products. In line with the
earlier experiences with these compounds no further attempt
was made to purify it.

A similar preparation in which L-proline methyl ester
was substituted for L-leucine methyl ester led to an oil
that resisted all attempts of crystallization. It is rec-
ognized in this case that part of the difficulty may well
have been due to the known (21) ease of transformation of
proline esters to the corresponding diketopiperazine.

In closing it should be noted that in both of the
above cases, conversion of the products to the free acid
(ef. above and ref. 4) led to compounds with melting points
of 1550 and 1500 respectively which are suspiciously near
to the melting points observed for N-(S-phenylthiocarbonyl)
glycine (c¢f. pg. 31 ). This would suggest that either this
compound was not removed in purifying the N—(S-phéﬁylthiocar-
bonyl)-dipeptide esters, or, that it is formed by hydrolysis
of these compounds under the conditions employed for prepar-

ing the S-phenylthiocarbonyldipeptides.
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POLYGLYGINE

© o8

X

Figure 1.--The infra-red spectra of polyglycihe pre-
pared by the Noguchi (5) method. Samples in solid potas-
sium bromide disks and spectra prepared by Professor

R. M. Badger, at three different concentrations.



10.

~40-
References .

W. H. Schuller and C. Niemann, J. Am. Chem. Soc., 75,
3425-3428 (1953).

D. G. Crosby and C. Niemann, ibid., 76, 4458-4463
(1954).

G. C. H. Ehrensvdrd, Nature, 159, 500 (1947).

A, Lindenmann, N. H. Khan and K. Hofmann, J. Am. Chem.

Soc., T4, 476-480 (1952).
J. Noguchi and T. Hayakawa, ibid., 76, 2846-2848 (15654);
J. Noguchi, J. Chem. Soc. Japan, T4, 961-965 (1953);

S. Ishino and J. Noguchi, ibid., 75, 639-640 (1954);
J. Noguchi, A. Miyamorl and 8. Ishino, ibid., 75,
641642 (1954); J. Noguchi, M. Asai, S. Ishino and
T. Hayakawa, ibid., 75, 642-643 (1954); J. Noguchi,
S. Ishino and T. Hirono, ibid., 75, 643-645 (1954);
J. Noguchi, T. Hayakawa and S. Ishino, ibid., 75,
645-647 (1954).

D. G. Crosby, Ph.D. Thesis, California Institute of
Technology (1954).

H. Rivier, Bull. soc. chim., [4], 1, 733-740 (1907).

R. Riemschneider and O. Lorenz, Monatsh., 84, 518-521
(1953).

R. Riemschneider, J. Am. Chem. Soc., 78, 844-847
(1956).

B. Brauner, Ber., 12, 1874-1877 (1879).




11.

12,

13.

14,

15.
16.
- 17.

18.

19.

20.

21.

47~

C. Naegeli and A. Tyabji, Helv. Chim. Acta, 17,
$31-957 (1934).

J. W. Baker and J. Gaunt, J. Chem. Soc., 9-18, 19-24
(1949).

P. Aubert, E. B. Knott and L. A, Williams, 1ibid.,

2185-2195 (1951).

H. Bretschneider and H. Haas, Monatsh., 81, 939-944
(1950).

H. v. Soden and W. Rojahn, Ber., 34, 2803-2809 (1901).
E. Fischer, ibid., 34, 433-454 (1901).

F. J. Weymouth, Chem. and Ind., London, B.I.F. Review
R34-35 (1956).

P. Borgstrom, L. M. Ellis, Jr. and E. E. Reid, J. Am.

Chem. Soc., 51, 3649-3651 (1929).

Beilsteins Handbuch Der Organischen Chemie., vol. 12,

4th Ed., p. 238, Julius Springer, Berlin (1929).
Ibid., vol. 12, p. 556.
H. Gilman, Organic Chemistry, vol. II, pp. 1119-1120,

John Wiley and Sons, New York (1950).



4o

PART II.

PRELIMINARY INVESTIGATIONS OF THE alpha-CHYMOTRYPSIN
CATALYZED HYDROLYSIS OF ACYLATED AMINO ACID ESTERS



A. Introduction

Although the esterase activity of alpha-chymotrypsin
has been known for some time (1), the detailed study of
this activity has been somewhat limited by the available
methods of analysis. In many instances (1-14), titrimetric
procedures based on the interm;ttent addition of standard
alkali to weakly buffered (1) or non-buffered solutions (15)
have been used, while in one case titration after the addi-
tion of excess formaldehyde was the method employed (16).
Other methods that have been proposed are: the formation
of hydroxamides and colorometric estimation of the ferric
complex (4); manometric determination of carbon dioxide
liberated from bicarbonate buffers (17); and, spectrophoto-
metric estimation of the products of hydrolysis (18). While
these methods have provided much of the knowledge concern-
ing the alpha-chymotrypsin catalyzed hydrolysis of esters,
they appear to be tedious and in some cases only semiquanti-
tative. The recently introduced recording titrimeter of
Neilands and Cannon (19) permits the study of a large num-
ber of such reactions with considerabvle speed and-accuracy.
This device mechanically adds micro-amounts of standard
alkali in an essentially continuous manner to maintain a pre-
determined, constant (+ 0.02 pH units) pH with automatic
recofding of time and volume of reagent delivered. A descrip-

tion of this instrument's functional parts is included in the
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experimental section.

Many'of the acylated amino acid esters which function
as substrates in the alpha-chymotrypsin catalyzed reaction
have been tabulated by Neurath and Schwert (2). In some -
of these céses the data are entirely qualitative, while in
others the data, though guantitative, are limited to com-
parison with systems employing similar mixed solvents. The
latter systems have been employed because of the low solu-
bility of the substrates in water alone; however, the dif-
ficulties of comparing these results with those obtained
from entirely aqueous systems have been pointed out (16).

The obJject of the present study was to employ the
Nedlands-Cannon (19) technique in the development of a
method for the determination of the esterase activity of
alpha-chymotrypsin in non-buffered, aqueous solutions at
suitable substrate and enzyme concentrations. The ultimate
goal was the use of such systems in the evaluation of the
enzyme;inhibitor dissociation constants of a series of
competitive inhibitors (See Part IV). The use of non-
buffered solutions was permitted by the instrumentation.
The second condition of reasonable substrate concentration
in aqueous solution was limited by the solubility’of the
various compounds studied. The last restriction was deter-
mined by the rate of hydrolysis of these substrates and the
physical limitations of the analytical method.

From these preliminary studies, in addition to develop-

ing a useable method, a number of interesting facts have
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been ascertained. They are: evidence of surface effects

at low enzyme concentrations; added evidence of the validity
of the accepted mechanism of enzyme-catalyzed reactions;
and, a new approach to the question of substrate suscepti-
bility to hydroélysis based on a simple interpretation of

the substrate structure.

B. The alpha-Chymotrypsin Catalyzed Hydrolysis

of Acetyl-L-phenylalanine Glycolamide Ester

It has been shown that this compound is quite soluble
in water, and is qualitatively a reasonable substrate for
this enzyme system (20). The development of a suiltable
quantitative method was limited, however, by the rapid rate
of hydrolysis of this compound and the concomitant diffi-
culties encountered when the enzyme concentration was
lowered to permit the determination of the rate.

While it is known that surface effects are not notice-
able at enzyme concentrations of approximately lO'2 me.
protein nifrogen per ml. (21), the present results indicate
that these effects do become important at approximately 10'4
mg. protein nitrogen per ml. The main difficulty appeared
to be adsorption of the protein on the surfaces of various
components of the reaction system as well as the vessels em-
ployed in preparing and delivering the enzyme solution. Ap-
plication of "Dessicote" (22) to the components of the

titration cell reduced these effects, but did not eliminate

them. Attempts to clean the surfaces or inactivate residual
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protein by treatment with 3 N hydrochloric acid wash were
more successful., This technique allowed a measure of repro-
ducibility not realized with the previous methods. The
results of these studies are summarized in Table I.

Although the above developments appeared to-lead to a
satisfactory method for the determination of the rates of
hydrolysis of this compound at low enzyme concentrations,
1t was felt that the uncertainty in this latter value would
constantly invalidate the results of such experiments. In
addition, the next step of treating all of the glassware
in a highly specialized and controlled manner to remove this
uncertainty was outside the limits of the present étudy.
Consequently, this system was abandoned, and more reasonable
substrates were sought where the limitations of enzyme con-

centration would not be critical.

C. The alpha-Chymotrypsin Catalyzed Hydrolysis of

Some Selected Acylated Amino Acid Esters

Most of the previous work in this field had indicated
the necessity of an aryl residue in either bthe amino acid
side chain or the acyl function of substrates suitable for
this enzyme (cf. 2). Such compounds, however, geherally
have low solubilities in water, but extremely high rates
of hydrolysis (2). Thus, the approach to the problem was
somewhat empirical based as much as possible on analogy with
prior knowledge. Avoidance of the difficulty encountered in

the preliminary investigations of the hydrolysis of the
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glycolamide ester was the main factor in the selection of
suitable substrates. As a general rule compounds which
allowed the use of approximately 10‘1 mg. protein nitrogen
per ml. were sought. In addition, the dictates of solu-
bility mentioned above were necessarily considered.

It had been noticed (23) that acetyl-D-tryptophan
methyl ester was slowly hydrolyzed in the presence of alpha-
chymotrypsin. However, a semi-quantitative attempt to em-
ploy this compound as a substrate at an initial concentration
[S]O* of 5 x 107 M and an enzyme concentration [E]" of ap-
proximately 0.03 mg. protein nitrogen per ml. resulted in
essentially no hydrolysis in twenty minutes. Doubling of
the enzyme concentration did not noticeably increase the
rate.

The utilization of N-benzoyl-L-methionine ethyl ester
as a substrate for alpha-chymotrypsin (2) suggested that
the corresponding N-acetyl derivative in addition to being
more s8oluble might prove to be suitable in this respect.

In this case, however, an attempt to follow the rate of
reaction at initial concentrations [S8] =5 x 1073 M and
[E] = 0.075 mg. protein nitrogen per ml., failed due to the
rapidity of the reaction at this enzyme concentraéion. Es-
sentially the same results were obtained when 16 x 1073 M
N-acetyl-L-leucine methyl ester or 4 x 10—3 M N-acetyl-S-

benzyl-L-cysteine methyl ester was treated with alpha-

*
The symbols employed throughout this chapter are
those defined by Huang and Niemann (24)
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chymotrypsin at the above concentration,

While the preceding results did not appear to lead
to a satisfactory solution to the problem of finding
suitable substrate systems for use in the Neillands-Cannon
(19) apparatus, the earlier observations of Huang and
Niemann (16) on the system methyl hippurate-alpha-chymo-
trypsin suggested that this compound would fulfill the
requirements as to solubility, rate of hydrolysis and
reasonable enzyme concentrations. In a preliminary set of
experiments this was found to be the case (cf. Table II,
fig. 1), and many of the final teéhniques were developed

through the use of this system.

D. Preliminary Studies of the System Methyl

Hippurate-alpha-Chymotrypsin

As the previous results were mainly qualitative 1n
nature, the manipulative techniques developed in those
cases were somewhat crude. With the advent of a suiltable
substrate system, it soon became apparent that a number
of additional factors required consideration in the develop-
ment of a quantitative method. Prevlously, the factors of
the careful measurement of substrate and enzyme concentra-
tions, exclusion of carbon dioxide, instrument calibration,
and general cleanliness had been observed. It was now
necessary to consider the stability of enzyme solutions, an
accurate method for the determination of zero time, and the

non-enzymatic hydrolysis of the substrate.
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In these and the earlier investigations the enzyme
stock solutions were adjusted to approximately pH 8 before
introduction into the titration cell. In some instances
these stock solutions were maintained at this pH for
several hours and invariably such preparations displayed
lowered activity as catalysts. As the autolysis of alpha-
chymotrypsin at pH 7.9-8.0 is well recognized (2) this
apparently was the cause of the observed behavior. To
eliminate this factor a separate apparatus was designed
for the adjustment of an aliquot of the enzyme stock solu-
tion to the required pH just prior to its use (cf. Experi-
mental).

The problem of the accurate determination of zero time
was not an easy one. As noted above non-enzymatic hydrolysis
of the substrate and autolysis of the enzyme occurred. Both
of these processes liberated hydrogen ion while lowering
the effective values of [S]o and [E]. Since the instrumen-
tation employed (19) depends upon the liberation of hydrogen
ion, or, more exactly, upon the value of the instantaneous‘
pH in the reaction cell, the reactants must be quite close
to the operating pH when mixed to avoid large zero time
errors. Empirically it was found that the most réproducible
results were obtained by an adjustment of the pH of the reac-
tants less the enzyme to approximately 0.05 pH units above
the operating value. The enzyme stéck solution was then
rapidly adjusted in the above mentioned apparatus with ap-

proximately 1 N sodium hydroxide solution to about 0.1 pH
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unit above this pH, and the required amount of enzyme solu-
tion was quickly introduced into the reaction cell as both
solutions approached the operating pH. Generally this
technique allowed a determination of zero time for this
system within plus or minus five seconds.

To reduce errors in weighing of substrate samples for
each kinetic run it appeared reasonable to prepare stock
substrate solutions and employ aliquots of these for the
individual runs., While this, at first, appeared to be a
satisfactory method, it was noted that the values of the
kinetic constants obtained from a series of runs obtained
by progressing from low to high substrate concentrations
differed from those obtained when the inverse order was
employed (Tables IV and VI; fig. 2). In addition, it was
found that such data could be sensibly corrected to the
same values for each concentration by applying an approxi-
mate correction for non-enzymatic hydrolysis of the sub-
strate in the stock solutions (Table VII; fig. 3). On
the basis of these facts it was decided that a procedure
involving preparation of individual substrate stock solu-
tions and their subsequent use within twenty to thirty
minutes was capable of more accuracy than the appfoximate
correction mentioned above. Consequently, this plan was
adopted for the remalnder of the studies.

In éddition to the above factors it was noted that
individual inhibitor stock solutions must be provided if

the inhibitor requires extensive heating to effect its
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solution. Again, this requirement 1s due to the non-
enzgymatic hydrolysis of the substrate and the concomitant
error in the initial concentrations.

Until the achievement of a quantitative, reproducible
system was realized, a consideration of the various methods
of analysis of the data and assumption of a mechanism fol-
lowed in the enzyme-catalyzed reaction was unnecessary. In
their original study of the alpha-chymotrypsin catalyzed
hydrolysis of methyl hippurate Huang and Niemann (16) dis-
cussed the possible mechanisms and developed the rate equa-
tions for this system. It was shown that for the case where
the benzamido moiety of methyl hippurate may interact with
both centersel and e2 of the catalytic site of the enzyme
(25,26) it might be considered that methyl hippurate forms
two intermediate complexes ES and ES'. The former complex
ES is considered to be the result of the benzamido and
ester functions combining with the respective centers[91
and(93 to form the usual enzyme-substrate complex which
then undergoes hydrolysis, while interaction of the benzamido
group with(92 alone forms ES' which cannot undergo hydrolysis.
This consideration leads to equations 1 and 2 for the case

s

of low extent of hydrolysis.

kl k3
PR
E, + S, == ES —> E, + P;, + Py (1)
' k

2
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p * 8y === ES! h (2)

By definition Kq = (k2 + k3)/'kl and Ky = K5/k4. Assuming
zone A conditions (27,28) and that d[S]/at)) d[ES]l/at it

has been shown that

[ES] = [E][S] (3)
Kg + [8] (1 + Kg/Kg )

and

KS 1 1 K

\TX‘[_S-]-+V (1+K§‘) (LI')

<+

By the usual plot of 1/'vO versus 1/[S]o (29) the
authors (16) arrived at values of the apparent intercept
1/vr = (1 + KS/KG)/V and the apparent Michaelis constant
Kg = KgKg/(KgtKg). From these the values ké —2.2x 100N
per min. per mg. protein nitrogen per ml. and Ké = 8.5 x
10"3 M were obtalned. These constants have recently been
reviewed and revised by Foster and Niemann (30). and the
preferred values are ké = 2.2 + 0.2 M per min. peg mg.
protein nitrogen per ml. and Ké =6.,5+ 0.5 x 1073 M.

In the present study the values ké = 3.3 X 1073 M
per min. per mg. proteln nitrogen per ml. and Ké =7.7T x
lO'3 M were obtained from estimation of the initial velo-

cities (vo) from the second two-minute interval of a series
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of preliminary reactions and a plot of 1/v, versus 1/[8]
(29). (Table II, fig. 1).

The subjectivity of such procedures for the estimation
of initial velocities has been considered and criticized
(30).‘ Of the numerous methods that circumvent such esti-
mates, two of the most recent were employed in the evalu-
ation of the primary data. The first, described by Booman
and Niemann (31), for a general case, can be utilized for
the present situation where interaction with the hydrolysis
products can be neglected. In this plot advantage is taken

of equation 5,

t
(,/fs]dt)/<[s]o—[s1t) = (2 Kg + [8],)/2k3[E]) +
o

([S1y/2k5[E])

t
from which it follows that a plot of(jr[s]dt)/([S] —[S] )

versus [S],_ leads to a series of 1ines of slope 1/?k [E]
and ordinate intercept (2KS + o /2k3[E] for various
values of [S]o' It is also shown that the intersections of
the experimental lines with the corresponding abscissa
values of [S]  possess ordinate values of [S]O/vo. There-
fore, in addition to other valuable data to be gained from
this plot (ef. 31), one is in a position to determine ini-

tial velocities in a completely objective manner.
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The second method of data evaluation was developed
later by the same authors (32), and unlike the above method
(31) requires no assumptions as to the mechanism of the
enzyme-catalyzed reaction. The treatment of the primary
data is entirely mathematical, and leads to values for the
initial velocities plus an estimate of the variability of
these values.

A comparison of these two methods has been made during
the course of these preliminary studies. The initial veloci-
ties so obtained were employed in a least squares treatment
of two separate [S]O/'vO versus [S]O plots (29) and gave for

the first method (31): = 3,37 + 0.04 x 1073 M per min.

kl
3
per mg. protein nitrogen per ml. and Ké = 8.5 + 0.2 x 1073 M;
and for the second method (32): kg = 3.37 + 0.08 x 103 M
per min. per mg. protein nitrogen per ml. and Ké = 8.3 +
0.4 x 1073 M (Table IV; fig. 2). While these values were
those from data obtained from kinetic runs that had errors -
in the initial substrate concentrations due to the pre-
viously mentioned non-enzymatic hydrolysis of the substrate,
and are not necessarily correct in an absolute sense, the
fact remains that the constants are in excellent agreement.
These facts add support to the mechanism assumed (31) in
developing the so-called "Area plot" as well as to the es-
sential value of the more recent "orthogonal polynomial"
method (32).

As the latter method lends itself to a more rapid inter-

pretation of the data and ylelds values of the variability
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of the data, it was adopted for general use in the remainder
of these studies.

With the above preliminary investigations completed,
and most of the problems of the analytical method well de-
fined the transition into the main study of the inhibition
of the alpha-chymotrypsin catalyzed hydrolysis of esters
would appear to be the next step. However, for reasons to
be explained in Part IV of this thesis further preliminary
work was necessary in order to obtain optically active

N-acylated amino acid esters as substrates for this enzyme.

E. Preliminary Investigations of the Role of
Hindered N-Agrlated Amino Acid Esters in the

alpha-Chymotrypsin Catalyzed Reaction

As discussed earlier, various approaches to the selec-
tion of suitable acylated amino acld esters for substrates
in the enzyme-catalyzed hydrolysis were mainly based on
analogy. And, the previous choices were not satisfactory
in that the rates of their hydrolyses were too rapid to al-
low a determination of the rates with the analytical method
being studied.

A consideration of the various factors influe;cing the
rates of such reactions suggested that a suitable substrate
would be one in which the labile segment, i.e., the carbonyl
group, was as sterically hindered as possible, In addition

the known influence of the acyl residue on the rates of

alpha-chymotrypsin catalyzed hydrolyses of amino acid deriva-
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tives is nicotinyl) benzoyl gchloroacetyl ) trifluoroacetyl)
acetyl) formyl (30). Therefore, use of the least reactive
case here in conjunction with steric hindrance might lower
the rates of hydrolysis to reasonable values.

As pointed out by Newman (33), the most hindered case
would be expected to be that in which the amino acid side
chain contained a maximum number of hydrogen atoms wifh a
"six number" of six. The best case in the naturally occur-
ring amino acids is valine which has six such hydrogen
atoms.

Based on the above 1ldeas an investigation of some
derivatives of L-valine as suitable substrates was under-
taken. This proved to be a fruiltful choice, and, also,
tentatively provides some additional information as to the
factors operating in alpha-chymotrypsin catalyzed reactions.

Crude N-formyl-L-valine isopropyl ester (the most
extreme case investigated) at a concentration of approxi-
mately 20 x 1073 M was treated with enzyme solutions first
at 0.015 mg. protein nitrogen per ml. and then at 0.15 mg.
protein nitrogen per ml. In both cases the rate of hydroly-
sis (if any) was so low as to suggest that the compound was
not functioning as a substrate for the enzyme (Tagle VIII).

The next compound investigated was N-acetyl-L-valine
methyl ester. This compound was noted to be very soluble
in water, and at an initial concentration of 16 x 10'3 M
and with enzyme concentrations as above it was hydrolyzed at

a rate approximately one-tenth that of methyl hippurate at
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the same concentration of enzyme and substrate (Table VIII).

As the influence of the benzoyl group in increasing
the rates of hydrolysis is well known (30), N-benzoyl-L-
valine methyl ester was the next choice. This compound,
though quite insoluble in water, when studied at an initial
concentration of 2 x 1073 M, and with [E] = 0.15 mg. pro-
tein nitrogen per ml. was hydrolyzed at approximately one-
third the rate of methyl hippurate at the same concentration
(Table VIII).

While this last compound was the substrate employed
in much of the later work, a further brief extension of the
investigation of steric effects was made in an attempt to
determine if Newman's '"Rule of Six" (33) was of consequence
in the alpha-chymotrypsin-catalyzed hydrolysis of esters.

N-Acetyl-L-isoleucine methyl ester, with a "six number"
(33) of five was prepared and the hydrolysis in the presence
of 0.15 mg. protein nitrogen per ml, was observed at [S]o
values of approximately 16 x 1073 M and 20 x 1073 M. The
rates were significantly more rapid than that of the hydroly-
sis of the corresponding L-valine derivative at the same
concentrations (Table VIII).

Although it had been observed in the previou; work that
N-acetyl-L-leucine methyl ester was very rapidly hydrolyzed
in the presence of 0.15 mg. protein nitrogen per ml., some
work (34) in these laboratories on the hydrolysis of methyl
hippurate at enzyme concentrations of 0.0015 mg. protein

nitrogen per ml. suggested that reasonable reproduclbility
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and agreement with results at the higher enzyme concentra-
tions could be realized. In view of these facts values of
the initilal velocities for the alpha-chymotrypsin-catalyzed
hydrolysis of N-acetyl-L-leucine methyl ester at two enzyme
concehtrations were obtained (Table VIII).

While the "six-number" in the three cases are 6, 5 and
1 respectively, the initial velocities converted to identi-
cal enzyme concentrations are in the approximate ratio
4L:5:800. It is recognized that the data obtained are of
a preliminary nature, and that there 1is, in addition, a
large gap in the series. The idea, however, that there may
be a direct correlation between the number of hydrogen
atoms avallable for the pseudo-six membered ring formation
(33) and the rate of hydrolysis is very suggestive, and
might well provide one key to the design of future model

substrates for enzyme-catalyzed reactions,
*
F. Experimental

Analytical Procedures

As much of the preliminary work has been mentioned above,

only the final procedures developed will be described.

Standard Sodium Hydroxide Solutions.--These were pre-

pared as directed by Swift (35), stored in polyethylene

*

Analyses by Dr. A. Elek. All melting points are cor-
rected except as noted. Boiled, distilled water protected
with soda lime was used in all cases where carbon dioxide
was to be avoided.
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bottles with siphons and soda lime protection, and were
individually standardized against Merck "Primary Standard"

potassium acid phthalate.

Substrate Solutions.--The required amounts of sub-
strate necessary to provide suitable concentrations in‘the
individual stock solutions were accurately weighed into
G. 8. Pyrex volumetric flasks. About twenty minutes before
the start of a run the individual substrate sample was dis-
solved in nearly the total volume of water by warming if

necessary. The flask was then thermostated at 25 + 0.1°.

Enzyme Solutions.~--These were prepared just prior to

use by weighing the required amount of enzyme directly into
a tared G. S. Pyrex volumetric flask containing ca. 1 ml.

of water. The solution was slowly diluted to the mark,
gently inverted ca. five times, and thermostated. If a
delay in use of the enzyme was anticipated, the solutions
were stored at 4°. Generally, only enough enzyme stock
solution was prepared for a set of four runs, and as these
could be carried out in less than three hours, refrigeration

of the enzyme solution was unnecessary.

Operation and Calibration of the pH-Stat-Titrimeter.--

This instrument, a modification of the design of Neilands
and Cannon (19), was built by M. D. Cannon, International
Instruments Co., Canyon, California. Its operation for

variable pH titrations has been described (20). The essen-
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tial features for use in constant pH titrations are: an
"Agla" micrometer syringe for delivering standard solutions
driven by a variable speed, reversible motor tﬁat is con-
trolled by a moving coil galvanometer (Contact Meter Relay)
with manually-adjustable fixed contacts that permit the
choice of the required pH; a Leeds and Northrup Model T7664-41
A.C.-operated pH meter with input from a Beckman No. 4990-29
glass electrode and No. 5970-29 calomel reference electrode
and output across the coil of the Contact Meter Relay; a
Leeds and Northrup Speedomax Type G Recorder whose pen re-
sponse is electrically controlled by a bridge circuit in
which.onefleg of the bridge is geared directly to the syringe
drive motof; and, allied circultry that allows the operator to
zero the pen and calibrate the pen response, start, stop and
reverse the syringe drive unit, control the syringe drive
motor speed, and select the desired scale setting to obtain
various pen responses for a certain volume of titrant delivered.
The following procedure was employed in preparing the in-
strument for analytical use. The main Qgﬁgg switch was
turned on for at least fifteen minutes prior to use to allow
the components to reach operating temperature. Buffer
(pH 7) was placed in a clean, dry reaction vessel’ (see later
for a description of titration cell) and the pH meter stand-

*
ardized. The recorder was manual;y standardized, and the

*

This recorder is equipped with an automatic, gear-driven
standardization system, but it performssthis function every
48 minutes and then only when the chart drive motor 1s running.
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pen zeroed., With the scale switch at position 10 the micro-
meter head was advanced exactly ten revolutions by placing
the drive switch in the forward position which corresponds
to a delivery of 0.100 ml. of titrant and should move the
pen ekactly two inches from its zero position. If this

was not the case the pen position was corrected with the
adjust potentiometer. Switching the scale selector to posi-
tion 5 should move the pen exactly four inches from the zero
position. If this response was not obtained the position

of the pen was adjusted with the compensate potentiometer.

The scale switch was then switched back and forth between
positions 5 and 10 with the corresponding adjustments at
each position until the desired pen response was achieved.
After this calibration the pen was returned to zero by plac-
ing the drive switch in the reverse position and allowing
the instrument to run to the reverse limit. Once the above
calibration was performed, it was seldom necessary to re-
check the instrument unless it was turned off,.

A final step in the calibration was a check of the

Contact Meter Relay (CMR). This was carried out by locking

the zero knob on the pH meter and moving the pH indicator

needle upscale by means of the standardization potentio-

meter. With the CMR switch in the low position and §7 at
position A the indicating pointer of the CMR will operate
("kidk" upscale) whenever the pH, simulated manually in

this case, drops below the pre-selected value. After the

desired setting was achieved 1t was seldom necessary to re-
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adjust this portion of the instrument, a daily check being

sufficient.

Titration Cell.--In preliminary runs employing a cell

design essentially that of Neilands and Cannon (19), it
became apparent that the problems of cleaning and drying
the cell between each experiment reduced the speed and,
hence, the utility of the system. Accordingly, a new type
of cell was designed. This combined the temperature con-
trol features of the above cell with an inner container
that could be rapidly removed and replaced with a clean,
dry vessel., With standardization in mind, the outer jacket
was designed to hold 50-ml. Pyrex beakers with the 1ip cut
off to provide approximately 40 ml. total capacity. The
fit between the jacket and the beakers was as close as pos-
sible and a few drops of water were generally added to in-
crease contact area and aid heat transfer.

With this arrangement and the full output of a Preci-
sion constant temperature bath at 25.0 + 0.1° passing
through the jacket it was found that the temperature within
the cell, checked with a calibrated, precision thermometer,
agreed exactly with the temperature of the constant tempera-
ture bath. However, as it was also noted that the equili-
bration time was approximately 10 minutes for a five degree
temperature differential all solutions for use in this cell
were maintained at 25.0 + 0.1° until they were transferred

to the titration cell.
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The cell was covered at the top with a Lucite plate
with a circular groove to provide alignment of .the cell
and the cover. Holes in the cover were provided to allow
the introduction of the pair of Beckman electrodes, a
nitrogen inlet tube, a small glass propeller (gg. 2 cm, in
diameter) driven by a Palo-Meyers stirring motor, the
hypodermic needle from the "Agla" syringe, and the reac-
tants. The cover and all of the components mentioned were
clamped firmly in position and the cell was supported in
correct alignment by an air operated, elevating table pro-
vided by the manufacturer.

The stirrer, of low pitch to reduce cavitation, was
designed to move the solution in a manner that reduced
introduction of gas into the solution and at the same time
to direct the flow against the glass electrode to provide
maximum response. In this respect, the glass electrode
and the hypodermic needle were positioned approximately
diametrically opposite to one another across the stirrer.
This system was very satisfactory, and no effect on the
kinetic rates was observed except when the stirring speed
was very low giving rise to poor mixing or excessively
fast causing foaming of the solution. ’

The reaction system was maintalned free of carbon
dioxide by introducing dry nitrogen, previously passed
through a bed of potassium hydroxide pellets and a dis-

tilled water bubbler, near the top of the cell. In this
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way, alr was swept out and evaporation errors minimized.
No change in pH could be observed when the nitrogen flow
system was in operatidn, but when the flow was turned off
the system would quite rapidly titrate the carbon dioxide

taken up by the slightly alkaline solutions.

Enzyme pH-Adjustment System.——As noted in the discus-

sion enzyme solutions could not be maintained near pH 7.9 for
extended periods without loss of activity. In addition, the
problems of correct zero time required a constant knowledge
of the pH of the enzyme solution prior to its introduction
into the titration cell. For these reasons a separate,
simple titration system was devised for the adjustment of

the enzyme stock solution to the required pH.

A Lucite cover plate with holes positioning a pair of
electrodes as above, a nitrogen inlet tube, a small glass
propellor driven by a Precision stirring motor, and a
hypodermic needle from a syringe held in a micrometer measur-
ing device (36) was used in conjunction with a 10-ml. beaker
and a separate Leeds and Northrup pH meter (as above). This
system allowed the adjustment of small samples of the en-
zyme stock solution to the required pH, and, in addition,

permitted continuous observation of this pH.

The Procedure for a Typical Kinetic Run.--The substrate

stock solution prepared as above was diluted to the mark,

gently inverted 10-12 times and the required volume pipetted
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into the titration cell.* Standard sodium chloride solution
(0.2 M) was pipetted in to give a final concentration of
0.02 M. Water, if necessary, was added to bring the total
volume to within 1 ml. of the final volume. This solution
was then adjusted to ca. pH 7.95 by the addition of stand-
ard sodium hydroxide solution from the previously filled

ahd positioned "Agla'" syringe. With all of the controls,
except the drive switch in the operating position, ca.

2.5 ml. of the enzyme stock solution was rapidly adjusted

in the described system to ca. pH 8 by the addition of very
small amounts of 0.85 N sodium hydroxide solution. A weight-
calibrated syringe in a two-stop holder (37) was then quickly
rinsed twice with ca. 0.25-ml. portions of the enzyme solu-
tion. The pH of each system was continuously observed dur-
ing this period (1-3 minutes) and as each approached the
operating pH, i.e., 7.9, the syringe was quickly filled, the
drive switch placed in the forward position and the enzyme .
aliquot (1 ml.) introduced beneath the surface of the solu-
tion in the titration cell. With this technique the titra-
tion either started immediately or within 3-5 seconds after
the enzyme was introduced. The syringe-drive speed control
was then adjusted to maintain the addition of stagaard base
at just a slightly greater rate than that of the reaction.

This provides a stepwise curve, but it avoids the possi-

*

In those cases requiring the addition of inhibitors,
aligquots of inhibitor stock solutions made up in essentially
the same manner as that described for substrate were also
introduced into the cell at this time.
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bility that the apparatus is falling behind the reaction (19).
The reaction was then allowed to proceed for the required
time (16-24 minutes) with occasional readjustmént of the drive
speed control as necessary. When the run was completed, the
zero button on the pH meter was locked in, the drive switch
was reversed,* the reaction mixture was removed and discarded,
the electrodes and stirrer were rinsed and dried, the "Agla®
syringe was refilled, and when a clean, dry cell was intro-

duced the cycle could be repeated.

Analysis of the Primary Data.--The chart paper is gradu-

ated in tenths of inches in both dimensions and the chart
speed may be varied to move either one-half or one inch per
minute. These facts coupled with the calibration mentioned
above allow the time and volume data to be taken directly
from the charts. The volume information may be transformed
directly into milliequivalents per milliliter by multiplil-
cation by a constant times the base concentration, or, as
in these studies, may be employed to calculate initial
velocities in terms of volume. The latter values can then
be converted to milliequivalents per milliliter per min.
(ef. Table III). ,

In the present studies the volume data were éstimated

to + 0.5 x 1073 ml. and rounded off to the nearest 1 x 1075

ml. Later, improved techniques and increased sensitivity

*

In addition to the other features mentioned this in-
strument is provided with forward and reverse limit switches
which automatically turn off all auxiliary circuits at
either extreme of the syringe travel, '
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of the instrument (ecf. Part IV, Experimental) permitted
an estimate of the volume data, when necessary, to 0.2 x
1073 ml, A chart speed of one-half inch per minute was
generally employed in these studies, and the time readings

could be estimated to less than + 3 seconds.

Preparation of Substrates and Inhibitors.

Acetyl-L-phenylalanine Glycolamide Ester.--This com-

'pound was prepared by R. J. Kerr, m.p. 120.5-121.50,

[€]15°+3 = + 2.2 + 0.2° (C, 2.3% in ethanol). (20).

Anal. Calcd. for CysHygOsNy: C, 59.08; H,6.10; N,10.60
Found €, 59.12; H,6.05; N,10.61 (20).

Acetyl-D-tryptophan Methyl Ester;——The sample was pre-

pared by H. T. Huang, m.p. 152.5°; [u]§3= -12.0 + 0.5°
(C, 2% in methanol) (24).

Anal. Calcd. for C 02N3 (245): ¢,63.7; H,6.2; N,17.2

135
Found c,63.6; H,6.2; N,17.1 (24)

Acetyl-L-methionine.--L-methionine (Schwarz Labora-

tories) was acetylated as described by du Vigneaud and
Meyer (38). The crude product recrystallized once from

water had m.p. 102.5-104.5%; m.p. 111.0-111.5° (38).

Acetyl-L-methionine Methyl Ester.--This compound was

prepared by a modification of the method of Brenner and
Huber (39) for the esterification of amino acids. It should

be noted that a similar method for the esterification of
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acylated amino acids has been recently described by
Olechnowitz and Zimmerman (40), but the following method
was developed in these laboratories prior to their report.
In a 3-necked, 100-ml. flask with a sealed stirrer,
dropping funnel, and calcium chloride outlet to a gas trap,
20 ml, of absolute methanol was treated in a dropwise manner
with 4.3 ml. (0.06 mole) of redistillled thionyl chloride
with stirring and cooling in an ice-salt bath. When the
addition was complete 9.5 g. (0.05 mole) of acetyl-L-
methionine was added in several portions. A clear solution
resulted. The cooling bath was removed, the reaction mix-
ture was heated at ca. 40° for one hour, and then allowed
to stand overnight. Removal of the solvent in vacuo at
steam temperature gave a mobile o0il that resisted crystal-
lization. The oil was‘taken up in 100 ml. of chloroform.
The solution was extracted with 10 ml. of 1 N hydrochloric
acld, 20 ml., of 1 M sodium carbonate solution, 20 ml. of
water, and the organic phase dried over magnesium sulfate.
Removal of the solvent as above gave a clear oil that
rapidly solidified on trituration with n-pentane. The
resulting solid was recrystallized from a mixture ?f 100 ml.
of ether and 20 ml. of n-pentane to give clusters of white
needles, 6.17 g. (60%), after washing with two 10-ml. por-
tions of 1:1 ether-pentane and drying in vacuo, m.p. 43.5-

uh.5%; Bm]§5= -21.2° (¢, 1% in ethanol).
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Anal. Caled. for 08H1504NS (205.3): ¢, 46.80; H, 7.36
Found ¢, 47.03; H, 7.15

Acetyl-L-leucine Methyl Ester (41).--L-leucine was con-

verted to the methyl ester hydrochloride as described by
Brenner and Huber (39). The crude ester hydrochloride was
acetylated with acetic anhydride in the presence of potas-
sium carbonate in ethyl acetate-water by the method described
by Huang and Niemann (24) for acetyl-L-tryptophan methyl
ester,

From 5 g. (0.0275 mole) of crude ester hydrochloride in
40 ml. of 2.75 M potassium carbonate solution plus 50 ml. of
ethyl acetate and 6 ml. (ca. 0.06 mole) of acetic anhydride
there was obtained 4.2 g. of crude product after the usual
purification steps (cf. above). This product was contami-
nated with acetic anhydride. Purification by treatment with
moist chloroform~pyridine followed by extractions with
dilute acid, dilute base and water gave 3.9 g. of oily solid
after drying and removal of the solvent. The careful addi-
tion of excess n-pentane to a solution of this solid in
ether gave white crystals, m.p. 43.0-44,5° (uncorr.).
Karrer et al. (41) gave m.p. 7h-75° ., .

This compound was quite hygroscopic and apparently con-
tained some acetic acid. As extreme purity was not required

for these preliminary studies, no attempt was made to further
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' *
purify this compound or to obtain its physical constants.

N-Acetyl-S-benzyl-L-cysteine Methyl Ester.--S-Benzyl-

L-cysteine prepared in 50% yield by the reduction of
L-cystine with sodium metal in liquid ammonia and subse-
guent reaction with benzyl chloride as described by Wood

and du Vigneaud (42) was converted to the methyl ester hydro-
chloride in 84% vyield with thionyl chloride-methanol by the
method of Brenner and Huber (39). Acetylation as above gave
a 76% yield of fine white needles, m.p. 76.7-77.5°, after

one recrystallization from absolute ether.

As above, other physical constants were not obtained.

Methyl Hippurate.--Matheson hippuric acid (0.1 mole)

was esterified by the procedure described for the prepara-
tion of acetyl-L-methione methyl ester in 92% crude yield.
The crude product was purified with difficulty by three
recrystallizations from benzene and one from ether to give
long, white needles, m.p. 82.0-83.0°. vYield, 35%.
Anal. Calcd. for ClOHllOSN (193.2): C, 62.16; H,5.74; N,7.25
Found: ¢, 62.,46; H,5.68; N,7.02
A second preparation of this compound employing O.1
mole of once-recrystallized Matheson hippuric acid gave

a much purer product. Only one recrystallization from ben=

*
It should be noted that most of these compounds were
intermediates in the preparation of the N'-methylamides
(see Part IV), and as such, high purity was not required.
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zene and one from ether was necessary to obtain an analyti-

cal sample, m.p. 82.8-84,1°.

Anal. Caled. for ClOH1103 (193.2): ¢,62.16; H,5.7T4; N,7.25
Found: c,62.44; H,5.66; N,7.11

Huang and Niemann give m.p. 82-83° for this compound (16).

N-Acetyl-L-valine Methyl Ester (43).--L-valine was con-

verted to the methyl ester hydrochloride in 97% yield by the
thionyl chloride-methanol procedure (39). Acetylation of
0.81 g. (0.0048 mole) of the crude ester hydrochloride with

1 ml. (gg, 0.01 mole) of 97% acetic anhydride in the presence
of 5 ml, of 4 M potassium carbonate solution and 10 ml. of
ethyl acetate gave 0.19 g. (23%) of white needles, m.p. 63.0-
64.1° (uncorr.), after the usual purification steps and one
recrystallization from n-pentane. Reihlen and Kn8pfle give

m.p. 61.5° (43).

L-Valine Isopropyl Ester Hydrochloride.--An attempt to

extend the system thionyl chloride chloride-methanol (39)
to thionyl chloride-isopropanol was unsuccessful.

The crude compound was obtained by repeatedly saturat-
ing ice-cooled solutions of 2 g. (0.017 mole) of L-valine
in 50 ml. portions of isopropanol with hydrogen cgloride,
heating under refluxing conditions and removing the solvent-
under reduced pressure until an oil remained. The crude

product could be recrystallized from ether, but was used

as obtained in the next preparation.
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N-Formyl-L-valine Methyl Ester.--The method of du

Vigneaud et al. (44) for the formylation of DL-cystine was
modified for the preparation of this compound.

The ester (theoretically 0.017 mole), liberated from
the hjdrochloride with ammonia in chloroform, was treated
with 25 ml. of 98-100% formic acid and 21 ml. of acetic
anhydride at 60°. Immediate removal of excess reactants
in vacuo at ca. 700 bath temperature gave a moblle oil that
could be solidified at 700 and remained partially solid at
4° after drying over sodium hydroxide at 2 mm.

The crude product which contained acidic impurities
(an agueous solution had pH 3.8) was employed in the hydroly-
sis experiments. It was later found that the compound,
after purification by acid and base extractions of a chloro-
form solution and evaporation of the solvent, could be
crystallized from_a concentrated solution in isopropyl
ether by 1lce cooling. The crystalline solid reverted to an

0il at room temperature.

Benzoyl-L-valine Methyl Ester.--This compound, described

by Reihlen and Kn8pfle (43), was twice prepared from the
ester hydrochloride by treatment with benzoyl chloride in
a manner similar to that described for the acetylation of
L-tryptophan methyl ester (24).

‘Two grams (0.012 mole) of the ester hydrochloride was
dissolved in 20 ml. of water containing 0.08 mole of potas-

sium carbonate. Ethyl acetate (40 ml.) was introduced and
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with rapid stirring 9.5 ml. (0.039 mole) of benzoyl chloride
was added slowly from a dropping funnel. After stirring
one hour at room temperature 2 ml. of pyridine was intro-
duced. The mixture was stirred for 20 minutes, the phases
were Separated, the organic phase was extracted first with
25 ml. of 1 N hydrochloric &cid, and then with 15 ml. of
water, then dried over maghesium sulfate. The crude, oily
solid obtained by evaporation of the solvent was twice re-
crystallized from n-hexane to yield 1.1 g. (39%) of white,
silky needles, m.p. 110.5-111.00 after drying in vacuo:
[u]§5 = 42.9° (C, 0.4% in chloroform): literature values (43),
m.p. 110.5°; [&]D = 44.6° (C, 0.4% in chloroform) calculated
from [M], = 105° (43).
Anal. Caled. for Cq3H;-O0;N (235.3): C, 66.36; H, 7.28

Found: c, 66.92; H, 7.52

Repetition of this reaction with 4 g. (0.024 mole) of
the ester hydrochloride gave 1.95 g. (35%) of needles, m.p.
110.5-111.5%; h!]%S = 46.0°% (C, 0.4% in chloroform); mixed
m.p. with first sample 110.2-111,0°,
Anal. Caled. for CqgH,, 03N (235.3): ¢, 66.36; H, 7.28

Found: c, 66.80; H, 7341.

As both samples of this compound analyzed high in
both carbon and hydrogen, 1t was suggested by Dr. A. Elek
that they contained traces of n-hexane. The second sample
was dried in vacuo for 6 hours at 68° and resubmitted for

analysis.
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Anal. Caled. for Cl3Hl703N (235.3): ¢, 66.36; H, 7.28
Found: c, 66.54; H, T7.44

Acetyl-L-isoleucine Methyl Ester.--The method of

Reihlen and Kn8pfle (43) for the acetylation of L-valine
methyl ester hydrochloride was employed for the prepara-

tion of this compound. From 6.9 g. (0.038 mole) of the

crude ester hydrochloride, prepared from L-isoleucine by

the thionyl chloride-methanol method (39), 6.6 g. (0.08

mole) of anhydrous sodium acetate, 25 ml. (ca. 0.26 mole)

of acetic anhydride, and three drops of pyridine, there was
obtained 4.0 g. (56%) of crude solid when the reaction and
purification were carried out as described (43). Repeated
recrystallizations of the crude material from ether-hexane

or ether-pentane resulted in the formation of well-formed
crystals (melting from 44-56°) contaminated with a yellow
oil. On treating 1 g. of the twice-recrystallized mixture
with a solvent composed of 80 ml. of n-pentane and 20 ml.

of ether at the boiling point the solid appeared to dissolve
and the clear solution was decanted from the yellow oil.
Cooling in ice and seeding caused the separation of colorless
prisms. After five hours at 4° the solvent was de€canted, and
the mass of crystals was washed with three 10 ml. portions

of cold n-pentane. The crystals had m.p. 54.0—55.0O (uncorr. )
after drying in vacuo over paraffin. As before, other physi-

cal constants were not determined.
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Table I.--Summary of Results of the alpha-Chymotrypsin
Catalyzed Hydrolysis of Acetyl-L-phenylalanine Glycolamide
Ester at pH 7.9 and 25.0°.

[S], = 1 x 1073 M; [NaOH] = 0.009014 N; [NaCl] = 0.01 M

[E]2 Volume titrant® Approximate®
10 minutes initial velocity

1.4 90 8.14
14,0 420 37.84s¢
-- 57 5.1%-¢
14.0 7 [s], = o%:°
- 21 1.0

- 21 1.0

7.0 305 13.7°

- 42 1.9°

- 26 1,27

- 21 1.08

-- 37 1,788
7.0 - 261 11,781
7.0 210 9.485d
-- 21 1.08

— 16 0.787K
7.0 131 5.9%7K:1
7.0 282 12,785K5 1
7.0 256 11.58:%:1
7.0 352 15,88, K.m
7.0 340 15.38.%,m

7.0 348 15.78;,1{,1’1‘1
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Table I.--continued

a. In units of 1077 mg. protein nitrogen/ml. Based on
analysis of 14.5% protein nitrogen: Armour lot #00592 (20).
b. In units of 1073 ml. c. In units of 10™C M/min. d. Vol-
ume of reaction mixture 10 ml. All others 20 ml. e. Con-
secutive to previous experiment with aqueous washing between.
f. Cell "Dessicoted," pretreated with a solution containing
7 x 1072 mg. protein nitrogen/ml. and washed with water.

g. All titration cell components "Dessicoted." h. Electrodes
and stirrer pretreated with a solution containing 145 x 10-5
mg. protein nitrogen/ml. and washed with water. 1i. Enzyme
solution adjusted to pH 8 30 minutes before run. Jj. Enzyme
solution adjusted to pH 8 1.5 hours before run. k. Elec-
trodes and stirrer pretreated with a solution containing

145 x 10"5 mg. protein nitrogen/ml., immersed in 3 N hydro-
chloric acid and washed with water. 1. Individual enzyme
stock solutions (145 x 1072 mg. protein nitrogen/ml.) pre-
pared by 1:10 dilution and adjusted to pH just prior to run.
m. Enzyme samples taken from same stock solution (145 x 1072
mg. protein nitrogen/ml.) and adjusted to pH just prior to
run,
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Table II.--Summary of Initial Velocities (vo) Bstimated from the

Second One Minute Intervals in Preliwminary Studies of the alpha-Chymo-

trypsin Catalyzed Hydrolysis of Methyl Hippurate. )
[£]1%-0.14 mg. protein nitrogen/ml.; [NaOH]=7.285xlO_?M; [NaCl]=0.02 M.

Scale Readingb PQb o a e £
P, at 2 min. P, at 1 min. P, -P, v, 1/vO (s1, 1/[s1,
2 1 2 "1
99 52 L7 342 2,92 20 50
93 48 L5 3.28  3.05 20 50
95 48 L7 3.b2 2,92 20 50
92 L6 46 3.35 2.98 20 50
72 39 33 2.4%0 k4,16 8 125
75 41 34 2.48 L, ok 8 125
70 37 33 2.40 4,16 8 125
85 45 Lo 2.9L  3.43 12 83.3
89 50 39 2.84 3.52 12 83.3
89 50 39 2.84  3.52 12 83.3
82 43 39 2.8k 3.52 12 83.3
95 52 L3 3.13  3.19 16 62.5
97 53 Lk 3.20  3.12 16 62.5
L5 22 23 1.68 5.97 L 250
iTe] 27 22 1.60 6.24 L 250
106 55 51 3.72 2.69 24 1.6
108 57 51 3.72 2.69 2L k1.6
Ky = 7.7 x 1073 1 k; - 3.3 x 1073 &P
a. Armour Lot #00592, 14.5% Protein nitrogen (20). b. Tn units of
1073 wl. Corrected to P, =0. c.In units of 107 M/min. d. In units
of 103 win/M. e. In units of 1073 M. f. In units of y-l. g. Calcu-

lated from slope and intercept of best line drawn by inspection (cf.

fig. 1).

h. In units of M/min. mg. protein nitrogen/ml.
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Table IV.--Summary of the Data from Table III Comparing
the Orthogonal Polynomial (32) and Area Plot (31) Methods
of Obtaining Initial Velocities.

a b c d e te,f 'e,g
[S]O P Vo dvo [S]O/vO [S]O/'vO SR

20 3 3.50 0.03  57.14 57.50 3.48
16 3 3.29 0.06  48.63 48.70 3.28
12 3 2.98 0.04 4o.27 ho.70 2.95
8 3 2.51 0.03  31.87 32.15 2.49
53 1.63 0.02 24,54 24,85 1.61
T 1.69 0.02  23.67 24,50 1.63
8 3 2.52  0.05  31.75 32.80 2.44
12 3 2.99 0.01  40.13 40.70 2.95
16 3 3.23  0.02  50.47 149,40 3.24
20 3 3.64 0.02 54,95 56.00 3.57
24 3 3.85 0.05 62.34 63.45 - 3.78
2k 3 3.76 0.03 63.83 64.35 3.73
Kg = 8.3:0.4 x 1073 " Kg = 8.5£0.2 x 107> M’
ky = 3.3740.08 x 1073 M k) = 3.3740.04 x 1073 B

a. In units of 1073 M. b. Order of polynomial employed
in calculating v, . c. In units of 1O_LL M/min. calculated
(32). d. +, in units of 10" M/min. Calculated (32). e. In
units of minutes. f. Taken from "Area Plots" (31). g. Cal-
culated from f. In units of 107" M/min. h. CalclUlated by

least squares from the e ti =
q quation [8] [E]/v (Ks/k3) +

([S]O/k3) (ef. fig. 2). i. In units of M/min. mg. protein
nitrogen/ml.
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Table VI.--Summary of the Initilal Velocities and
Kinetic Constants from the Data of Table V.

(81,2 p_° v © oy 2 (8], /v ©
4 3 1.74 0.04 22.99
8 3 2.50 0.06 32.00

12 3 2,92 0.03 41.10
16 3 3.26 0.03 49,08
20 3 3.51 0.04 56.98
ol 3 3.66 0.05 65.57
I 3 1.76 0.03 22.73
8 3 2.59 0.02 30.89
12 3 2.97 0.04 4o.40
16 3 3.34 0.02 47,90
20 3 3.51 0.03 56.98
2 3 3.67 0.04 65.40

Kg = 6.86 + 0.16 x 1075 uf

ky = 3.13 + 0.03 x 1075 T8

a. In units of 1075 M. Db. Order of polynomial em-
ployed in calculating v (32). ec¢. In units of 10"4 M/min.
d. +, in units of 10'4 M/min. e. In units of minutes.
f. Calculated by least squares from the equation [S]O[E]/vO ="
(Ks/k3) + ([S]o/k3) (ef. fig. 2). g. In units of M/min. mg.
protein nitrogen/ml.
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Table VII.--Summary of the Rate Data for the alpha-
Chymotrypsin Catalyzed Hydrolysis of Methyl Hlppurate
Corrected for Non-Enzymatic Hydroly81sa

Data from Table III Data from Table V

ta,b ) [S]OCd[S]ta,C [S]t/Voe ta,b [S]Oc,d [S]ta,c [S]t/voe

0.5 20.00 19.93 56.94
2.75 16.00 15.75 47.87
3.75 12.00 11.74 39.40
5.0 8.00 T.76 30.92
9.0 4,00 3.79 23.25
9.75 4.00 3.77 21.72
10.5 8.00 7.51 29.80
11.25 12.00 11.24  37.59
1.0 16.00 15.90 49,23
1.75 20.00 19.80 54,40
3.75% 24,00 23.48 60.99

4. o0 3.98 22.85
8.00 7.91 31.65
12,00 11.75 4o.25
16,00 15,61 h7.95
20.00  19.40 55.20
2L.,00 23.20 63.40
4,00 3.98 22,60
8.00 7.91 30.55
12,00 11.75 39.60
16.00 15,61 46.80
20.00 19.40 55.25

.

U T Ww = VU W D=
O OV O OO0 O O WU OO0

.

y.5% 24,00 23.36 62.13 5.5 24.00 23.21  63.40
Kq = 6.8 x 1075 18
ké = 3.2 x 1073 8N

—fr—r -1
a. Correction based on the value [S]t = [s]o e 1x10=*min™t

and t estimated to the nearest quarter hour from the time 8ub-
strate solution was made up. The constant k = lxlO'umin—l was
obtained from two determinations of the non-enzymatic hydroly-
sis at [S] =16 x 1073 M and 8 x 107> M at pH 7.9. b. In
units of hours. c. In units of 1073 M. d. Theoretical [S]O
if no non-enzymatic hydrolysis. e. In units of minutes.

f. Time uncertain., g. Calculated from slope and intercept

of best line drawn by inspection (cf. fig. 3). h. In units

of M/min. mg. protein nitrogen/ml. ’
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Table VIII,~-~-The alpha-Chymotrypsin Catalyzed Hydroly-
sis of Some Hindered Esters at pH 7.9 and 25° in 0.02 M
Sodium Chloride Solution.

Compound [S]oa [E]b voC
Formyl-L-valine isopropyl ester 24 0.15 ca. 1
Acetyl-L-valine methyl ester 14 0.15 3.7

21 0.15 L.,4
28 c.15 5.9
Acetyl-L-isoleucine methyl ester 17 0.15 5.1
21 0.15 5.9
Acetyl-L-leucine methyl ester 18 0.0015 10
18 00,0030 16
Benzoyl—L;valine methyl ester 1.0 0.15 2.2
2.0 0.15 3.2
3.0 0.15 4,0

a. In units of 1073 M. b. In units of mg. protein
nitrogen/ml. Armour Lot #90492, 15.0% protein nitrogen.
c. In units of 107° M/min. Uncorrected for blanks. Esti-
mated assuming linearity of rate curves from t = 2 minutes
to t = 4 minutes.
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PART III

THE alpha-CHYMOTRYPSIN CATALYZED HYDROLYSIS OF
METHYL HIPPURATE AND OF BENZOYL-L-VALINE METHYL
ESTER
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A, Introduction

The preliminary studies described in Part II demon-
strated that methyl hippurate was a convenient substrate
for use in the automatic titrimeter (1). As this instru-
ment and the techniques developed were new in the field of
enzyme kinetics, it was decided that a re-investigation of
the alpha-chymotrypsin catalyzed hydrolysis of methyl hip-
purate (2) would serve several purposes. It would demon-
strate whether the new method was capable of reproducing
kinetic data obtained in an entirely different manner
(ef. 2). 1In addition, this study would serve as a check on
the kinetic constants originally obtalned by Huang and
Niemann (2) as well as the recalculated values of Foster
and Niemann (3). Perhaps most important, it would pro-
vide confidence in a rapid method for the study of many
other aspects of enzyme kinetics, such as, inhibition,
metal lon effects, lonic strength effects and other effects,
that are currently of interest in these laboratories.

For these reasons the kinetic study of the alpha-
chymotrypsin catalyzed hydrolysis of methyl hippurate was
repeated observing the precautions noted in Part II. 1In
addition, as a further check on the reliability of the new
techniques, the engyme-inhibitor dissociation constants of
'acetyl-D—tryptophénamide and acetyl-D-phenylalanine methyl
ester which had been obtained in the original study (2)

were redetermined.
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For reasons to be discussed more fully in Part IV it
was also decided that an investigation of the kinetics of
the alpha-chymotrypsin catalyzed hydrolysis of benzoyl-L-
valine methyl ester was necessary. The preliminary studies
in Part II had indicated that this compound would be a
sultable substrate for use in conjunction with the analyti-
cal method available. The extension of these preliminary
investigations and the results obtained are discussed in

a later section of this chapter.
B. The System alpha-Chymotrypsin-Methyl Hippurate

The results to be discussed in this section were ob-
tained from experiments performed observing the various
precautions discussed in Part II. In addition, it should
be mentioned that blank corrections due to apparent autoly-
sis of the enzyme and non-enzymatic hydrolysis of the sub-
strate were neglected. This appeared reasonable since the
reaction times were not extended beyond twenty-four min-
utes and the initial rate of the combined blanks were
generally less than the variability in the various initial
velocities as determined by the Booman-Niemann calculation
(4). Also, although the extents of hydrolysis wer; of the
order of 30-66%, the possibility of product interaction
with the enzyme was disregarded. Until further information

is obtained the values of Ké obtained must be considered

as being composite in that they may contain a term due to
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product-enzyme interaction (cf. 2).*

From duplicate experiments at initial substrate con-
centrations over the range 4 x 1075 M to 24 x 1073 M a set
of data was obtained from which the initial velocities were
evaluated by the method of Booman and Niemann (4). Taking

advantage of equation 1
[S1[E] /vy = (Kg/iy) + ([8]/ks)” (1)

a least squares treatment of the initial velocities at vari-
ous initial substrate concentrations gave the values Ké =
6.57 + 0.45 x 1075 M and ky = 3.21 £ 0.09 x 1073 M/min. mg.
protein nitrogen/ml. The data for these determinations are
listed in Tables I and II, and the [S]O[E]/'vO versus [S}O
plot is shown in figure 1. Several months later in con-
junction with the competitive inhibition studies discussed
in Part IV another set of data was obtained. From tripli-
cate experiments at initial substrate concentrations varied
g =6.62 +

0.86 x 1075 M and ké = 2.90 + 0.16 x 1075 M/min. mg. protein

nitrogen/ﬁl. were obtained by the same evaluation procedures

from 8 x 1075 M to 20 x 1075 M the values K

(cf. Tables III and IV; Fig. 2). Within experimeﬁtal error

the values of Ké are in agreement. The values of ké do not

overlap however, and possible causes may be considered. The

¥
The terms employed in this section are those defined
in Part II and ref. 13.
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most likely explanation is a lowering of activity in the
enzyme preparation., This would be expected to .have no in-
fluence on the value of Ké while lowering the value of ké.
As only one ten gram sample of Armour Lot #90492 salt-free ,
alpha-chymotrypsin was employed in these studies there
should be no variability due to a change of enzyme prepara-
tions. In addition, the enzyme was continually stored at
40 in a closed jar within a desiccator contalning calcium
chloride except for dally periods of about one hour when

it was brought to room temperature for weighing. During
the latter operation the preparation was exposed to the
atmosphere only momentarily as portions were removed during
the weighing operation. However, a check at about the same
time as the later kinetic studies disclosed that the water
content was 5.5%. This was determined from values of

15.8% protein nitrogen for enzyme dried to constant weight
and 15.0% protein nitrogen for undried enzyme (the type
employed in these studies). If it i1s assumed that in the
initial studies the then newly-opened enzyme preparation
was completely dry, the value for ky is then 3.0k x 1073
M/min. mg. protein nitrogen/ml. rather than 3.21 x 1073 M/
min. mg. protein nitrogen/ml. Thus, without consiaering
the possibility that there was any deterioration of this
enzyme preparation with time, the difference in the ké

values can be reasonably accounted for on the basis of water

adsorption during manipulation.
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In their original investigation, Huang and Niemann (2)

' 1
S 3

M/min. mg. protein nitrogen/ml. from a plot of 1/&0 versus

obtained the values Kgq = 8.5 x 1075 M and k, = 2.2 x 1073
l/[S]O (5). The substrate concentrations were varied over
the range 5 x 1075 M to 25 x 1073 M and the initial velo-
cities were determined by the best zero or first order plots

of the data. Foster and Niemann (3) recently re-evaluated

this data by the more objective Jennings-Niemann (6) method
t

3

1073 M/min. mg. protein nitrogen/ml. from a Vv, versus
v,/[81, plot (7).

As the present results for Ké agree closely with the

and obtained Kq = 6.5 + 0.5 x 107> M and ks = 2.2 + 0.2 x

value obtained by Foster and Niemann (3) although the ini-
tial velocitles were obtained by entirely different methods
of treating the rate data, it would appear that the argu-
ments advanced by the above authors (3) regarding the
necesslty for entirely objective methods of data analysis
are correct. Also, the agreement tends to support the
utility of both the "formal titration' method employed in
the earlier investigation (2) as well as the present auto-
matic titration technique.

The difference in the respective ké values,_ije.,
2.2 + 0.2 x 1073 M/min. mg. protein nitrogen/ml. and
2.9 + 0.2 x 1073 M/min. mg. protein nitrogen/ml., is not
significant 1f it is considered that the experiments were

carried out by entirely different procedures employing dif-

ferent components to provide equivalent ionic strength,
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i.e., 0.02 M tris-(hydroxymethyl)-aminomethane-hydrochloric
acid in the first case and 0.02 M sodium chloride in the
present case. In addition, the dependence of k3 on the
enzyme preparation employed is well-known, and uncertain-
ties.in this variable would also contribute to the lack of
agreement in the values noted above.

As the above results established a measure of confi-
dence in the analytical technigques developed, the inhibition
of the alpha-chymotrypsin catalyzed hydrolysis of methyl
hippurate by acetyl-D-tryptophanamide and by acetyl-D-
phenylalanine methyl ester (2) was re-investigated.

In addition to equations 2 and 3

kl k3
Eq + Sf:——-_-‘ ES —* E, + Py, Poo (2)
k2 .
o g (3)
Ef + Sf'-——— ES 3
kg

which describe the reaction system for this substrate (2)
equation 4 must be included for the case of competitive

inhibition (2).

kg
+ I == EI (4)

Defining Kg = (k2+k3)/kl, Keg = k5/k4 and K; = k7/k6, and

assuming zone A conditions (8,9) and that d[S]/dﬁ»'d[ES]/ﬁt,

d[EI)/dt the rate expression is described by equation 5,
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*
1
- dgi] = k3 [E][§} (5)
1
Kg (1 +]€£— ) + [8]
. [H
By defining another apparent constant Kg = Ké (1 + L%l )
I
equation 5 is converted to equation 6
1
_als] _ K [EVS) (6)
dt 1
Kg + [8]

which is the usual form of the rate expression. By deter-

mining the values of ké one is in the position to evaluate

the type of inhibvition, i.e., for competitive inhibition

1 11
the value of k3 should not change. From Ks and a prior

knowledge of Ké and [I] the value of K;, the enzyme-inhibitor
dissociation constant, may then be evaluated.

From a series of duplicate experiments with substrate
concentrations varying from 8 x 107> M to 20 x 1075 M and

at a concentration [I] = 2 x 1073 M of acetyl-D-tryptophan-

1

amide the values ki = 3.09 ¥ 0.21 x 1073 M/min. mg. protein

1t

nitrogen/ml. and Kg = 10.2 + 1.2 X 1073 M were obtained from

initial velocities determined by the Booman-Niemann method
(4) and a least squares evaluation of the data employing

equation 1. From the values of Ké = 6.57 + 0.45 X’lO—B M,

=10.2 + 1.2 x 107> M and [I] = 2 x 1075 M a value K =

L]

S
- ¥* %
3.7 + 1.4 x 1073 M was obtained. = The data and plot are

K

¥*
ké and Ké are defined in Part IT.

* %
The variability in the values of K; obtained in the
. : 1
present studles was calculated from dK; = (Ea(éKI)Q)z‘
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presented in Tables V and VI and figure 3.

In a similar series of triplicate experiments with -
initial substrate concentrations of 8, 12, 16 and 20 x 1073
M and a 2 x 1073 M concentration of the inhibitor acetyl-D-

1

phenyialanine methyl ester the values k3 = 3,02 + 0.09 x
1073 M/min. mg. protein nitrogen/ml. and Kg = 9,20 + 0.53 x
1073 M were determined as described above. From this Kg
value at [I] = 2 x 1073 M and Kg = 6.57 + 0.45 x 107> U

the value K; = 5.1 + 1.8 x 1073 M was obtained. The data
are presented in Tables VII and VIII and the [S]O[E]/vO :
versus [S]  plot in figure L,

From a consideration of the respective ké values,
i.e., 3.21 + 0.09 x 1073, 3.09 + 0.21 x 1073 and 3.02 +
0.09 x 1073 211 in units of M/min. mg. protein nitrogen/ml.,
in the order presented above, it is apparent that the in-
hibition is competitive within the limits of the présent
experimental error.

In their original study Huang and Niemann (2) obtained
the values K; = 2.9 x 1073 M and 2.8 x 1073 M for acetyl-D-
tryptophanamide and acetyl-D-phenylalanine methyl ester
respectively. The revised value for the first case is 2.4 +
0.4 x 1073 M (10) and for the second 2.6 + 0.4 x £0-3 M (11).
In addition, each of the latter values is supported by other
independent data (cf. 10,11). The mean value of the inhibitor-
~enzyme dissociation constant for acetyl-D-tryptophanamide is

Kr = 2.3 £ 0.0 x 1073 M based on re-evaluated data from

fourteen independent determinations (10). The mean value
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of this conStant 18 not given for acetyl-D-phenylalanine
methyl ester, but three independent determinations were

re-evaluated to yield Ky = 2.0 + 0.5 x 1073 M, 2.6 + 0.4
x 1073 M and 2.2 + 0.4 x 1075 M (11).

Comparison of KI Values Obtained for Acetyl-D-tryptophanamide

vs. Methyl Hippurate

Ky

Present study 3.7 + 1.4 x 1073 M
Huang and Niemann (2) 2.9 x 10_3 M

Foster, Shine and Niemann(10)2.4 + 0.4 x 1075 M

Comparison of KI Values Obtained for Acetyl-D-phenylalanine

Methyl Ester vs. Methyl Hippurate

K

I
Present study - 5.1 + 1.8 x 1073 M
_Huang and Niemann (2) 2.8 x 1073 M
Foster and Niemann (11) 2.6 + 0.4 x 1073 M

In considering the apparent lack of agreemen@ between
the above values the factors that influence the magniltude
and reliability of these constants should be examined.

Foster and Niemann (3) and Foster, Shine and Niemann(10)
vhave discussed fthese problems and have shown thatrcertain

limits must be observed for enzyme and substrate concen-
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trations if equation 7 is to be

1
ks [E][S]
-a[s]/at = — (7)
KS + [8]
- ] t
employed for the simultaneous evaluation of k3 and KS.

The specific enzyme concentration Eé = [E]/Ké must be below

a maximum value of 0.1 or 0.6 for observations that are in
error by + 1% and + 5% respectively (3). For an experi-
mental error of + 5% the specific substrate concentration
Sé = [S]/Ké must be between the limits 0.05 and 20 to allow
the simultaneous evaluation of KS and k3 (3). By a con-
sideration of equation 5 it is shown that if Ii = [I]1/K; has
a value of 0.1 and there is an experimental error of + 10%
the term Ké (1+[I]/KI) is equivalent to Ké within experi-
mental error (10). It is suggested that the values of Ii
must exceed 0.2 for KI to be significant since the experir
mental error often may be + 20% and, in addition, a value
of Ii of the order of 1.0 or greater is desirable if KI ié
to be evaluated accurately (10).

In the present study the value of [E] was maintained at
approximately 0.15 mg. protein nitrogen/ml. which corre-
sponds to a concentration [E] = 4.26 x 1072 M.* T%e value
of Eg = [E]/Kq was 6.5 x 1075, Ey = [E]/K; was less than

!

1.2 x 10"3, and Sq = [S]/Ké varied between 1.2 and 3. How-

% .
Based on a molecular weight of 22,000 and a nitrogen
conteng of 16% for monomeric alpha-chymotrypsin (cf. 3,
lo, 11 - :
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ever, while in the earlier study (10) the value of Ii =

[I]/KI was 0.83 for acetyl-D-tryptophanamide the present
value of Ky yields Ii = 0,54, In a similar manner the
former value of Ii for acetyl-D-phenylalanine methyl ester
was found to be 0.77 (11) while the present value of’KI
gives the result Ii = 0.4, Therefore, based on the values
of KI determined in this study it must be recognized that
the lack of agreement in the respective KI values may well
be attributed to the low Ii values in the present experi-
ments and the attendant error in evaluating KI‘ Until
further information concerning the value of these enzyme-
inhibitor dissociation constants at higher values of Ii is
obtained, the former set of values (10,11) must be assumed

to be the preferred ones.

C. The System alpha-Chymotrypsin-Benzoyl-L-

valine Methyl Ester

It was indicated in Part II that the alpha-chymotrypsin
catalyzed hydrolysis of benzoyl—L;valine methyl ester ap-
peared to proceed at a rate suitable for evaluation in the
Neilands-Cannon apparatus (1). While this was found to be
the case, several factors that were unimportant injthe
investigations employing methyl hippurate assumed consider-
~able importance in the present study. These were involved
both with manipulative technique and the evaluation of the

data. The approach to these problems is discussed below.

Methyl hippurate was generally employed in stock solu-



-103-

tions 40 x 1073 M that could be made up by a few minutes
warming at 500, while benzoyl-L-valine methyl ester could
only be maintained in supersaturated solutions at 250 at
an upper limit of 5 x 10'3 M. In addition, to prepare
such solutions it was necessary to heat the solutions
to the boiling point. Fortunately, this compound appears
to be very resistant to non-enzymatic hydrolysis: there
was no drop in pH when a 4 x 1073 M solution 0,02 M in sodium
chloride was maintained at pH 7.9 and 250 for thirty min-
utes. However, the fact that crystals began to form in
5 x 10'3 M solutions maintained at 250 for one hour pre-
cluded the use of a single stock solution. Individual stock
solutions were made up as before (cf. Part II, Experimental)
and the remainders discarded after an aliquot was removed.
Another factor that assumed importance was the blank
correction apparently due to autolysis of the enzyme. While
this correction was negligible in the previous work it was
necessary to apply such corrections in this case. For a
typical experiment with [S]O = 4,05 x 1073 M the amount
of 0.01964 N base required was 322 x 1073 ml. in sixteen
minutes at [E] = 0.15 mg. protein nitrogen/ml. and at a
sodium chloride concentration of 0.02 M. In a similar
experiment less the substrate the amount of 0.01964 N base
required was 27.5 x 10-3 ml. This blank is in excess of
8.5% of the total base required for this substrate concen-
tration. In addition, at lower substrate concentrations

(1 x 1073 M was the lower limit) the blank correction
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amounted to an even larger percentage of the base required.

In the absence of information to the contrary, the
blank correction was applied by subtracting the rate curve
for the blank, point by point, from the experimental curves
at the various substrate concentrations. This practice was
also adopted in later inhibition studies described in
Part IV. Some additional information and speculation con-
cerning the nature of this blank will be discussed in that
portion of the thesis.

Perhaps the most important difference between the sys-
tem methyl hippurate-alpha-chymotrypsin and the present
case was that of rate. In the range of substrate concen-
trations, 4 x 1073 M to 24 x 1073 M, employed in the
former instance, slight variations due to zero time errors,
voltage variation, pH meter instability and response and
general experimental errors did not affect the results
greatly. These effects were generally small compared to
the initial velocities of 2 to 4 x 107" M/min. On the other
hand, the system alpha-chymotrypsin-benzoyl-L-valine methyl
ester was limited by substrate solubility to a maximum sub-
strate concentration of 4 x 1073 M and, empirically, due
to the limitations of the analytical technique, toja mini-
mum concentration of [S]O =1 x 1073 M. For this range of
substrate concentrations the initlal velocities were on
the order of 1.5 - 4 x 107° M/min., and all of the above
effects contributed considerably to the overall error.

While it was possible to minimize the manipulative
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errors by refinements in experimental technigues, those
errors that were dependent upon the stability and sensi-
tivity of the analytical instrument could not be avoided.
In extreme cases of variation of the rate curves from the
usual, no attempt was made to employ the data for evalu-
ation of the kinetic constants. Even with this selection,
an examination of the data presented in Tables IX and X
and figure 5 illustrate the lowered precision and repro-
ducibility of this system as compared to that employing
methyl hippurate.

It is felt, however, that the results presented repre-
sent the best values obtainable within the indicated ex-
perimental error and with the limitations of the analytlcal
techniques.

From a series of sixteen experiments at different
times over a two month period with substrate concentrations
between 1 x 1073 M and 4 x 1073 M the values kj = 0.55 1
0.04 x 1073 M/min. mg. protein nitrogen/ml. and Kq = b2 +
0.4 x 10"3 M were obtained by the evaluation procedures
previously employed.* As bvefore, interaction of the hydroly-
sls products with the enzyme was neglected, and the values
of KS S0 obtained are provisionally composite onesluntil

further information 1s obtained. In this system, as in the

*
The symbols employed in this section are those defined
by Huang and Niemann (13).
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case of methyl hippurate, the value of [E] was approximately
4.3 x 102 M. The value of Eg = [E]l/Kg was 1072 which is
below the required limit of 0.1 (3), and Sq = [S]/Kq varied
between 0.24 and 0.97 which is above the minimum value

0.05 allowed for an experimental error of + 5% (3). The
data are presented in Tables IX and X and the plot of
[S]O[E]/'vo versus [S], in figure 5.

The pH-dependence of alpha-chymotrypsin catalyzed
reactions is well known (cf. 3). Huang and Niemann (2)
presented the dependence of the rate of hydrolysis of methyl
hippurate on pH. Essentially the same type of behavior was
noted in the present study. The data are presented in
Table XI and the plot relating initial velocity and pH is
shown in figure 6.

One point that had been tacitly ignored in the previ-v
ous studies was the effect of dilution of the reaction mix-
ture by the added standard base solution. By the considera-
tion of a somewhat simplified, hypothetical system an idea
of various effects due to this factor may be obtained. A
system with [S8], = 5 x 1073 M, [E] = 0.15 mg. protein nitro-
gen/ml. and [NaCl] = 0.02 M in an initial volume of 10 ml.
that requires the addition of 0.500 ml. (the total volume
of the "Agla'" syringe) of standard base to proceed to 50%
hydrolysis was assumed. In this case the 5% dilution
causes a 5% lowering of [S]t and [E]t below their respec-
tive values 1f no dilution is assumed. At the same time

the titration of liberated carboxylic acid with standard
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sodium hydrbxide solution increases the ionic strength by
T%.

An examination of the data presented in Table IX
shows that in every case the dilution due to addition of
base Was below 3.5%, and the extents of reaction did not
exceed 25% hydrolysis. Also, as the experimental vari-
ability was generally high (cf. fig. 5), no attempt was
made to correct for the dilution and the attendant effects
noted above. This system, as well as all of the others
discussed in this thesis, was treated as an ideal case,
therefore the data presented have a small inherent error
due to the effects of dilution and ionic strength change.

It is interesting to note that while the k3 values in
the usual units differ by a factor of approximately five
for methyl hippurate and benzoyl-L-valine methyl ester,
the respective values of Ké = 6.6 x 1073 M and Kg = 4,2 x
10'3 M are very similar. Apparently this similarity may
be attributed to the benzoyl residue. Huang and Niemann(2)
found that acetylglycine methyl ester was not a suitable
substrate for alpha-chymotrypsin. The extent of hYdrolysis
was approximately two percent in twenty four hoursﬂl How-
ever, an extension (12) of the preliminary studies on the
system alpha-chymotrypsin-acetyl-L-valine methyl ester
described in Part II of this thesis have indicated that
this compound has a Kg value on the order of 120 x 10_3,M
and a k3 value of approximately 0.2 x 10'3 M/hin. mg. pro-

tein nitrogen/ml. Thus, by merely substituting the‘benzoyl
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residue for the acetyl moiety the apparent affinity of the
enzyme for the substrate is increased by a factor of nearly
thirty.

In concluding this section it 1s suggested that al-
though this compound lends itself to study with the present
analytical techniques, the‘utility of the system is over-
shadowed by experimental difficulties. Further investiga-
tions in the directions indicated in Part II should provide
more sultable systems for study with the automatic titration

instrument (1).
D. Experimental

Analytical Procedures.--The techniques and instrumen-

tation employed were described in Part II of this thesis.
One modification was made in the studies employing benzoyl—
L-valine methyl ester. As this compound was very insoluble
in aqueous solution, the stock solutions were made up by
heating the crystalline compound in nearly the required
amount of water at the bolling poiht in a G.S. Pyrex volu-
metric flask. Solution was rapid at this temperature, but
if any of the solid remained undissolved the compound>rapidly
crystallized when cooled to 25°. However, by carefﬁlly ob-
serving that all of the compound had dissolved, supersatu-
rated solutions could be prepared from which crystals did
not separate for approximately one hour at 250. These solu—
tions were always used within twenty to thirty minutes of

the time that they were made up.
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Substrates and Inhibitors.--The preparation of the

methyl hippurate and the benzoyl-L-valine methyl ester
used in these studies was described in Part II. The inhi-

bitors are listed below.

Acetyl-D~-tryptophanamide.--This compound was prepared

by H. T. Huang. The following physical constants were

given (13), m.p. 192-193% [«]5” = -19° (C, 2% in methanol).

Anal. Caled. for 013H1502N3 (245): ¢,63.7; H,6.2; N,17.2
Found: c,63.6; H,6.2; N,17.1

Acetyl-D-phenylalanine Methyl Ester.--This compound was

prepared by H. T. Huang. The following physical constants
were given (14), m.p. 90-91°, [@]2? = -19° (C, 2% in methanol).
Anal. Calcd. for C12Nl503N (221): C¢,65.2; H,6.8; N,6.3

Found: c,65.2; H,6.8; N,6.4
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Table II.--Summary of the Initial Velocities and Kinetic
Constants Derived from the Data of Table I.

(s1.2 P v, © dv 9 [S1,[E]/v,©
I ——
T 4 1.83 0.05 3.26
l I 1.86 0.03 3.22
8 3 2.63 0.03 4,56
8 3 2.60 0.04 4,62
12 3 3.09 0.05 5.82
12 3 2.96 0.03 6.08
16 3 3.48 0.04 6.90
16 4 3.50 0.06 6.86
20 4 3.64 0.04 8.24
20 4 3.67 0.04 8.18
24 2 3.62 0.10 9.94
24 3 3.88 0.03 9.28
Kg = 6.57 + 0.45 x 1075 '

ky = 3.21 + 0.09 x 1073048

a. In units of 10—3 M. b. Order of polynomial employed
for'calculationuof Vo (4). c. In units of 10"4 M/min. d. +,
in units of 10~ M/min. e. In units of min. mg. protein
nitrogen/ml. f'. Evaluated by the method of least sqguares
(ef. fig. 1). g. In units of M/min. mg. protein nitrogen/ml.
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Table IV.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of .Table III.

(s1.2  e° v © ov ¢ [s1,[E]/v, °
7.99 4 2.50 0.05 4.79
7.99 2 2.20 0.01 5.45
8.06 4 2.57 0.04 4,70

11.99 4 2.88 0.04 6.24

11.94 3 2.61 0.03 6.86

11.80 2 2.86 0.02 6.19

16.00 3 3.04 0.02 7.89

15.86 3 2.98 0.02 7.98

15.74 3 3.11 0.04 7.59

19.93 4 3.35 0.05 8.90

16.99 3 3.22 0.01 9.31

19.96 3 3.31 0.03 9.05

Kq = 6.61 + 0.86 x 1073 '
ky = 2.90 + 0,16 x 1075 T8

a. In units of 1073 M. b. Order of polynomial employed
for calculationuof vy (4). c. In units of 107" M/min. d. +,
in units of 10~ M/hin. e. In units of min. mg. protein
nitrogen/ml. f. Evaluated by the method of least squares
(ef. fig. 2). 2. In units of M/min. mg. protein nitrogen/ml.
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Firure 2. [8] [E]/%O versus [S]O plot for the alpha-

chymotrypsin catalyzed hydrolysis of methyl hippura

o
&)
sy
o+

, . o . . . . . . s .
pH 7.% and 257 in .02 M sodium chloride solution. Line
determined by least squares. [S}O[E]/VO in units of min.
m. protein nitrogzen/ml. [S]o in units of 10772 M (e,

Table IV).
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Table V,-=Inhibition of the alpha-Chymotrypsin Catalyzed Hydrolysis
of Methyl Hippurate by Acetyl-D-tryptophanamide at pH 7.9 and 250 C.
[E]" = 0.150 wg. protein nitrogen/ml.; [NaOH] = 0.1609 N; [NaCl] = 0.02 M.
(1] = 2.0 x 1073 1

Run No.b, 1-k-16 2-4-16 3-4-16 4-L-16 5-9-16 6-L4-16 8-4-16 T-b4-16
[s]oc 8 8 12 12 6 16 20 20
S.R.d S.R. S.R. S.R. BS.R. S.R. 8.R. S.R.
te te
0 0 0 0 0 0 0 0 0 0
3 37 36 L5 h6 50 50 57 2 ko
6 70 69 89 87 96 98 110 Ly 76
9 102 99 128 126 142 1hh 162 6 110
12 131 127 165 163 185 187 210 8 14k
15 158 154 200 198 227 228 259 10 177
18 184 179 233 231 266 268 305 12 208
21 207 202 263 263 304 305 349 14 240
24 230 opl 293 292 340 3k2 390 16 270
B % 45 39 39 3% 3 31 22
vog 2.03 2.04 2.55 2,58 2.68 2.78 3.04 3.20
dvbgh 0.02 0.03 0.03 0.0 0.02 0.02 0.02 0.06

a. Armour Lot #90492, 15% protein nitrogen. b. Run number -month-day
(1956). c. In units of ].O_3 M. d. S.R. = scale reading. Corrected to
5.R. = 0 at t_ . In units of 1073 ml. Estimated to + 0.5 x 1075 ml. and
rounded off. e. In units of minutes. f. Approximate percent hydrolysis.
g. Calculated by the orthogonal polynomial method (h). In units of
lO-h M/min. h. +.
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Table VI.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table V.

[s1,> eP° v,° dv 9 (s8] [E]/v, ®
8 3 2.03 0.02 5.91
8 4 2,04 0.03 5.88

12 3 2.55 0.03 7.06

12 4 2.58 0.04 6.98

16 2 2.68 0.02 8.96

16 3 2.78 0.02 8.63

20 2 3.04 0.02 9.87

20 3 3.20 0.06 9.38

ky = 3.09 + 0.21 x 1075 T+8

10.2 + 1.2 x 1073 uF

(0]
it

3.7 + 1.4 x 1075 MP

C b
il

a. In units of 1073 M. b. Order of polynomial employed
for calculatlon of v (4). c¢. In units of 10-4 M/min.
d. +, in units of 10-4 M/min. e. In units of min. mg.
protein nitrogen/ﬁl. f. Evaluated by the method of least
squares (cf. fig. 3). g. In units of M/min. mg. protein
nitrogen/ml. h. Based on a value of Ké = 6.6 + 0245 x

107> M.
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Ficure 3.-e[S]G[E]/ﬁO Versus [S]O plot for the inhitition
of tne alpha-chymotrypsin catalyzed hydrolysis of methryl hip-
purate by 2 X 10—3 Y acetyl-D-tryptophanamide at pH 7.9 and
257, Line determined by least sguares. [S]O[E]/ﬁo inﬁunits
of min. m-. proteln nitrosen/ml. [S]O in units of 107° M.

(ef, Teble VI).
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Table VIII.~--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table VII.

[S]Oa Pmb voC ' dvod : [S]O[E]/VOe
8 3 2.13 0.04 5.63
8 3 2.16 0.03 5.57
8 3 2.11 0.03 5.68

12 2 2.u7 0.07 7.30
12 3 2.58 0.03 6.99
12 3 2.51 0.02 7.16
16 3 2.94 0.02 8.16
16 3 2.91 0.04 8.26
16 o 2.80 0.02 8.56
20 D 3.07 0.01 9.77
20 3 3.16 0.02 9.49
20 3 3.10 0.02 9.69

ky = 3.02 + 0.09 x 1075 T8

Kg = 9.21 + 0.53 x 1075 Mf

K; = 5.1 1.8 x 1073 M°

a. In units of 1073 M. ©b. Order of polynomial employed
in calculating XO (4). c. In units of 10'1L M/min. d. 4+,
in units of 10~ M/min. e. In units of min. mg. protein
nitrogen/hl. f'. Evaluated by the method of least.squares
(ef. fig. 4). g. In units of M/min. mg. protein nitrogen/ml.
h. Based on a value of Kg = 6.57 + 0.45 x 1073 M.
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Table IX.-~The alpha-Chyuaotrypsin Catalyzed Hydrolysis of Benzoyl-
L-valine Methyl Ester at pH 7.9 and 25°.
[NaOH] = 0.01964 Ii; [NaCl] = 0.02 i,

Run No.® 3-8-30 1-6-13 2-6-13 3-6-13 4-6-13 1-6-14 1-6-16 U-6-16 1-7-23 2-7-23 3-7-23 2-8-h 2-8-23 3-8-23 h-8-23 5-8-23 6-8-23
£]° 0,150 0.152 0.152 0.152 0.152 0,150 0.150 0.150 9,150 0,150 0,150 0.150 0,159 0.159 0.159 0.150  0.150
[3] ° 0 1.00 2,04 3,01  Lo08 1.00 kcCO 2,00 .02 3.2 k.02 k.05 2,48 3.6 3.6 2.5k L.k
srd 529 cr® sr% 5r% sr% k% 5% 2R sr® 5% 58 518% 5.1% 5% 559 550

o

0 0 0 0 0 0 0 o) 0 0 o) 0 0 0 0 0 0 0

2 8.5 1k,5 27.5 36.5 Lo.5 15.0 38.5 25.5  15.5 36.5 ko.o 39.0 1.5 38.5 38.0 29.0 19.0
L 12,0 32.0 58.0 .0 84.0 32.0 32.0 58.5 32.5 Th.3 81.5 80.5 65.0 80.0 80.0 59.5 40,5
6 15.0 L7.5 gr.0  11l.0 127.5 k8.7  123.5 81.0 Lo.,5 111.5 1zk,0 122.5 98.5 121.0 121.0 90,5 60,8
8 18.0 £3.0 116.0 1hk6.5  169.0 64,0 165.0 108.0 65.0 1k7.0  16k.5  162.5 130.0 161.0 160.5 119.7 80.5
10 20.5 78.0 1k4,0 181.5 211.5 79.0 204,0 135.0 31.5 182.5 20k.5 20k.0 162.0 200,5 199.5 1k8.5 100.5
12 23.0 93,0 17L.0 216.0 253.0 gh.0 246,0 161.5 96.5 217.5 2k5.5  24k,0 192.0 239.5 239.0 176.7 119.5
14 25.0 107.0 198.0 251.0 295.0 108.7 286,0 187.0 111.,0 252,5 285.5 283.0 223.0 279.0 278.0 205.5 138.3
16 27.5 120.5 22h,0 283,5 33hk.5 122.0 323.5 212.5 125.0 286.0 325.0 322.0 252.5 @ 316.0 315.0 233.3 156.0
ge -- ol e 18 16 i 16 21 ol 17 16 16 20 17 17 18 21

v B -1k B9 3.67  B08 1,66 kb 2.6 1,58 372 k10 391 331 3.90  hok 3,09 1.9
dvohi - 0.03 0.03 0.06 0.08 0.03 0.06 0.07 0.0k 0.02 0.03  0.07 ©0.03 0.0 0.0%  0.03 0.05

a. Run nunber -month-day (1956). b. In units of mg. protein
nitrogen/ml. Armour Lot 90492, 15% protein ritrogen. c. In units of
ZLO-3 M. 4. S.R. = scale reading., Corrected to 5.R. = 0 at tD. In
units of ZLO”3 wl., Estimated error in reading + 0.2 x 10-3 ml. e, Cor=-
rected for hlank given in first column. T. In units of wminutes,.
£. Approximate percent hydrolysis. h. Calculasted by the orthogonal

polynomial wethod (4). In units of 1077 Mmin, i. +.



-123-

Table X.--Summary of the Initial Velocities and
Kinetiec Constants Derived from the Data of Table IX.

[s1,2 e P° v © ov 2 [s1,[E] /v °
1.00 2 1.64 0.03 9.24
2.04 2 2.96 0.03 10.4
3.01 2 3.67 0.06 12.4
4,08 3 4,08 0.08 15.2
1.00 2 1.66 0.03 9.13
4,00 2 Lh.,14 0.06 14,5
2.01 4 2.46 0.07 12.3
1.02 3 1.58 0.04 9.68
3.28 2 3.72 0.02 13.2
4,02 2 4,10 0.03 4.7
4. o5 3 3.91 0.07 15.5
2.48 2 3.31 0.03 11.9
3.68 1 3.90 0.05 15.0
3.61 2 4., ok 0.04 14,2
2.54 2 3.09 0.03 12.3
1.45 3 1.96 0.05 11.1

Kg = 4.2 + 0.4 x 1073 uf

k., = 0.55 + 0.04 x 107> T8

3

~a. In units of 1073 M. b. Order of polynomial em-
ployed for calculation of v (4), c¢. In units of 1072 M/min.
d. +, in units of 1072 M/min. e. In units of min. mg. pro-
tein nitrogen/ml. f. Evaluated by the method of least
squares (cf. fig. 5). g. In units of M/min. mg. protein
nitrogen/ml.
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chymotryosin catalyzed hydrolysis of venzoyl-L-valine methyl
ester at pi 7.% and 25° in 0.02 M sodium chloride solution,
Line determined by least squares. [SI_[E}/v_  in units of
min. mg. protein nitroren/ml. [S]O in units of 1077 M.

(cf. Table X).
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Table XI.--The alpha-Chymotrypsin Catalyzed Hydrolysis
of Benzoyl-L-valine Methyl Ester at 250: Depeqdence on pH.

[E]? = 0.150 mg. protein nitrogen/ml.; [NaOH] = 0.01964 N;
[Nac1] = 0.02 M.

Run No.? 1-7-25 2-7-25 3-7-25 1-6-16 4-7-25
[s]oC | I o2 4.10 4,15 Ik, 00 4,11
pH 7.5 7.7 7.8 7.9 8.1
s..4 s..Y s.r9 s.8.9 s.Rr.9

te

0 0 0 0 0 0

2 45 49 52 48 51

4 89 96 100 96 97

6 133 11 147 140 143

8 176 184 194 185 187
10 218 229 oLo 227 231
12 261 272 283 270 275
14 303 315 327 312 319
16 343 357 371 353 362
me 2 3 3 3 3
vog I o 4,85 5.10 4.86 4,97
dvogh 0.02 0.08 0.08 0.03 0.07
vo/[s]oi 1.10 1.18 1.23 1.22 1.21

a. Armour Lot #90492, 15% protein nitrogen. b. Run
number -month-day (1956). c. In units of 107> M. d. S.R.
scale reading. Corrected to S.R. = 0 at to. In units of
1073 ml., Tlx 1073 ml. Uncorrected for blanks. f. Order
of polynomial employed for calculation of v (4). g. Cal-
culated by orthogonal polynomial method. In units of 1072

M/min. h. +. 1. In units of 1072 min. t.
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PART IV

THE ENZYME-INHIBITOR DISSOCIATION CONSTANTS OF SOME
N-ACETYL AMINO ACID N'!'-METHYLAMIDES
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A. Introduction

One approach to an understanding of the mode of action
of the enzyme alpha-chymotrypsin has been a detailed analy-
sis of the kinetics of hydrolysis of amino acid derivatives
in its presence. Much of what was known in this area up
to 1950 has been collected in a review by Neurath and Schwert
(1), while the results of the more recent work of Niemann and
various coworkers has been compiled by Foster and Niemann (2).
Other recent general reviews that consider this field are
those of Desnuelle (3), Schwert (4), Lindley (5), Fruton and
Mycek (6) and Alberty (7). Although considerable informa-
tion has been obtained concerning the allowed modifications

of the groups R2 and A in the generalized amino acid molecule

i 9
Ry - C - CA
NH
[}

Ro

which may be made with retention of activity in the alpha-
chymotrypsin catalyzed reactions, the extent of variation
of R has been somewhat limited (cf. 1,2). While it had
been implied that aromaticity was a necessary requisite
for specific substrates of this enzyme (1), Jennings and
Niemann (8) demonstrated that acetyl-L-hexahydrophenyl-
alaninamide was kinetically indistinguishable from acetyl—A
L-phenylalaninamide. Based on this past knowledge (1,2,8),

it appeared reasonable to determine if other non-aromatic
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L-amino acids possessed the necessary structural features
that would allow them to function as specific substrates
of alpha-chymotrypsin.

One approach to this problem, similar to the brief
survey in Part II of this thesis, would be an examlnation
of the kinetics of the enzyme-catalyzed hydrolysis of a
series of suiltable substrates, for example, the acylated-
L-amino acid esters. However, the composite nature of
the enzyme-substrate dissociation constant, KS (see below),
and the difficulties attendant in the interpretation of
the significance of this value (cf. 2), coupled with the
problems of experimental manipulation (c¢f. Part II), would
preclude a detailed study of a large number of such systems.

A more reasonable approach is through the study of the
effects of added competitive inhibitors to various systems
of substrate-alpha-chymotrypsin. One advantage in this
case is that a large number of compounds may be évaluated
as inhibitors by employing one or more established sub-
strate systems. Such investigations have supplied much of
the knowledge concerning the structural requirements of
compounds which interact reversibly With giggg—chypotrypsin.
As before, the results of these studies have been reviewed
(1) and compiled (9,10) by the various authors.

A system containing substrate, enzyme and competitive
inhibitor neglecting interaction of the enzyme with hydrély-

Sis products may be described by equations 1 and 2.



—-—]é‘
E. + S, === ES —=» E_ + P + P, ‘ (1)
ko
ky
e Sy
By definition Kq = o Ky = k5/k4, and, by application

of the steady-state approximation, the rate expression is

(10)

-d[sl/at = kg[EI[8]/Kg(1+[11/%7) + (8] (3)

From a prior knowledge of Kgq and [I] the value of K1
my be obtained. The results of such studies have the added
advantage that the value of KI may be considered to be a
true equilibrium constant describing the affinity of the
enzyme for the compound. However, in the case where the
competitive inhibitor can function as a specific substrate

of the enzyme, equation 2 must be replaced by equation 4, i.e.

1 !

ky k3
| Bl 1 ! !
Ef.-i-quIC-,— ES —— Ef+P1f+P3f (4)
2

4

Thus, the situation described by equations 1 and 4 is one
of competitive hydrolysis of two substrates. Such systems
have been considered by Foster and Niemann (11) and by
Huang, Foster and Niemann (12). In this case the value of

Ké =(ké + kéVki is not a true equilibrium constant, for
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its interpretation is subject to the same uncertainty as is
that of Kg (cf. 2). PFor the particular instance, however,
where ké—#-o, it is permissible to assume (13), for all
practical purposes, a system described by equations 1 and
2, reéognizing that the values of KI so obtalned only ap-
proximate a true equilibrium constant.

Previously studied competitive inhibitors derived from
amino acids have mainly been confined to the uncharged
derivatives of the D-enantiomorphs and the charged deriva-
tives of the L-enantiomorphs (1,9,10). The one exception
in the latter case is acetyl-L-tryptophanmethylamide which
Huang and Niemann (13) found to be a competitive inhibitor
in the system alpha-chymotrypsin-nicotinyl-L-tryptophan-
amide. This class of inhibitor was later extended to a
series of acylated-L-tyrosinmethylamides by Lands (14).

In these cases, although the\compounds possess the L-con-
figuration and thus can function as specific substrates

of the enzyme, thelr low susceptibility to hydrolysis, i.e.
ké:& 0, permits them to be considered as competitive in-
hibitors (13.) subject to the conditions discussed above.

The present investigations were based on the ?bove
- observations (13), and the previously stated need for
information as to the effect of variation in the L-amino
acid side chains on the binding of these molecules to the
enzymé. The overall problem can be separated into two dis-
tinct sections. First: the synthesis of the necessary

derivatives of the L-amino acids selected for study as
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inhibitors against suitable substrates; and, second: the
study of the inhibited hydrolysis reactions of these latter

compounds.

B. The Synthesis of Some N-Acetyl-L-amino Acid

Nt'-Methylamides

The seventeen L-amino acids (along with glycine) that
were selected for this study are as follows: glycine, ala-
nine, valine, leucine, isoleucine, phenylalanine, tyrosine,
tryptophan, proline, hydroxyproline, asparagine, glutamine,
histidine, lysine, arginine, cystine, cysteine and methionine.
The N-acetyl-N!'-methylamides of some of these have been re-
ported earlier. Huang and Niemann (13) prepared the deri-
vatives of D- and L-tryptophan. Lands (14) prepared this
derivative of L-~tyrosine. Mizushima and coworkers (15-17)
in a series of papers have described acetylglycinmethyl-
amide (15) and acetyl-L-valinmethylamide (17) as well as
the corresponding derivatives of DL-alanine (16), DL-leucine
(15), DL-proline (16) and DL-norleucine (17).

Of the above eighteen amino aclids chosen, all but glu-
tamine were converted to various intermediates leading to
the final products. Of these seventeen, asparagiée, lysine,
arginine, cystine, and cysteine were not converted to the
desired N-acetyl-Nt-methylamides. Out of the remaining
twelve, the derivatives of valine and lsoleucine resisted
purification and were not obtaingd in an analytically pure

form. The ten remaining N-acetyl amino acid N'-methyl-
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amides were prepared and their physical constants determined.
In addition, the corresponding derivatives of prhenylala—
nine and D-tyrosine were prepared and characterized.

The two main reaction sequences selected for the pre-

paration of these compounds were:

amino acid-w amino acid ester hydrochloride -—#=acylated

amino acid ester — acylated amino acid methylamide (1)

amino acid —m acylated amino acid —e= acylated amino

acid ester — acylated amino aclid methylamide (11)

In the cases of lysine and cysteine, protection of the
€-amino group in the former and of the sulfhydryl group in
the latter was necessary prior to introduction into the
reaction scheme.

The choice of sequence for a particular amino acid was
generally guided by the extensive literature of these com-
pounds (cf. 18), but, if possible, sequence I was selected
to avoid the possibility of racemization in the first step
of sequence II.

The first step of sequence I was carried out without
exception by the elegant method of Brenner and Huber (19)
employing thionyl chloride-methanol. A modification (crf.
Part II) of this method was also employed for the second
step of sequence II, except in the case of acetyl-L-
hydroxyproline, and‘later, acetyl-L-asparagine where the

reaction with diazomethane was the method employed.
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Acetylations, both in step 2 of sequence I and step I
of method II were generally carried out by the usual meth-
ods employing acetic anhydride in the presence of base or
in glacial acetic acid. One somewhat neglected reaction,
the treatment of amino acid ester hydrochlorides with ex-
cess acetyl chloride in benzene solution under refluxing
conditions, first described by Curtius (20), was investi-
gated for a number of such preparations. The yields were
generally high, but the purity of the products was doubt-
ful,

One additional method was suggested by the studies of
Schwyzer and coworkers (21-23) on the use of cyanomethyl
esters of acylated amino acids as acylating agents. These
workers mentloned, however, that the reactivities of the
simple carboxylic aclds cyanomethyl esters in this reac-
tion are unknown (21). Cyanomethyl acetate (24) was pre-
pared and reacted under the prescribed conditions (23) with
DL-tyrosine ethyl ester to yield acetyl-DL-tyrosine ethyl
ester. Although this system was not exploited further, it
appears to offer a mild acylation procedure for sensitive
compounds.

In all cases the conversion of the acetylateé amino
acid esters to the corresponding methylamides was carried
out by treatment with excess methylamine in methanol solu-
tion. Generally, no attempt was made to attain an extreme
purity of the various intermediates since the end products

werevfor the most part easily purified by recrystalliza-
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tion. The compounds eventually employed in the inhibition

studies and their physical constants are listed in Table I.
C. Inhibition Studies

As indicated earlier, Huang and Niemann (13) ascer-
tained that the N-acetyl-N'-methylamides of D and L-trypto—
phan are competitive inhibitors in the system alpha-chymo-
trypsin-nicotinyl-L-tryptophanamide. Therefore, a reasonable
starting point for the present study was a re-investigation
of the inhibition of the alpha-chymotrypsin catalyzed
hydrolysis of methyl hippurate by acetyl-L-tyrptophanmethyl-~
amide. If suitable results could be obtained in thils sys-
tem, the extension to the study of the other inhibitors
could be made with some confidence.

The original intent was to investigate only those
inhibitors with the L-configuration. For this reason, a
series of duplicate experiments were performed as described
in Part II with methyl hippurate concentrations ranglng
from 8 x 1073 M to 20 x 1073 M, an acetyl-L-tryptophan-
methylamide concentration of 5 x 1073 M and an enzyme con-
centration of 0.150 mg. protein nitrogen/ml. in 0;02 M
sodium chloride solution at pH 7.9 and 250. The initial
' vélocities were evaluated by the method of Booman and
Niemann (25); From these values at the various initial
substrate concentrations and an [S]O[E]/'vO versus [S]O

plot the values of ky = 3.0 x 1073 M/min. mg. protein
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nitrogen/ml. and Ké = Kg (1+[I]/KI) = T7.6 x 1073 M (cf.
equation 3) were obtained by a least squares analysis.
For [I] = 5 x 1070 M and Kg = 6.6 x 107> M this Kg value
yields KI = 33 X 10"3 M. The variability in these pre-
liminary results was not determined;*

This was an unexpected result. Huang and Niemann (13)
had obtained the value K = 4.8 x 1073 M and Foster and
Niemann (10) revised this to be 6.5 + 1.5 x 1073 M. The
present result is considerably different from either of
these. That this was not an artifact due to some constant
error was shown by a repetition of a single set of experi-
ments as above at a later date. The data are presented
in Tables II and III, and the [S]O[E]/'vO versus [S]O plot
in fig. 1. A least squares analysis of the total data,
omitting one point which was obviously aberrant gave the

values kg = 3.09 + 0.22 x 1073 M/min. mg. protein nitrogen/
t

S
1073 M the value of Ky = 24 x 1073 M was obtained. Due to

ml., and Ky = 8.0 + 1.3 x 1075 M. Employing Kq = 6.6 x

inhibitor solubility limitations the values of Ii = [I]/KI
in these cases are approximately 0.2, and the values of KI
obtained are only of the order of magnitude specified with

high variability (cf. 9).

*

To avoid confusion in the later discussion only the
symbols k3, KS and Ké will be employed recognizing that
the composlite nature of k3 and KS for methyl hippurate are

as discussed in Parts II and III.
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As it was not clear why present value of KI should
differ by a factor of three to four from that obtained
earlier (10), the various possibilities of error were
examined. The inhibitor, prepared as directed (13), ana-
lyzed correctly énd had physical constants that agreed
quite closely with those of the earlier preparation. A
mixed melting point of the two samples showed no depres-
sion. An examination of the blanks of enzyme and inhibi-
tor and of inhibitor and substrate suggested that these
effects were not responsible. The blank corrections were
again less than the variability of the initial velocities.
(ef. PartIII, page 93 ).

In order to determine if this result was a real ef-
fect, or only one of methodology, an investigation of the
inhibition of the alpha-chymotrypsin catalyzed hydrolysis
of methyl hippurate by acetyl-D-tryptophanmethylamide was
undertaken. From a series of eight experiments over the
range of initial substrate concentrations [S]O -8 x 1073
M to [S]O = 20 x 1073 M at an inhibitor concentration, [1]
=5x 10'3 M, an enzyme concentration, [E] = 0.150 mg.
protein nitrogen/ml., with other factors as beforg the
values k3 = 3.06 + 0.18 x 1073 M/min. mg. protein nitrogen/
é = 19.1 + 1.4 x 1073 M were obtained by the pre-

viously mentioned methods. The data and plot are presented

ml. and K

in Tables IV and V and figure 2. This value of Ké yields
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Ki =2.5 + 0.4 x 1073 M.* Huang and Niemann (13) gave

K; = 1.7 x 1073 M, and Foster and Niemann (10) re-evaluated
this to be 1.8 + 0.3 x 107> M. Thus, in the case of the
D-enantiomorph there is agreement between the inhibitor-
enzymé dissoclation constants obtained in entirely dif-
ferent substrate systems.

In each of the above cases the respective values of
ks, 1.e., 3.09 + 0.22 and 3.06 + 0.18 in units of 1075 M/
min. mg. protein nitrogen/ml. are in agreement within the
specified limits with the value ky = 3.21 + 0.09 x 1075 M/
min. mg. protein nitrogen/ml. obtained for methyl hippurate
alone (cf. Part III). It can be concluded that within the
limits of the present experimental error the inhibition is
competitive in both cases at the inhibitor concentrations
employed.

This unexpected behavior of an inhibitor of the L-
configuration coupled with the normal behavior of the
corresponding D-enantiomorph suggested an interesting
possibility. Foster, Shine and Niemann (9) tentatively
concluded that there is reason to believe that the modes
of combination of D- and L-enantiomorphs of amino gcid
derivatives with alpha-chymotrypsin are significantly dif-
ferent. This concept coupled with the idea of the bifunc-

tional nature of methyl hippurate in alpha-chymotrypsin

*As before (cf, Part III) t?e variability in K; was
caleulated fromdK; = (£ @K{)%)Z.
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catalyzed reactions (26,27) suggested that the present ob-
servations with a competitive inhibitor of the L-configura-
tion might be an example of a general type of enzyme-
bifunctional substrate-L-inhibitor interaction. To check
this hypothesis it was decided to examine the inhibitor-
enzyme dissociation constants of other pairs of D- and
L-N-acetyl-N'-methylamides as determined in the system
alpha-chymotrypsin-methyl hippurate and alpha-chymotrypsin-
trifunctional L-amino acid derivatives. This investigation,{
and the possibility that other inhibitors of the L-con-
figuration might give similar results in the.methyl hip-
purate system, gave impetus to the various preliminary
experiments described in Part II which were directed towards
the discovery of acylated-L-amino acid esters suitable for
use with the present analytical technique (28).

After the development of the system alpha-chymotryp-
sin-benzoyl-L-valine methyl ester (ef. Parts II and III)
the inhibition constants of the N-acetyl-N'-methylamides
of D~ and L-tryptophan were re-investigated. Although,
as indicated in Part III, this system is difficult to work
with and is subject to greater experimental errors, the
results are significant. The data obtained (Table XVI)
from a series of twelve experiments over an initial sub-
strate concentration range of 1.45 x 1073 M to 3.51 x 1073
M at a concentration of acetyl-D-tryptophanmethylamide of

0.5 x lO'3 M, an enzyme concentration of 0.150 mg. protein
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nitrogen/ml. in 0.02 M sodium chloride solution at pH 7.9
and 25° were evaluated by the Booman-Niemann method (25).
The initial velocities (Table XVII) at the respective
substrate concentrations were employed to construct a
plot of [S]O[E]/'vO versus [S]o (fig. 8). By a least
squares analysis the values kg = 0.53 + 0.03 x 1073 M/min,
mg. protein nitrogen/ml. and Ké = 5,23 + 0.37 x 1073 M were
obtained. The latter value at [I] = 0.5 x 107 M and Kg =
4.2 + 0.4 x 1073 M for benzoyl-L-valine methyl ester (cf.
Part III) ylelds K; = 2.1 + 1.2 x 1073 M. This value is
in good agreement within the specified limits with those
determined previously (cf. above and 10,13). The value k3 =
0.55 + 0.04 x 1073 M/min. mg. protein nitrogen/ml. was ob-
tained for benzyl-L-valine methyl ester in Part III; there-
fore the respective values of k3 are in agreement, within
experimental error, and the inhibition is competitive.

A similar set of experiments (Tables XIV and XV,
fig. 7) employing 5 x 1075 M acetyl-L-tryptophanmethylamide
as an inhibitor gave the values ks = 0.60 + 0.08 x 1073 M/

' .
L=
From the latter value K; = 7.1 + 2.9 x 1075 M was obtalned.

min. mg. protein nitrogen/ml. and K 7.2+ 1.1 x 1073 M.

As above, the inhibition is competitive. Recalling that
the previous results with methyl hippurate gave K. =

I
24-33 x 1073 M, while Foster and Niemann reported K; =
6.5 + 1.5 x 10"3 M, it is apparent that there is an appre-
ciable difference between the inhibition by acetyl-L-

tryptophanmethylamide of the alpha-chymotrypsin catalyzed
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hydrolysis of a least two acylated-L-amino acid derivatives
as compared to that of methyl hippurate.

The other D and L pairs of inhibitors selected for
this particular segment of these studies were those of
phenyialanine and tyrosine. Necessarily, as this was a
somewhat exploratory investigation, a large number of ob-
servations could not be made. In addition, the limitations
of solubility and a lack of prior knowledge of the inhibi-
tion constants of these inhibitors did not always permit
the selection of a value of [I] that would yield a reason-
able value of Ii. The limitations of this latter guantity
and its influence on the error in KI were discussed in
Part III (ef. 9).

The data for the investigations with methyl hippurate
arnid the four N-acetyl-N!'-methylamides derived from D- and
L-phenylalanine and D- and L—tyrésine are presented in
Tavles VI-XIII and figures 3-6. The information for the
corresponding studies with benzyl-L-valine methyl ester is
contained in Tables XVIII-XXV and figures 9-12. A summary
of the results of all of these studies with each substrate
is presented in Table XXVI,

Although these results are somewhat tentative, andv
are not very accurate due to the factors discussed above,
the results allow a reasonable estimate of the magnitudes
of the various inhibition constants. An examination of
Table XXVI indicates that where sufficient information is

available the inhibition is competitive at each inhibitor
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concentration employed, i.e., the respective values of k3
are equivalent within the stated error for each substrate
system. In addition, it is apparent that for all cases,
except acetyl-L-tryptophanmethylamide, the inhibition
constants obtained are in reasonable agreement within the
present limits of error when determined from results de-
rived from experiments with either substrate system. Thus
it would appear that until further information is obtained
the possibllity of a general type of bifunctionél substrate-
enzyme-L-inhibitor interaction must be discarded.

The present limited information does not permit an
adequate explanation of the behavior observed in the methyl
hippurate-acetyl-L-tryptophanmethylamide system. The
results suggest, however, that further investigations with
bifunctional substrates and trifunctional inhibitors, or
perhaps, specifically, inhibitors containing the indolyl
residue, may provide additional knowledge regarding the
interaction of these compounds with the catalytic site of
the enzyme. A similar approach enabled Huang and Niemann
(27) to advance an explanation as to Why indole, a mono-
functional inhibitor, was a competitive inhibitor in the
system nicotinyl-L—tryptophanamide-g}ggi—chymotrypsin, but
was a non-competitive inhibitor in the system methyl hip-
purate-alpha-chymotrypsin,

Recognizing that the possibility might exist that the
results obtained from the studies of the other N-acetyl-

N'-methylamides would be influenced by the use of methyl.
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hippurate, the additional compounds described earlier were
all evaluated in the system g}gggfchymotrypsin~5enzoy1—L-
valine methyl ester.

One interesting result of the studies concerning the
inhibition of the catalyzed hydrolysis of benzoyl-L-valine
methyl ester was obtained from the experiments measuring
the extent of “hydrolysis," i.e., base uptake, in the ab-
sence of the substrate. It was mentioned in Part III that
blank corrections were necessary in this system. In one
particular inhibition study, that of acetyl-D-tryptophan-
methylamide, some preliminary experiments and a blank were
performed at an inhibitor concentration of 3 x 1073 M. As
this particular compound is an excellent inhibitor (KIE=2 X
1073 M) it was later necessary to teduce the inhibitor
concentration to 0.5 x 1073 M to allow the reaction to
proceed at a rate suitable for measurement., A comparison
of the blanks at these two inhibitor concentrations shows
that the rate, i.e., base uptake, lncreases as the inhibitor
concentration decreases. In addition, each of these blanks
takes up base at a lower rate than a sample containing only
enzyme in 0.02 M sodium chloride solution. These data are
presented in each table for the -particular compound under
study, and have been compiled in Table XXIX.

None of the other inhibitors studied show a decrease
in the bhlank correction similar to the example mentioned
above, Derivatives of tyrosine and histidine show én ap-

parent effect, but these are undoubtedly due to the buffer-
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ing capacity of the phenol and imidazole groups, for these
effects were noted as well in the presence of substrate.
These compounds caused sluggish response of the pH indicat-
ing device.

The source of this enzyme blank is not evident. Hirs
(29) has shown that certain components of alpha-chymotryp-
sin which lack enzymatic activity can be separated by
chromatographic techniques. While it may be that the
blank, i.e. base uptake, is due to the enzyme catalyzed
hydrolysis of these impurities, the well known (1) autolysis
of the enzyme itself may be the source of the blank. In
any event, the present results suggest that this process
1s no different than the enzyme catalyzed hydrolysis of
simple model substrates in that it can apparently be in-
hibited by at least one specific inhibitor for the latter
class of compounds.

It was anticipated from earlier results (1,26) that
the inhibition constants of the various N-acetyl-N!'-methyl-
amides not having aromatic character would be large. TFor-
tunately, this class of compound is generally gquite soluble
in aqueous solution; therefore, high inhibitor concentra-
tions could be achieved. To reduce the number of experi-
ments performed the members of the whole group were evalu-
ated individually at an approximate initial substrate con-
centration of 3.5 x 10"3 M, an inhibitor concentration of
about 50 x 1073 M and an enzyme concentration of 0.15 mg.

protein nitrogen/ml. in 0.02 M sodium chloride solution
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at pH 7.9 and 250. By this preliminary survey method it
was anticipated that those compounds which acted as inhi-
bitors could be detected and be more extensively studied.
The use of inhibitor concentrations on the order of 50 x
10'3 M would allow the determination of inhibition con-
stants roughly of the magnitude of K; = 250 x 1073 M.
This is based on the suggested (9) value 1; = [I1/%; =
0.2 as the lowest allowable 1limit for an experimental er-
ror of + 20%.

The results of these preliminary experiments and of
a set of duplicates performed at a later date are pre-
sented in Tables XXVII and XXVIII and figure 13. In the
figure the solid line represents the line obtained from
a least squares analysis of the data of experiments per-
formed with the substrate alone, and the dotted lines are
the extremes of the scatter in this data (cf. Part III,
fig. 5 ). It is apparent that none of the non-aromatic
N-acetyl-L-amino acid N'-methylamides are inhibitors of
consequence within the limits of the present method.

Based on the above observations, the original intent
of determining the effect of the non-aromatic side chains
of L-émiﬂo acids on the affinity of alpha-chymotrypsin
for a series of similar derivatives of these compounds has
not been realized.

A'possible solution to the problem of determining the
mégnitude of the effect of the éhanges in side chain might

be found if the acetyl group was replaced by a different
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acyl moiety (ef. Proposition 1).

On the basis of the present information it can be
concluded that the particular non-aromatic compounds
listed in Table I are not bound at the catalytic site of
this énzyme to any great degree. That this is only a
matter of degree, however, is clearly i1llustrated by a
consideration of the derivatives of L-leucine. In Part II,
it was noted that the hydrolysis of acetyl-L-leucine methyl
ester was extremely rapid at enzyme conbentrations of 0.15
mg. protein nitrogen/ml. In the present case an even
higher concentration of acetyl-L-leucine-methylamide ap-
parently displays a complete lackof afifinity for this en-
zyme at the same protein nitrogen concentration.

With this example and the other results described
previously, it 1s apparent that the specificity of alpha-
chymotrypsin is only partially understood., Further investi-
gations, perhaps some of them in the directions indicated
in this thesis, should lead to a broader knowledge of

these aspects of enzyme action.
*
D. Experimental

Analytical Procedures.--The techniques and instrumen-

“tation employed were described in Part II. The necessary
modifications for the use of benzoyl-L-valine methyl ester

‘were déscribed in part I1I. It should be mentioned that in

*
All analyses by Dr. A, Elek. All melting points are
corrected except as noted,
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the latter stages of this work Dr. M. D, Cannon supplied
a more sensitive Contact Meter Relay (CMR) for use in
conjunction with the automatic titrimeter (28). This
modification allowed a measurable decrease in the varia-
tion of pH during any given reaction, and a concomitant

decrease in the stepwlse nature of the rate curves.

Substrates and Inhibitors.--The preparation of the

methyl hippurate and of benzoyl-L-valine methyl ester was
described in Part II.

The preparations of the various intermediates and
of the N-acetyl-N!'-methylamides are given below, The
latter compounds employed in the inhibition studies are

collected in Table I with pertinent physical data.

Acetylglycinmethylamide (15).--Matheson glycine ethyl

ester hydrochloride (22.5 g., 0.16 mole) was acetylated
with 19 ml. (ca. 0.20 mole) of 97% acetic anhydride in a
mixture of 450 ml., of 1 M sodium bicarbonate solution and
200 ml. of ethyl acetate. After saturating the aqueous
phase with sodium chloride 10.4 g. (44.8%)of a white
crystalline product, m.p. 45.5-47.09 was obtained by
drying and evaporating the ethyl acetate extracts. Ten
grams (0.069 mole) of the solid was dissolved in 100 ml.
of methanol and with cooling in ice 46 g. (1.48 moles) of
methylamine was passed in. After standing overnight at
room temperature the solvent was removed in vacuo under

nitrogen on the steam cone to yield 8.1 g. (90%) of crude
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solid. This compound was twice recrystallized from a mixed
solvent of 400 ml. of ethyl acetate plus 25 ml. . of ethanol
and once from 400 ml, of ethyl acetate: m.p. 157.5-158.0°.
Lit. m.p. 158° (15).

Anal. Calcd. for C:H,,0 N2 (130.2): C,46.14; H,7.75; N,21.53

571072
Found: C,46,02; H,7.T74; N,21.47.

L-alanine Methyl Ester Hydrochloride.--This compound

was twice prepared in 97.5% crude yield by the method of
Brenner and Huber (19). As a typical example of the pro-
cedure employed in many cases the details will be included.
In a 3-necked flask with sealed stirrer, dropping fun-
nel and calcium chloride outlet tube connected to a gas
trap, 18 ml. (ca. 0.45 mole) of reagent methanol was treated
in a dropwise manner with 4.5 ml. (0.062 mole) of redistilled
thionyl chloride. During the addition the solution was
stirred and cooled in an ice-salt mixture. Under the same
conditions 5.0 g. (0.056 mole) of L-alanine was then in-
troduced in ca. five equal portions. The resulting slurry
was allowed to come to room temperature and a clear solution
resulted. This was heated at 40° for 0.5 hour and then
left overnight. Removal of the solvent at reduced pres-
sure gave a viscous oil which solidified on scratching.
The white solid was pulverized and dried in vacuo. Yield

7.62 g. (97.5%), m.p. 109,0-111.5°.



-150-

Acetyl-L-alanine Methyl Ester.--The procedure of Curtius

(20) for the preparation of this compound by heating the
ester hydrochloride under refluxing conditions with excess
acetyl chloride in benzene solution led only to an oil
that fesisted attempts at crystallization. Conversion
of this o0il to the corresponding methylamide gave a product
of dubious composition. Repeated recrystallizations of the
solid from ethanol-ethylacetate mixtures or toluene in an
attempt to achieve a constant melting point and rotation
were unsuccessful,

This compound, a low melting solid, was prepared in
86% crude yield by the procedure of Reihlen and Knd8pfle
(30) for the acetylation of L-valine methyl ester hydro-
chloride., The essential details were given in Part II where
the method was employed for the preparation of acetyl-L-

isoleucine methyl ester.

Acetyl-L-alaninmethylamide.~-The impure acylated ester

(6.6 g. 0.046 mole) was converted to the methylamide in

95% crude yield by the procedure given for the preparation
of the corresponding glycine derivative. Three grams of
the resulting solid was twice recrystallized from 200 ml.
portions of toluene to give 2.3 g. of white needles with
constant melting point and specific rotation: m.p. 181f2—
182.0° (sealed tube, compound sublimes rapidly at ca. 170°);
[&]2° = -51.1° (c, 2% in ethanol.)
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Anal. Caled. for CgH,,0,N, (144.2): C,49.98; H,8.39; N,19.43
Found: C,50.06; H,8.56; N,19.43

L-Valine Methyl Ester Hydrochloride.--This compound was

prepared in 97% crude yield by the thionyl chloride-methanol
method (19).

Acetyl-L-valine Methyl Ester (30).--A successful pre-

paration of this compound was described in Part “II. Earlier,
treatment of 6.0 g. (0.036 mole) of the ester hydrochloride
with excess acetyl chloride for ca. 15 hours with heating
under refluxing conditions in benzene solution led to an
o0il after evaporation of the solvents. The oil was dis-~
solved in 50 ml. of chloroform, the solution was extracted
with 10 ml. of 1 N hydrochloric acid, dried over magnesium
sulfate and the solvent removed in vacuo. The resulting
0oil slowly solidified when cooled in ice, but attempts at
recrystallization from ligroin or mixtures of ligroin-
toluene or ligroin-benzene failed. The crude material was

employed below.

Acetyl-L-valinmethylamide (17).--Conversion of the im-

pure acylated ester to the methylamide as before gave a
white solid (4.5 g., 73% based on the ester hydrochloride).
Many attempts at purification with numerous solvent sys-
tems failed. Although the previous workers (17) prescribed
ethyl acetate as a suitable solvent for recrystallization,

it was repeatedly observed that this compound was only
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sparingly soluble in ca. 200 volumes of this solvent at the
boiling point and separated as a cottony mass on cooling.
The analysis of a sample, m.p. 249.5-252,0° (sealed tube;
the compound sublimes rapidly) 2000) that had been repeat-
edly fecrystallized and appeared to have a constant rota-
tion, hi]%S = -39° (C, 1% in ethanol), was unsatisfactory.
Lit. m.p.) 250°; [dﬂ%3'6 = -40.5° (c, 1.7 in water) (17).

L-Leucine Methyl Ester Hydrochloride (19).--This com-

pound was twice prepared in crude yields greater than 97%

by the procedure of Brenner and Huber (19). .

Acetyl-L-leucine Methyl Ester (31).--The preparation

of this compound by the method of Huang and Niemann (32)
was described in Part ITI.

A previous preparation was carried out by heating 18 g.
(0.099 mole) of the crude ester hydrochloride under reflux-
ing conditions for four hours in the presence of excess
acetyl chloride in benzene solution. The resulting clear
solution was extracted with three 35-ml. portions of 1 N
hydrochloric acid and dried over magnesium sulfate. Re-
moval of the solvent in vacuo gave a mobile oil. The crude

material was employed below.

Acetyl-L-leucinmethylamide.--The impure acetyi ester

was treated with methylamine in methanol solution as be-
fore. The crude product, m.p. 154-160° (12.9 g. 70% based

on ester hydrochloride) was repeatedly recrystallized with
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considerable loss from ethyl acetate and from toluene-
hexane mixtures to constant melting point and rotation:

m.p. 165.3-166.8%; [&)2? = -33.9° (C, 1% in water).

Anal. Caled. for CgH;gO,N, (186.3): ¢,58.03; H,9.74; N,15.04

9
Found: c,58.08; H,9.84; N,15.09

L-Isoleucine Methyl Ester Hydrochloride.--This com-

pound was prepared in 91% crude yield by the thionyl chloride-
methanol method (19).

Acetyl-L-isoleucine Methyl Ester.--The preparation of

this compound was described in Part II. An earlier appli-
cation of the same method (30) to 6.1 g. (0.034 mole) of
the crude ester hydrochloride resulted in ca. 4.3 g. (68%)

of an o0il., No attempt was made to purify this material.

Acetyl-L-isoleucinmethylamide.,--Treatment of the crude

material obtained above with methanolic methylamine solu-
tion in a manner similar to that described for the cor-
responding glycine derivative gave a white solid. The
solubility characteristics of this material were very simi-
lar to those noted for the corresponding derivative of
L-valine., The material, separating as a flocculent mass,
was recrystallized several times from ethyl acetate. The
melting ranges of such preparations were about 100, .8,
210—2220, 220~2290. Consequently, no further attempts to

purifly this material were made.
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Acetyl-L-phenylalanine Methyl Ester.--L-phenylalanine

methyl ester hydrochloride (prepared by P. E. Peterson (33)
(5.0 g., 0.023 mole) was acylated by the method of Reihlen
and Kn8pfle (30) to yield 4.76 g. (93%) of crude product,
m.p. 88.0-90.0% []5° = +17.2° (C, 2% in methanol). Lit.
m.p. 89-90°; [x]52 = +19.5° (C, 2% in methanol) (12).

Acetyl-L-phenylalaninmethylamide.--The solid from

above was converted to the methylamide as before in 95%

vield. This material was recrystallized once from ethyl

acetate (flocculent mass) and twice from water as long,

white needles to constant m.p. 207.3-208.6° and hx]§5 =

+19.4° (C, 1% in ethanol).

Anal. Caled. for Cy,H;gO0,N, (220.3): €,65.43; H,7.32; N,12.72
Found: C,65.39; H,7.31; N,12.79

Acetyl-L-tyrosine (34).--L-Tyrosine (15 g., 0.083 mole )

was acetylated with acetic anhydride (20 ml., 0.2 mole) in
the presence of 245 ml, of 2 N sodium hydroxide solution
as directed by du Vigneaud and Meyer (34) to yield 8.2 g.
(L4%) of product, m.p. 147.5-150.5°, after one recrystal-
lization from water. ILit. m.p. 152-154° (34).

Acetyl-L-tyrosine Methyl Ester (35).--To an ice-salt

cooled solution of 3.7 ml. (0.052 mole) of thionyl chloride
in Lo ml. of absolute methanol prepared in the usual mané
ner, 8.2 g. (0.037 mole) of acetyl-L-tyrosine was added in

ca. four equal portions. After warming to 40° for an hour,
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the clear solution was allowed to stand overnight at room
temperature. Removal of the sqlvent and trituration of

the resulting glass with sodium carbonate solution gave

a white solid., This was collected, washed repeatedly

with water and air dried. The solid was recfystéllized
from 50 ml. of ethyl acetate to yield 8.14 g. (93%) of crys-
talline material, m.p. 135.0—139.00 after drying in vacuo

over calcium chloride. Lit. m.p. 136-137° (35).

Acetyl-L-tyrosinmethylamide (14).--The above compound

(7.1 g., 0.03 mole) was converted to the methylamide as
before. The crude so0lid was recrystallized from a mixture
of 100 ml., of ethyl acetate and 25 ml. of methanol to
vield 4.3 g. (61%) of well-formed bypyramids, m.p. 192.2-
193.3%; [6€)5° = +44.2° (C, 1% in water). Iands (14) gave
m.p. 191-192°,
Anal. Calcd. for C12H1603N2 (236.3): ¢,61.00; H,6.83; N,11.86
Found: c,61.04; H,6.89; N,11.95

L-Tryptophan Methyl Ester Hydrochloride,--L-Tryptophan

was converted to the methyl ester hydrochloride in 90% crude

yield by the method of Brenner and Huber (19).

Acetyl-L-tryptophan Methyl Ester (32).--The acetylation

of 10 g. (0.039 mole) of the methyl ester hydrochloride with
acetic anhydride in the presence of agueous potassium car-
bonate solution was carried out as directed by Huang and

Niemann (32). Recrystallization of the crude solid from
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ethyl acetate gave a 90% yield (9.2 g.) of fine, white
needles, m.p. 152.5-154.4°, ©Lit. m.p. 152.5° (32)..

Acetyl-L-tryptophanmethylamide (13).--The acetyl ester

was converted to the methylamide by the usual procedure.

The resulting solid was repeatedly recrystallized from

water to constant melting point and specific rotation: m.p.

187.1-189.0% [&]5° = +22.9° (C, 1% in ethanol). Lit. m.p.

183-184%; [€}5” = +20° (C, 1% in methanol) (13).

ggg;f Calecd. for 014H1702N3 (259.3): C,64.84; H,6.61; N,16.21
Found : | C,64.95; H,6.69; N,16.14

A recheck of the melting point of the latter prepara-
tion (13) gave m.p. 187.0-188.5°. A mixed melting point of
the two preparations was 187.5-189.0°.

Acetyl-L-proline (34).--Ten grams (0.087 mole) of L-

proline was acetylated with acetic anhydride in the presence
of 2 N sodium hydroxide as directed by du Vigneaud and
Meyer (34). The crude product was recrystallized from water
to yield 7.4 g. (54%) of acetyl-L-proline, m.p. 114-116°,
after drying to constant weight in vacuo over phosphorous

pentoxide. Lit. m.p. 116—1170(34).

Acetyl-L-proline Methyl Ester.--The crude compound was

obtained in 78% yield as an oil after treatment with thionyl
chloride-methanol in the manner described in Part II for
the preparation of acetyl-L-methionine methyl ester. The

impure product was employed below,
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Acetyl—L-prolinmethylamide.—-This compound was pre-
pared in the usual manner by treatment of the acetyl ester
with a methanollic solution of methylamine. The crude solid
was recrystallized three times from toluene-hexane and
three times from ethyl acetate to yield large, colorless
bipyramids, m.p. 104.2-105.5%; [uﬂ§5 = -87.5° (¢, 1% in
ethanol). |
Anal. Caled. for CgH,,0,N, (170.2): C,56.45; H,8.29; N,16.46

Found: ¢,56.31; H,8.27; N,16.43

Acetyl-L-hydroxyproline (36).--L-Hydroxyproline (10 g.,

0.076 mole) was stirred two hours at room temperature in
150 ml. of glacial acetic acid containing 10.5 ml. (ca.
0.11 mole) of 97% acetic anhydride as directed by Kolb and
Toennies (36). A trace of undissolved solid was removed
by filtration and the solution evaporated in vacuo at 100°.
The residual oil was triturated with 75 ml. of dry ether to
yvield a white solid. The solid was collected, resuspended
in 75 ml. of ether, filtered, washed with three 25=ml. por-
tions of ether to remove residual acetic acid and dried

in vacuo over calcium chloride and sodium hydroxide. Fur-

ther purification was not attempted.

Acetyl-L-hydroxyproline Methyl Ester (37).--This compound

was obtained as an oil by %the addition of exceés ethereal di-
azomethane solution to 3.5 g. (0.02 mole) of the crude acetyl-
L-hydroxyproline suspended in 75 ml. of ice-cooled, anhydrous

dioxane and removal of the solvents in vacuo. The procedure
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is that of Neuberger (37) who obtained a crystalline com-
pound, m.p. 78°, after a careful recrystallization from

ethanol-ether solution.

Acetyl-L-hydroxyprolinmethylamide.--The above o0il was

treated with excess methylamine in methanol as before to
yield 4 g. of a white, oily solid (crude yield ca. 100%
based on acetyl-L-hydroxyproline). This solid was re-
crystallized from a solvent composed of 9 ml. of ethanol
and 18 ml. of ethyl acetate to yield clusters of hexagonal
rods. The alr-dried material appeared to be solvated as it
began to sinter at ca. 1300. After drying in vacuo at 68°
the solid had m.p. 167.0-169.8°. Another recrystallization
and drying as before gave similar crystals, m.p. 167.0-
168.5%; [oc]2D5 = -60.9°(C, 1% in ethanol).
Anal. Calcd. for 08H1403N2 (186.2): ¢,51.60; H,7.58; N,15.04
Found: ¢,51.69; H,7.57; N,15.10

Acetyl-L-asparagine (38).--This compound was obtained

in 34% crude yield, m.p. 160-165°, by the method given by

Karrer and Schlosser (38) who found m.p. 165°.

Acetyl-L-asparagine Methyl Ester I (38).--Treatment of

1l g. of acetyl-L-asparagine with thionyl chloride-methanol
in the manner described for the preparation of acetyl-L-
methionine methyl ester (Part II) resulted in the separation
of a white solid, nugn‘) 3100. The solid was collected and

the filtrate evaporated to yield an oil (cf. 38).
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Acetyl-L-aspartic acid N,N!'-di-{(methylamide)I.--The oil

from the above preparation was treated with excess methyl-

amine in methanol solution. Globular masses of microscopic

needles m.p. 249-250° (dec.), separated from the reaction
mixturé. The so0lid was recrystallized from methanol and

had m.p. 249,0-249.5° (dec.) after drying in vacuo over phos-

phorous pentoxide.

Anal. Caled. for C7H13O3N3(187.2): C,44,91; H,7.00; N,22.45
Found: C,47.81; H,7.43; N,20.82
Caled. for 08H1503N3(201.2): C,47.75; H,7.51; N,20.88

(see below)

As the latter calculated analysis i1llustrates, the com-
pound is the N,Nt-di-(methylamide) of acetyl-L-aspartic acid.
A check of the esterification procedure was run by

treating acetyl-DL-phenylalaninamide (33), m.p. 163—1660

with thionyl chloride-methanol as above. Again, a white

solid m.p. ) 320° that evolved ammonia on warming in sodium
carbonate solution separated from the methanol solution.

Evaporation of the supernatant liquid gave an oil that was

crystallized from ether-hexane, m.p. 64.5-66° (uncorr.).

Lit. m.p. 60-61° (39) for acetyl-DL-phenylalanine methyl

ester. Apparently this mild treatment partially converts

acylated amino acid amides to methyl esters and ammonium

chloride.

Acetyl-L-asparagine Methyl Ester II (38).--Treatment

of acetyl~-L-asparagine with excess ethereal diazomethane
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solution was carried out as directed by Karrer and Schlosser
(38). The crude oil (cf. 38) was used directly in the next

preparation.

Acetyl-L-aspartic acid N,N'-di-(methylamide).II.--In
this preparation, as before, a white solid separated from
the methanolic methylamine solution. This was collected,
washed free of methylamine with methanol and dried in vacuo,
m.p. 239.5-240.0° (dec.). Recrystallization from 98%
alcohol-2% water gave a white solid, m.p. 240.5-241.0° (dec.)
Anal. Calcd. for C7H13O3N3 (187.2): C,44.91; H,7.00; N,22.45

Found: C,48.10; H,7.48; N,20.92
Calcd. for CgH,z05Ng (201.2) C,47.75; H,7.51; N,20.88
(see below)

Again, the N,Nt'-di-(methylamide) of acetyl-L-aspartic
acid appeared to be the product. Further attempts to clarify
this situation were not made. It should be mentioned, howQ
ever, that a system similar to the latter sequence of reac-
tions was employed by Karrer and Schlosser to prepare acetyl-

L-asparaginamide (38).

Acetyl-L-histidine-monohydrate (140).--Anhydrous L-histi-

dine m.p. 284-286° (dec.) prepared from the hydrochloride
according to Pyman (41) who reported m.p. 287° was acetylated
by the method of Bergmann and Zervas (40). Treatment of

5 g. (0.032 mole) of the free amino acid with 3.2 ml. (0.033
mole) of 97% acetic anhydride in 25 ml. of acetic aqid under

refluxing conditions for two hours, dilution with 50 ml. of
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water énd repeated distillations with 25 ml. portions of
water in vacuo gave a glassy solid. This was dissolved

in 25 ml. of hot water and 75 ml. of acetone was added. An
oll separated that was induced to crystallize by cooling
and agitation. The solid was collected, washed with 7:3
acetone-water and air dried. Yield 5.8 g. (84.5%4), m.p.
160-164°. Lit. m.p. 169° (40). A small sample was re-
crystallized from aqueous-acetone, m.p. 164.5-167.0O (dec.);
[0€)2° = +41.9° (C, 4% in water). Lit. [oc150 = +44.7° (in
water) (40).

Acetyl-L-histidine Methyl Ester.--This was obtained as

an oil from 4.2 g. (0.02 mole) of acetyl-Lthstidine‘mono—
hydrate by the procedure outlined in Part II for the esteri-
fication of acetyl-L-methionine. In this case additional
thionyl chloride was employed to react with the water of

hydration. The crude product was used below,

Acetyl-L-histidinmethylamide.--After allowing the

acetylated ester to stand overnight in methanol containing
excess methylamine, considerable white solid had separated.
This was collected, washed repeatedly with portions of
methanol and air dried. Yield, 2.48 g. (60% for two steps
from acetyl-L-histidine-monohydrate). This solid was twice
recrystallized with considerable loss from methanol to

yield 0.9 g. of fine, white needles, m.p. 243.0—244.5°(dec.);
(0c]57 = +4.5° (€, 1% in water).
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Anal. Calecd. for 09H1402N4 (210.2): C,51.42; H,6.71; N,26.65
Found: C,51.54; H,6.70; N,26.52

Acetyl-L-arginine dihydrate (40,42).--This compound

was prepared from L-arginine hydrochloride in 66% yield by
treatment with acetic anhydride in aqueous potassium car-
bonate as described by Thomas (42). The compound appeared
to dehydrate at ca. 120° and melted at 263-265° with decom-
position. Lit. m.p. 270° (dec.) (40).

Acetyl-L-arginine Methyl Ester Hydrochloride (42).--

This compound prepared from anhydrous acetyl-L-arginine by
the thionyl chloride-methanol method was obtained as an oil
which was very hygroscopic and resisted crystallization

(ef. 42),

Acetyl-L-argininmethylamide Hydrochloride.--Treatment

of the above o0il with a methanol solution of methylamine

in the usual manner gave an oil that slowly changed to a
glass~-like solid. Repeated attempts at recrystallization
from various solvents gave negative results. Treatment of

a 1 g. sample of the amorphous solid in 10 ml. of water with
1.1 g. of pieric acid in 85 ml. of warm water gave 1.4 g.
(damp weight) of fine, yellow needles on cooling. A small
sample recrystallized from hot water had m.p. 179.0—181.50.
Decomposition of the picrate with barium hydroxide solution,
filtration to remove barium picrate, acidification to pH 7

with 6 N sulfurilc acid, filtration to remove barium sulfate
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and removal of the solvent in vacuo gave an o0il. Further

attempts to purify this compound were not made.

X-N-Acetyl-€-N-carbobenzoxy-L-lysine Methyl Ester.--

€-N-Carbobenzoxy-L-1lysine methyl ester hydrochloride

(2.3 g., 0.0068 mole) prepared as directed by Bergmann and
coworkers (43) was rapidly stirred with 2 ml. (ca. 0.02
mole) of acetic anhydride in a mixture of 25 ml. of ethyl
acetate and 10 ml. of 4 M potassium carbonate solution.
After four hours the phases were separated. The organic
phase was extracted with 7 ml. of 1 N hydrochloric acid,
then with 5 ml. of water and was dried over magnesium sul-
fate. Evaporation of the solvent in vacuo at steam tem-
perature gave an oil, 2.2 g. (96%), that resisted crystal-

lization.

of-N-Acetyl-&-N-carbobenzoxy~L-lysinmethylamide.-~-The

crude product from above was treated with excess methyl-
amine in methanol solution., After two days at room tem-
perature, removal of the solvent at reduced pressure gave

a white solid. This solid could be recrystallized (separat-
ing as a flocculent mass) from a large volume of ethyl
acetate or from ca. two volumeé of water. Anticipating

that the same difficulties as those experlenced with the
arginine derivative would apply in this case, further in-

vestigations on this compound were abandoned.
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Derivatives of Cysteine and Cystine.--The extent of

the work on cysteine was described in Part II. ‘Acetyl-
S-benzyl-L-cysteine methyl ester was not converted to the
methylamide.

Ih the case of cystine, preparation of N,Nf-diacetyl-
L-cystine di-(methyl ester) by the method of Pirie (4l4)
gave after considerable difficulty a U47% yield of crystal-
line solid, m.p. 128—1300, after recrystallization from
ethyl acetate-hexane solution. Lit. m.p. 128-129° (44).
Conversion of this compound to the di-(methylamide) in the
usual manner gave an oily solid. Various attempts at puri-
fication resulted in apparent decomposition (evolution of

HQS) and intractable mixtures.

Acetyl-L-methioninmethylamide.--Five grams (0.024

mole) of acetyl-L-methionine methyl ester (Part II) was

treated with 28.5 g. (0.92 mole) of methylamine in 100 ml.

of absolute methanol, After two days at room temperature

the solvent was removed in vacuo at steam temperature. The

resulting crude solid was recrystallized (cottony mass)

twice from ethyl acetate to constant melting point and

specific rotation. Yield 3.0 g. (60%); m.p. 180.9-181,5°

(sublimes ) 160°); [€]2” = -11.4° (C, 1% in ethanol).

Anal. Calcd. for CgHygO,N,8 (204.3): C,47.03; H,7.89; N,13.71
Found: C,46.83; H,7.95; N,13.46

Acetyl-D-phenylalaninmethylamide.——Acetyl—D-phenyl—

alanine methyl ester (2.2 g., 0.01 mole), prepared by H. T.



-165-

Huang (12), was treated with methanolic methylamine solu-
tion in the usuval manner. The resulting solid wa;'re—
crystallized twice from water to constant melting point and
specific rotation. The long, white needles had m.p. 205.5-
207.0%; [0€]2° = -21.0%(C, 1% in ethanol).

Anal. Calecd. for Cy,H;g0-N, (220.3): ¢,65.43; H,7.32; N,12.72

Found: C,65.44; H,7.47; N,12.67

Acetyl-D-tyrosinmethylamide.--Acetyl-D-tyrosine ethyl

ester (45) (1 g., 0.004 mole) was treated with a six-fold
excess of methylamine in methanol solution., Removal of the
solvent in vacuo after two days at room temperature gave a
white solid. Recrystallization from 3 ml. of methanol plus
10 ml. of ethyl acetate gave 0.45 g. (47.5%) of fine white
needles, m.p. 185.5-186.0°, which partially resolidified
to prisms, m.p. 192.0-192.5° (cf. L-compound page 155). A
further recrystallization as above did not alter the melting‘
point or the specific rotation. hx]§5 = —42.4°(C, 1% in
water).
Anal. Calcd. for Cl2Hl6O3N2 (236.3): €,61.00; H,6.83; N,11.86
Found: c,60.98; H,6.88; N,11.79

Acetyl-D-tryptophanmethylamide.~-~-The sample was prepared

by H. T. Huang. The following physical constants were re-

ported (13): m.p. 185-186°%; [&]5” = -20 + 1° (C, 1% in

methanol).

Anal. Caled. for C14H1702N3 (259}: c,64.9; H,6.6; N,16.2
Found: c,65.0; H,6.7; N,16.1.
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The Acetylation of DL-Tyrosine Ethyl Ester with Cyano-

methyl Acetate.--(Hood!). Cyanomethyl acetate (1.98 g.,

0.02 mole) b.p. 76.5-80.5°/20 mm., N3 = 1.4053, prepared
from chloroacetonitrile and anhydrous potassium acetate as
directed by Henry (24) who reported Ngo = 1,4107, was heated
under refluxing conditions for two hours with 5 ¢g. (0.024
mole) of DL-tyrosine ethyl ester, m.p. 106.5-108°, in 30
ml. of reagent ethyl acetate. When cooled, much solid that
was soluble in dilute hydrochloric acid separated from the
solution. An additional 0.5 g, of cyanomethyl acetate was
introduced plus 1 drop of glaclal acetic acid (ef. 23); the
mixture was again heated for one hour at the boiling point,
and then left at room temperature. The solution remained
clear. After six days, agitation caused thee separation

of much white solid. This was collected, washed with ethyl
acetate, then with 1 N hydrochloric acid and with water
and air dried. Yield 3.3 g. (54%), m.p. 131.5-132.3°.
Niemann and McCasland (46) report m.p. 133-134° for acetyl-

- DL-tyrosine ethyl ester.
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Table I.--Properties of the N-Acetyl. Amino Acid
Nt~-Methylamides.

Amino Acid m.p.> [dﬂg5
Glycine 157.5-158.0 --
L-Alanine ' 181.2-182.0 -51.1°
L-Leucine 165.3-166.8 -33.9°
L-Phenylalanine 207.1-208.5 +19.4¢
D-Phenylalanine 205.5-207.0 -21.0%
L-Tyrosine 192.2-193.3 +hh 2
D-Tyrosine 184,5-186.0 Lo u°

(192.0-192.5)
L-Tryptophan 187.1-189.0 +22.9d
D-Tryptophan 185,0-186.0 -20% (13)
L-Proline 104.5-105.0 -87.54
L-Hydroxyproline 167.0-168.5 —60.9d
L-Histidine 243.0-244.5 dec. + 4,5
L-Methionine 180.9-181.5 -11.49

o

a. Corrected, "C. b. (C, 2% in ethanol). c. (c, 1%

in water). d. (C, 1% in ethanol). e. (C, 0.5% in methanol).
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Table III.--Summary of the Initial Velocities and

Kinetic Constants Derived from the Data of Table II.

[s].? P ° v © ov 8] [El C
8 3 2.41 0.06 4,98
8 3 2.30 0.03 5.22

* 8 4 2.60 0.09 4,62

12 3 2.71 0.03 6.64

12 3 2.72 0.02 6.62

12 3 2.82 0.04 6.39

16 3 3.03 0.02 7.92

16 3 3.03 0.03 7.92

16 3 3.14 0.03 7 .65

20 3 3.26 0.02 9.21

20 3 3.34 0.01 8.98

20 3 3.38 0.03 8.88

ky = 3.09 + 0.22 x 107 8

.
Kg=8.0+1.3x103uf
K; = 24 x 1075 M

a. In units of 10_3 M. b. Order of polynomial employed
for calculation of v (25). c¢. In units of lO_Z1L M/min.
d. +, in units of 10~% M/min. e. In units of min. mg. pro-
tein nitrogen/ml. f. Evaluated by the method of least
squares (cf. fig. 1). g. In units of M/min. mg. protein
nitrogen/ml. h. Based on the value Kg = 6.6 x 1073 M.

Order of magnitude only.
*¥ Not included in least squares analysis.
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Table IV,--Inhibition of the alpha-Chymotrypsin Catalyzed Hydrolysis
of Methyl Hippurate by Acetyl-D-tryptophanmethylamide at pH 7.9 and 25°,
[E]* = 0.150 wg. protein nitrogen/ml.; [NaOHl= 0.1609 N; [NaCl] = 0.02 M;
[1] = 5.0 x 1075 m.

Run No.® 1-5-15 8-5-15 2-5-15 7-5-15 3-5-15 6-5-15 4-5-15 5-5-15

[s]oc 8 8 12 12 16 16 20 20

s.e.% S.R. S.R.  S.R.  S.R. S.R. S.R.  S.R.

te
0 0 0 0 0 0 0 0 0
3 25 25 32 32 38 39 bl Ly
6 L7 7 62 62 76 75 85 85
9 69 69 90 91 112 111 12k 125
12 88 89 118 118 145 1hh 161 163
15 106 108 1hh 145 178 176 198 200
18 124 126 169 170 209 207 234 235
21 141 ik 193 194 240 238 269 270
oL 157 161 217 217 270 266 301 304
a 32 32 29 29 27 27 2k 2k
vog 1.3  1.36 1.75 L.7h  2.15 2,07 2.30 2.4
ov B  0.02 0.02 0.02 0.02 0.03 0.0l 0.02  0.02

a. Armour lot #90492, 15.0% protein nitrogen. b. Run number -month
-day (1956). ¢. In units of lO-3 M. d. S.R. = scale reading. Corrected
to S.R. = 0 at to. In units of 10—3 ml. Estimated to + 0.5 x lO"3 ml.
and rounded off. e. In units of minutes. f. Approximate percent hydroly-
sis. g. Calculated by orthogonal polynomial method (25). In units of

].O“llL M/min. h, +.
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Table V.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table IV.

a b c d e
(8], P Vo ov, [s1,[El/v,
8 3 1.38 0.02 8.70
8 3 1.36 0.02 8.82
12 3 1.75 0.02 10.29
12 3 1.74 0.02 10.34
16 3 2.15 0.03 11.11
16 2 2.07 0.01 11.59
20 2 2.30 0.02 13.04
20 3 2.40 0.02 12.50
ky = 3.06 + 0.18 x 1073 f.8
Kg = 19.1 + 1.4 x 1073 i
K; = 2.6 + 0.4 x 103 u"

a. In units of 1073 M. b. Order of polynomial em-
ployed for calculation of v, £25). c. In units of 10-4
M/min. d. +, in units of 10" M/min. e. In units of
min. mg. protein nitrogen/ml. f. Evaluated by the method
of least squares (c¢f. fig. 2). g. In units of M/min. mg.
protein nitrogen/ml. h. Based on the value Kq = 6.6 +
0.45 x 1073 M.
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Figure 2.--[5] {E]/J versus [S]O plot for the inhivi-
tion of the glpha ch motryprsin catalyzed nhydrolrsis of methyl

hiovpurate by 5.0 x 10 =3 M acetyl-D- tryptornanmethylamide a
pH 7.% and 250 in 0.02 M sodium cniloride solution, Line
determined by least squares. [S]O[E]/VO in units of min.
me. protein nitroren/ml. [S]o in unists of 1073 M. (cr.
Table V).
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Table VI.--Inhibition of the alpha-Chymotrypsin
Catalyzed Hydrolysis of Methyl Hippurate by Acetyl -L-
phenylalaninmethylamide at pH 7.9 and 25
[E]a = 0.150 mg. protein nitrogen/ml.; [NaOH] = 0.1609 N;
[NaC1l] = 0.02 M; [I] = 6.0 x 1073 M.

b

Run No. 5-8-27 6-8-27 7-8-27 8-8-27
[s1,° 7.97 12.01 15.98 20.01
s.r.9 S.R. S.R. S.R.

te

0 0 0 0 0

2 28 32 35 39

i 52 62 69 75

6 76 92 102 112

8 98 119 135 146
10 119 146 165 180
12 140 172 195 212
14 159 196 0085 oul
16 178 220 253 276
' 36 30 25 20
vog 2.2L 2.58 2.86 3.18
dv &h 0.0k 0.02 0.02 0.0k

o

a. Armour lot #90492, 15.0% protein nitrogen. Db. Run
number-month-day (1956). c. In units of 1075 M, d. S.R. =
scale reading. Corrected to S.R. = O at t In units of
1073 ml. Estimated to + 0.5 x 10 =3 m1. and rounded off.

e. In units of minutes. f. Approximate percent hydrolysis.
o. Calculated by orthogonal polynomial method (25). 1In

o

units of 107 M/min. h. +.
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Table VII.--Summary of Initial Veloclties and
Kinetic Constants Derived from the Data of Table VI,

a b ¢ d e
[S]o P Vg dvo [S]O[E]/'vo
7.97 3 2.24 0.0k 5.34
12.01 2 2.58 0.02 6.98
15.98 2 2.86 0.02 8.37
20.01 3 3.18 0.04 9.4k
ky = 2.95 + 0.30 x 1073 £:8
Kg = 8.2 + 1.7 x 1075 M
K; = 25 x 1075 1"

a. In unlts of 1075 M. b. Order of polynomial em-
ployed for calculation of v (25). c¢. In units of 10—4
M/min. d. +, in units of 107" M/min. e. In units of min.
mg. protein nitrogen/ml. f. Evaluated by the method of
least squares (cf. fig. 3). g. In units of M/min. mg.
protein nitrogen/ml. h. Based on the value Kg = 6.6 x

1073 M. Order of magnitude only.
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Figure 3.-—[S]O[E]/vo versus [S]o plot for the inhibi-

tion of tne alpha-chymotrypsin catalyzed hydrolysis of
2
methyl hippurate by 6.0 x 107~ M acetyl-L-vhenylalanin-

. . o . o ., - . ;
methylamide at pH 7.9 and 257 in 0.02 M sodium chloride

solution., Line determined by least squares. [S]O[E]/vO

in units of min. m-. protein nitrogen/ml. [S8]_ in units
of 1073 M. (cf. Table VII).
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Table VIII.~-Inhibition of the alpha-Chymotrypsin
Catalyzed Hydrolysis of Methyl Hippurate by Acetyl-D-phenyl-
alaninmethylamide at pH 7.9 and 25°. |
[I] = 4.0 x 1073 M; [NaOH] = 0.1380 N; [NaCl] = 0.02 M.

T

Run No.? 4-9-4 5-9-4 5-8-28 6-8-28 7-8-28 8-8-28

[E]% 0.150 0.150 0.153 0.153 0.153 0.153
[s]oC 8.22 19.96 8.15 11.93 15.98 20.08
s.r. s.r.* s.% s.r.%4 s.r9 s.r.G
te
0 0 3 0 0 0 0
2 307 453 30 36 4o 46
b 595 890 58 70 82 90
6 868 1310 8l 104 120 132
8 1125 1720 109 135 155 173
10 1375 2120 133 166 192 213
12 1612 2505 156 196 227 251
14 1840 2885 178 22l 261 290
16 2060 3260 199 250 294 328
uf 35 22 34 29 25 33
v E 2,11 3.17 2.16 2.52  2.9%  3.25
¢v &b 0.01 0.02 0.02 0.0l  0.06  0.02

a. Armour lot #90402, 15.0% protein nitrogen. b. Run
number-month-day (1956). c. In units of 107> M. d. S.R.
= scale reading. Corrected to S.R. = 0 at to. In units
of 1073 ml. Estimated to + 0.5 x 1075 ml. and rounded
off. e. In units of minutes. f. Approximate percent
hydrolysis. g. Calculated by orthogonal polynomial method
(25). In units of ZLO'4 M/min. h. +.

* §,R., = scale reading. In units of 10

4 ml, Esti-

mated error + 2 x 10 ml.
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Table IX.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table VIII.

a b c a e
[S]O P Vo dvo [S]O[E]/'vO
8.02 3 2,11 0.01 5.8
8.15 4 2.16 0.02 5.77
11.93 2 2.52 0.01 7.24
15.98 3 2.9 0.06 8.32
19.96 3 3.17 0.02 9.4l
20.08 3 3.25 0.02 9.45
ky = 3.28 + 0.11 x 1075 ©:8
Kg = 11.11 + 0.62 x 107> M

K; = 5.9 + 1.3 x 1075 M"

a. In units of 1073 M. b. Order of polynomial em-
ployed for calculation of v £25). ¢. In units of 10 -
M/min. d. +, in units of 10 M/min. e. In units of min.
mg. protein nitrogen/ml. f. Evaluated by the method of
least squares (ef. fig. 4). g. In units of M/min. mg.
protein nitrogen/ml. h. Based on the value Kg = 6.6 +
0.45 x 1073 M.
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Firure 4.--[S]O[E]/ﬁo versus [S]O plot for the inhibi-
tion of the alpha~-chymotrypsin catalyzed hydrolysls of
methyl hippurate by 4.0 X 10-3 M acetyl-D-phenylalanin-
methylamide at pH 7.¢% and 250 in 0.92 M sodium chloride
solution. Line determined by least squares, [S]O[E]/VO
in units of min. mg. protein nitrocen/ml. [S]O in units
of 1073 M. (cf. Table IX).
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Table XI.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table X.

[s1 7 p_° v, ° v (81, [El/v,°
7.99 3 2.18 0.02 5.50
8.10 4 2.26 0.02 5.38
11.93 3 2.149 0.02 7.19
11.91 3 2.56 0.01 6.98
15.92 3 3.03 0.07 7.88
15.88 3 2.82 0.02 8.45
20.03 3 3.20 0.06 9.39
20.12 3 3.10 0.03 9.7h4

ky = 2.98 £ 0.18 x 1073 T+8

Kg = 8.6 + 1.0 x 1075 M’

K; =66 +38x 10° 1"

a. In units of 1073 M. b. Order of polynomial em-
ployed for calculation of v (25). e¢. In units of lO"LL
M/min. d. +, in units of 107" M/min. e. In units of

min. mg. protein nitrogen/ml.
of least squares (cf. fig. 5).

f. Evaluated by the method
g. In units of M/min. mg.

protein nitrogen/ml. h. Based on the value KS = 6.6 +

0.45 x 1073

-IYI_.

Order of magnitude only.
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Table XII.--Inhibition of the alpha-Chymotrypsin
Catalyzed Hydrolysis of Methyl Hippurate by Acetyl-D-
tyrosinmethylamide at pH 7.9 and 250.

[E]® = 0.150 mg. protein nitrogen/ml.; [NaOH] = 0.1380
[NaCl] = 0.02 M; [I] = 5.0 x 1073 M.

=

Run No." - 5-8-29 6-8-29 7-8-29 8-8-29
[s]oc 7.87 11.81 15.80 19.96
s.r.9 S.R. S.R. S.R.

te

0 0 0 0 0

2 29 35 Lo 4h .5
4 56 67 78 86

6 81 99 115 126.5
8 105 129 150 165
10 127.5 158 185 203
12 149.5 185 218 239.5
14 170 213 250 275.5
16 191 239 281 311
i 34 28 25 22
vog 2,07 2.45 2.76 3.11
dv &0 0.02 0.03 0.01 0.02

a. Armour lot #90402, 15,0% protein nitrogen. b. Run
number-month-day (1956). c¢. In units of 1073 M. d. S.R.
= gcale reading. Corrected to S.R. = O at to‘ In units
of 1073 ml. Estimated to + 0.5 x 1073 ml. e. In units of
minutes. f. Approximate percent hydrolysis. g. Calcu-
lated by orthogonal polynomial method (25). In units of
107 M/min. h. +.
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Table XIII.~--Summary of the Initial Velocities and

Kinetic Constants Derived from the Data of Table XIT.

[s].2 p_° v, ° v ¢ (8] [E1/v,©
7.87 3 2.07 0.02 5.70
11.81 3 2.45 0.03 7.23
15.80 2 2.76 0.01 8.59
19.96 3 3.11 0.02 9.63

~
I

3.07 x 1073 T8

3
Kg =10x 105 m f
K; = 9.7 x 10> M P

a. In units of 1073 M. b. Order of polynomial em-

ployed for calculation of v_ (25). ¢. In units of 10_4 M/

o
min. d. +, in units of 107" M/min. e. In units of min.
mg. protein nitrogen/ml. f. Evaluated by the method of
least squares (cf. fig. 6). g. In units of M/min. mg.
protein nitrogen/ml. h. Based on the value Kg = 6.6 x 1073

M. Order of magnitude only.
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Fi;ure 6.——[S]O[E]/VO vVersus (S]O clot for the inhibil-
tion of tue alpha-chymotrypsin catalyvzed hydrolysis of methyl
nippurate by 5.0 x 19-3 M acetyl-D-tyrosinmethylamlide at pH
7.¢ and 25° 1n €,02 M sodium chloride solution, Line de-
termined by least squares. [S]D[E]/vO in units of nin. m-.
protein nitrogsen/ml. [S}o in units of 1673 M. {Cf. Table
XIII1). '



¥ 01 cutm/fi (0T 3O s3un uI *(¢2) pousem Tetmoufyod TeuoFoUlIO 2U3 £q PIIBIND

-1B) ‘U  *s1sfkT0gpfy queogad sqewmrxoxddy °*8 *ssjnulm JO s3Tun UL *F  ‘UWMTOD 38ITT UT UBATIS YueTq JOJ
PO30BIIO) ‘2 W :uoa X 2 + JOXJIo pelBwIlsH W :IOH JO s3TUn UT BuIpesaL oTeds = *Y'g D o MIOH
Jo €3Tun ul °*o °*(9496T) Lep-yjuom- JISQUNU UMY *q ‘usgoaqtu utszoxd &o.ma “mm:OQ% 10T JnowIy °%®

100 10°0 £0°0 T0°0 G0*0 20°0 £0°0 T0°0 TO0 L0*0 -- P
65°2 80T g1 16°1 G9'2 €11 10°2 0s°e o2 e -- go>
T 8T 91 GT HT 8T 91 qT1 o1 Gt -- SH
¢e1e 288 L1zt 0941 oL1e 268 2191 9661 LLoT 0L6T G1e 91
0981 0g.L 0L0T 0LET 2161 9g.. AN 94LT ogHT GELT 003 HT
O €091 GL9 2eh 08TT 791 1,9 SN €16t 69T eHT 181 21
oo) 6EET 895 €L 696 GgeT €LS 1201 .21 8901 Ghat 691 01
" LLOT 49 €29 G6L ETTT 29n Geg 2201 asg 966 aHt 8
018 he o9t G6hS oh8 0]49 819 0g.L ¢H9 26l 02T 9
LE9 (¥ 60¢ G6E £9¢ gee 0TH €26 GE 6og G6 :
€le 80T €61 961 082 Q1T 202 1.2 €1e . 042 29 2
e 0T L €T 02 €1 0T 22 o) a1 0 0
S
m.mulm-m ®©OMOm m.vvm'm m.@.mcm m:m.m'm o.mVo.m.m m.@'m-m mﬁvm-m m.mv.m.m mﬁimom ;@OMOm O
80°€ 66°0 mn.a 66°T L6°2 00°T 20°e 192 €0z 962 0 5 L8]
6-g-. 6-g-9 6-g-€ 6-g-2 6-g-1 02-9-€ 02-9-2 02-9-1 QI-9~2 BI-9-T 0£-8-8 p.oz uny

—

W 0T X 0°¢ = [I] W 20°0 = [T0OBN] N #9670°0 = [HO®N] f'Tm/usSoxstu urejoad 8w OS1°0 = el El
* .62 pue 6°) HA e sprweriursuwueydojdLag-T-1L3e0y £q xo3sH TAUISW
surTeA-T-TLOZUSE JO STSATOJPAH pPoziTeiep ursdlxjomfyp-eudie sy3 JO UCTITATUUI--"AIX STABL



-187-

Table XV.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table XIV.

[s1.? p_° v © dv ¢ [81,[E1/v,©
2.56 1 2.41 0.07 15.9
2.03 1 2.05 - 0.01 | 14.8
>.64 2 2.50 - 0.01 15.8
2.02 2 2.04 0.03 14,8
1.00 2 1.13 0.02 13.3
2.97 3 2.65 0.05 16.8
1.99 1 1.901 0.01 15.6
1.49 3 1.48 0.03 15.1
0.99 1 1.08 0.01 13.8
3.08 1 2.59 0.01 17.9

ky = 0.60 + 0.08 x 1073 f.8

Kg = 7.2+ 1.1x105 4"

Ky = 7.1 +2.9x 107 n°"

a. In units of 1073 M. b. Order of polynomial employed
for calculation of v, (25). c. In units of 107> M/min.
d. +, in units of 1072 M/min. e. In units of min. mg.
protein nitrogen/ml. f. Evaluated by the method of least
squares (cf. fig. 7). g. In units of M/min. mg. protein
nitrogen/ml. h. Based on the value Kg = 4.2 + 0.4 x 107 M.
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Figure 7.~—[S]O[E]/ﬁo varsus [S], plot for the inhibl-
tion of the alpha-chymotrypsin catalyzed hydrolysis of

< 1 acetyl-L-

/]

benzoyl-L-valine methyl ester by 5.7 X 107

el

e

odium

[¢]

tryptophanmethylamide at pH 7.9 and 250 in C.u2
chloride solution. Line determined by least squares:
[S]O[E]/vO in units of min. mr. protein nitroren/mi. [S]O
in units of 1070 M. (cf. Table XV).
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Table XVII.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table XVI.

[s] .2 p_° v ° o 4 [S1,[E]1/v,®
3.51 3 3.28 0.02 16.0
2.48 i 2.55 0.02 ‘ 14.6
1.48 2 1.76 0.03 12.6
1.45 2 1.80 0.02 12.1
2.51 3 2.58 0.03 14.6
3.61 4 3.31 0.04 16.4
1.46 2 1.73 0.01 12.7
2.58 2 2.68 0.02 14.5
3.41 3 3.08 0.02 16.6
3.29 3 3.00 0.04 16.4
2.56 3 2.52 0.02 15.2
1.57 4 1.80 0.02 : 13.1
k, = 0.53 + 0.03 x 1075 T+8

~
]

g =5.23 + 0.37 x 107 M’

2.1+ 1.2 x 1075 M°

™~
I
i

a. In units of 1075 M. b. Order of polynomial em-
ployed for calculation of v (25). c. In units of'lO-5
M/min., d. +, in units of 1072 M/min. e. In units of min.
mg. protein nitrogen/ml. f. Evaluated by the method of
least squares (cf. fig. 8). g. In units of M/min. mg.
protein nitrogen/ml. h. Based on the value Kg = 4.2 +
0.4 x 1073 M.

—
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Figure 8.-—{S]O[E}/VO versus {S]d plot for the inhibi-
tion of the alpha-chymotrypsin catalyzed hydrolysis of
benzoyl-L-valine methyl ester by 0.50 x 10-3 M acetyl-D-
tryptopharmethylamide at pH 7.9 and 25° in 0,02 M sodium
chloride solution., ULine determined by least squares.
[S]O[E]/VO in units of min. mg. protein nitrogen/mi. (8]
in units of 1073 y, (¢f. Table XVII).

0O
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Table XVIII.--Inhibition of the alpha-Chymotrypsin Catalyzed
Hydrolysis of Benzoyl-L-valine Methyl Ester by Acetyl-L-phenyl-
alaninmethylamide at pH 7.9 and 25°.

[E]* = 0.150 mg. protein nitrogen/ml.; [NaOH] = 0.0196k4 N;
[NaCl] = 0.02 M; [I] = 6.0 x 1073 M.

Run No.b 7-8-30 1-8-15 2-8-15 3-8-15 L-8-15 1-8-20 2-8-20 3-8-20
C .

[s] - 0.97 1.39 1.87 2.48 ° 1.00 1.41 1.93

[®]
sr8 s.r% sr% 53r% s.r% 5.r% sro sl

0 0 0 0 8 0 5 12 0
2 75 133 177 248 285 130 185 217
L 118 269 362 Lo 572 27h 372 450
6 150 406 548 730 850 415 558 682
8 180 542 725 958 1130 550 740 909

10 205 67k 905 1190 1405 685 920 1133

12 227 806 1078 1413 1678 813 1096 1345

14 250 932 1253 1629 1945 939 1270 1562

16 267 1061 1418 1850 2213 1067 1hL5 1753

5o - 21 20 19 18 o1 20 18
voh —— 1.3 1.8% 2.k 2.86  1.39 1.83  2.17
dvohl - 0.0l 0.02 0.02 0.0l 0.02 0.02 0.0k

a. Armour lot #90492, 15.0% protein nitrogen. b. Run number- month-
day (1956). c. In units of 1073 M. d. S.R. = scale reading in units
of 10" ml. Estimated error +2x lO_4 ml., e. Corrected for blank
given in first column. f. In units of minutes. g. Approximate percent
hydrolysis. h, Calculated by the orthogonal polynomial method (25).
In units of 1077 M/min. 1. +. )
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Table XIX.--Summary of the Initial Velocities and
Kinetiec Constants Derived from the Data of Table XVIII.

a b c d e
[S]o P v dVO [S]O[E]/bo
0.97 2 1.36 0.01 10.7
1.39 2 1.84 0.02 11.3
1.87 2 2.42 0.02 11.6
2.48 2 2.86 0.01 13.0
1.00 2 1.39 0.02 10.8
1.41 2 1.83 0.02 11.6
1.93 3 2.17 0.0u 13.3

ky = 0.61 + 0.15 x 107> 18
Kg = 5.6 + L.h x 103 u T

K, =19 x 1075 M P

a. In units of 1073 M. b. Order of polynomial em-
ployed for calculation of v (25). c¢. In units of 1072
M/min. d. +, in units of 1072 M/min. e. In units of
min. mg. protein nitrogen/ml. f. Evaluated by the method
of least squares (cf. fig. 9). g. In units of M/min. mg.
protein nitrogen/ml. h. Based on the value KS = 4,2 +
0.4 x 1073 M. oOrder of magnitude only.
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Figure 9.--[8] [E]/% versus [S] plot for the inhibi
tion of the alpha- chvmot*ypsiq catalyz ed hydrolysis of ben-
zoyl-L-valine methyl ester by 6.0 = 10 -3 M acetyl-L-
phenylalanlnmethylamlue«ab pH 7.¢ and QR in 0,02 M sodium
chloride solution. Line determined by least sqguares.
[S]O[E]/vO in units of min. mr. protein nitrogen/ml. [S]

‘ O
in units of 107> M (Cf. Table XIX).



-195-

Table XX.--Inhibition of the alpha-Chymotrypsin
Catalyzed Hydrolysis. of Benzoyl-L-valine Methyl Ester by
Acetyl-D-phenylalaninmethylamide at pH 7.9 and 250.

[E]® = 0.150 mg. protein nitrogen/ml.; [NaOH] = 0.01964 N;
[Nac1] = 0.02 M; [I] = 4.0 x 1075 M.

Run No.P? 6-8-30 1-8-24 2-8-24 3-8-24 1-9-4 2-9-4

[s]oc 0 2.9l o 47 1.97 2,98 2,01
s.r.9 s.r.9%¢ s.r.9¢ gs.r.9¢ g.r.9¢ g.g.9¢
of
0 0 0 0 0 20 15
2 55 278 248 203 291 206
m 88 552 195 408 572 437
6 115 835 738 615 848 oU2
8 140 1098 971 817 1115 8u7
10 160 1365 1211 1016 1390 1048
12 178 1630 1445 1214 1658 1249
14 195 1893 1678 1409 1027 1445
16 210 2140 1906 1605 2185 1638
18 - 14 15 16 14 16
voh . - 2.7h  2.44 2,04  2.74 2.09
gv -~ 0.02 ©0.01  0.03 0.0l 0.01

a. Armour lot #90492, 15.0% protein nitrogen. b. Run
number-month-day (1956). c¢. In units of 1073 M. d. S.R.
= scale reading in units of 10  ml. Estimated error +
2 X ZLO"4 ml. e. Corrected for blank given in first column.
f. In units of minutes. g. Approximate percent hydrolysis.
h. Calculated by the orthogonal polynomial method (25).

In units of 1072 M/min. 1. +.
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Table XXI.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table XX.

a b c d e
[sl, P Vo Sv, [S]O[E]/'vO
2.94 3 2.74 0.02 16.1
2.47 2 2.44 0.01 15.2
1.97 2 2.04 0.03 14,5
2.98 2 2.74 0.01 16.3
2.01 2 2.09 0.01 14.4

ky = 0.55 + 0.0k x 1073 58
Kg = 6.0 + 0.4 x 1073 M

K; = 9.6 + 3.5 x 1075 M

a. In units of 1075 M. Db. Order of polynomial em-
ployed for calculation of v (25). c. In units of 1072
M/min. d. +, in units of 1072 M/min. e. In units of
min. mg. protein nitrogen/ml. f. Evaluated by the method
of least squares (cf. fig. 10). g. In units of M/min. mg.
protein nitrogen/ﬁl. h, Based on the value KS = 4,2 +
0.4 x 1073 m.
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Piure l?,—-[S]O[E]f%O versus [S]O olot for the inhi-
bition of the alpba-coumotrypsin catalryzed hydrolysis of
benzoyl-L-valine methyl ester by 4.0 X 1073 1 acetyl-D-
phenylalaninmethylamicde at »H 7.9 and 250 in 2,02 M sodium
chloride solution. Line determined'hy least sqguares.
(S]O[E]/vO in ugits of min. m~. protein nitroren/ml. [S]
in units of 1¢7° M. (Crf. Table XXI).

Q
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Table XXII.--Inhibition of the alpha-Chymotrypsin Catalyzed
Hydrolysis of Benzoyl-L-valine Methyl Ester by Acetyl-L-tyrosin-
methylamide at pH 7.9 and 25°.

[I] = 10 % lO_3 M; [NaOH] = 0.01964 N; [NaCl] = 0.02 M.

Run No.® 1-7-24  2-7-24  3-7-24  h-7-2h  1-7-26 2-7-26  3-7-26

i 0.158  0.158  0.158  0.158  0.150  0.150  0.150
[s]oc 0- 1.48 2. Lk 3.51 1.99 2.48 2.93
g.r?% sk s5r%® 5.9 5% ggri sr®
of
0 0 0 0 0 0 0 0
2 6 22 32 35 27 27 30
L 10 Lo 60 Th 51 55 63
6 13 61 89 112 75 8k 95
8 16 79 117 14k 99 113 125
10 19 99 145 179 123 141 155
12 22 116 173 215 146 168 184
1L ol 135 201 251 169 196 213
16 27 152 225 285 191 . 223 oLl
i —- 20 18 16 19 18 16
voh — 2.03 2.98 3.63 2.51 2.81 3.21
dwbhl - 0.0k 0.0k 0.07 0.03 0.0k 0.0k

a., In units of mg. protein nitrogen/ml. Armour lot #90#92, 15.0%
protéin nitrogen. b. Run number-month-day (1956). c, In units of
1073 3 m. Estimated to
+ 0.5 x 10

rected for blank given in first column. f. In units of minutes. g. Ap-

M. d. S. R. = scale reading in units of 10~

3

ml. and rounded off to nearest 1 x lO-3 ml, e. Cor-

proximate percent hydrolysis. h. Calculated by the orthogonal poly-
nowial method (25). In units of 1077 M/min. i. +.
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Table XXIII.--Summary of the Initial Velocities and
Kinetic Constants Derived from the Data of Table XXII.

a b : c e, 4 e
[s], P Vo v, [s1,[El/v,
1.48 2 2.03 0.04 11.6
2.4l 2 2.98 0.04 12.9
3.51 2 3.63 0.07 15.3
1.99 2 2.51 0.03 11.9
2.48 2 2.81 0.04 13.2
2.93 2 3.21 0.0 13.7

ky = 0.54 + 0.06 x 1073 £-8
Kg = 4.59 + 0.55 x 1073 *

K, =105 x 103 M B

a. In units of 1075 M. b. Order of polynomial em-

ployed for calculation of v, (25). c¢. In units of lO—5
M/min. d. +, in units of 1072 M/min. e. In units of

min. mg. protein nitrogen/ml.
of least squares (cf. fig. 11). g. In units of M/min.
h. Based on the value Kq = 4,2
+ 0.4 x 1073 M. Order of magnitude only.

mg. protein nitrogen/ml.

f. Evaluated by the method
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Firure 11.—-[S]O[E]/vC versus [E}O plot for the inhi-
tition of the alpna-chymotrypsin catalyzed hydrolrsis of
herzovl-L-valine metarl ester Hy 10 x 10_3 ﬂ'acet?1-L-

. . o o  AeD . .
trrosinmetnvlamide at pH 7.9 and 257 in 0,02 M sodiunm
chloride solution. Line determined ny least aquares,

[S_]O[E]/vO in units of min, ms. protein nitroven/wl. [S]O

in units or 1070 M, (of. Taile XXIII),
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Table XXIV.--Inhibition of the alpha-Chymotrypsin
Catalyzed Hydrolysls of Benzoyl-L-valine Methyl Ester by
Acetyl-D-tyrosinmethylamide at pH 7.9 and 25°.

[E]* = 0.150 mg. protein nitrogen/ml.; [NaOH] = 0.01964 N;
[NaC1] = 0.02 M; [I] = 5.0 x 1075 M.

Run No.? 14-8-28 1-8-28 2-8-28  3-8-28
[s1,° 0 3.46 3.03 2.52
s.r.¢ s.Rr.9%¢ s.r.9® s.r.d%¢

of

0 0 0 0 0

2 Lo 310 300 250

I 70 620 585 500

6 90 925 875 750

8 110 1225 1155 995

10 130 1520 1430 1230

12 150 1810 1695 1470

14 165 2100 1955 1705

16 180 2380 2205 1930
u® -- 1h 13 15
voh . -- 3.09 2.96 2.51
ov - 0.04 0.01 0.01

a. Armour lot #90492, 15.0% protein nitrogen. b. Run

number-month-day (1956). .c. In units of 1073 M. 4. S.R. =

scale reading in units of 10 ' ml,
e. Corrected for blank given in first column.

10 b ml,
f. In units of minutes.

Estimated error + 2 X

g. Approximate percent hydrolysis.

h. Calculated by the orthogonal polynomial method (25). 1In
units of 107° M/min. 1. +.
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Table XXV.--Summary of the Initial Velocities and
Kinetic Constants Estimated from the Data of Table XXIV,

(512 p_° v,° ov ? [8],[E]/v, ®
3.46 2 3.09 0.04 16.8
3.03 o2 2.96 0.01 15.4
2.52 2 2.51 0.01 15.1
Kg = 5.6 x 107> M
Kp = 15 x 1073 M8

a. In units of 1073 M. Db. Order of polynomial em-
ployed for calculation of v (25). c. In units of 1072
M/min. d. +, in units of 1072 M/min. e. In units of
min. mg. protein nitrogen/ml. f. Estimated from intercept
(fig. 12) of best line drawn with slope equivalent to
that of'line from substrate alone (cf. Part III, fig. 5)
i.e., tacitly assuming competitive inhibition. g. Based

on Kg = 4.2 + 0.4 x 1073 M. Order of magnitude only.
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S

0 | L

. ‘ o
Figure 12.--[S]O{E]/VO versus [S}O plot for the inhi-
bition of the alpha-chymotrypsin catalyzZed hydrolysis of
benzoy~-L-valine methyl ester by 5.0 x 1073 M acetyl-D-
tyrosinmethylamide at pH 7.9 and 25° in 0,02 M sodium
chloride solution. Line drawn by inspection assuming comn-
petitive inhibition. [S]O[E]/vO in units of min., m-.
protein nitrogen/ml. [S]  in units of 10-3‘ﬂ. (cr.
Table XXV).
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Table XXVI.--Summary of the Kinetic Constants for the Inhibition of
the alpha-Chymotrypsin Catalyzed Hydrolysis of Methyl Hippurate and of
Benzoyl-L-valine Methyl Ester by Three Enantiomorphic Pairs of Coupetitive

Tnhibitors..

Substrate: Methyl Hippurate

Tnhibitor’ k3c ok 3d K ¢ste 1t I;[g KIf 6K.Ih
-- © 3.21 0.09 6.57 0.45 - - e
2.90 0.16 6.61 0.85 —- - - -
L-Tryptophan 3.09 0.22 8.0 1.3 5.0 0.21 - 24t
D-Tryptophan 3.06 0.18 19.0 1.4 5.0 1.9 2.6 0.4
L-Phenylalanine 2.95 0.30 8.2 1.7 6.0 0.24 25i --
D-Phenylalanine  3.28 0.11 11.11 0.62 4.0 0.68 5.9 1.3
L-Tyrosine 2.98 0.18 8.6 1.0 20 0.30 66 38
D-Tyrosine 3.07 -- 10.0 -- 5.0 0.52 9.7j -

Substrate: Benzoyl-L-valine Methyl Ester

- 0.55 0.0k k.24 0.35 - -— ~— --
L-Tryptophan 0.60 0.08 7.2 1.1 5.0 0.70 7.1 2.9
D-Tryptophan 0.53 0.03 5.23 0.37 0.50 0.2k 2.1 1.2
L-Phenylalanine 0.61 0.15 5.6 1.4 6.0 0.32 19i -
D-Phenylalanine 0.55  0.04 6.01 0.h2 k.0 0.k 9.6 3.5
L-Tyrosine 0.5h4 0.06 L4.59 0.55 10 0.095 105i -
D-Tyrosine -- -- 5.0 0.33 lSj -

a. In agueous 0.02 M sodium chloride solution at pH 7.9 and 25°.
b. N-Acetyl-N'-methylamide. c. In units of 1073 M/min. mg. protein nitro-
gen/ml. d. +. e. Value given is that of Ké when inhibitor is present.
In units of 1073 M. f. In units of 1073 M. g. Ii = [I]/KI (ef. ref. 9
and text for discussion of the significance of this value). h. In units
of 1073 M. Calculated where indicated from dKI = (Z(EKI)E)V" . i Orclier

’ and high GKS.

of magnitude only. Value uncertain due to low value of II

j. Approximate value due to low number of measurements.
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Table XXVIII.-~Summary of the Initial Velocities From the Data
of Table XXVII.

b - a
Added Compound” [s1, Pmc v, cfvoe {s]o[E]/vof
Glycine 3.69 1 3.84 0.0k 144
3.53 2 3.76 0.02 1.1
L-Alanine 3.51 3 3.7h 0.07 1.1
3.47 2 3.87 0.02 13.5
L-Leucine 3.54 2 3.82 0.03 13.9
3.54 2 3.77 0.02 4.1
L-Proline 3.53 2 3.97 0.02 13.3
3.47 3 4k .,00 0.0k 13.0
L-Hydroxyproline 3.54 1 L. ok 0.03 1.9
3.43 2 3.75 0.01 13.7
L-Histidine 3.48 1 L, ok 0.03 1k.6
3.47 3 k.15 0.07 12.5
L-Methionine 3.56 1 4,39 0.33 12,2
3.49 2 3.83 0.03 13.7

a. N-Acetyl-N'-methylamide. b. In units of 1073 M. c. Order of
>

polynomial employed for calculation of v (25).  d. In units of 10
M/min. e. +, in units of 1077 M/win. f. In units of min. mg. protein
nitrogen/ml. (Cf. fig. 13).
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HeAcetyl-ll' -Nethylamides
(- Glyeine
(j— L-Alanine
15— - L-Leucine
/- iL-Proline
BJ- L-Hydroxyproline
Q@ - L-Histidine

| 0- L-Methiouine

pol 0
12— / /

Tigure 13,--{5]O{E]/vo versus [i]o vlot of the zlpha-chymotrypsin

catalyzed hydrolysis of benzoyl-L-valine wethyl ester in the presence

. of soue H-acetyl-Leauino acild N'-methylauides at pH 7.9 and 25° in

0.02 ¥ sodium chloride solution. Liue determined by leust sguares

- for substrate alone (er. Pext IIT, fig. 5); -ew--- extrewes of
variability in data for substrate alone. Vertical scule expanded for
clarity.{s}o[E]/vo in units of amin. mg. protein nitrogen/ml. [$]  in

units of 1075 M. (Cf. Table X:IVIII),
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The Evaluation of the Kinetic Constants of En-
zyme-Catalyzed Reactions by the Method of
Foster and Niemann!

By Tuomas H. APPLEWHITE AND CARL NIEMANN?
RECEIVED APRIL 4, 1955

In a recent communication from these labora-
tories Foster and Niemann,®* in extending an earlier
treatment of Walker and Schiidt,® described a pro-
cedure for the graphical evaluation of the kinetic
constants of -enzyme catalyzed reactions whose
rates, in so far as they are dependent upon the con-

centration of enzyme and specific substrate, are
described by equation 1

ks[Elf = Ks( 14 [Sle Z") 1/K1=,.) In {S]e/[S]. +

Je=1

(1 ~ Kg Y, l/KPj)([S]o — [8ly) (1)
\ i=1
This procedure, which was developed for the case

where > 1/Kp; = 1/Kp, is based upon the fact

Jg=1

that in a plot of ([S]e — [Slt)/¢ vs. (In[S]e/[S1e)/¢
lines of slope [S]y drawn through the origin will ir-
tersect those of slope —Ks(Kp + [S]o)/(Kp — Kg)
at points which define, in terms of the ordinate
([S]o — [S]e)/t, the corresponding initial velocities,
As this fact was not clearly established, nor clearly
stated, in the earlier communication® we shall in
this communication offer proof of its validity.

If equation 1 for the case where 2. 1/Kp;=1/Kp

=1
is transformed into the usual slope-intercept form
one obtains equation 2

([S]e — [S}:)/t = &[B]Kp/(Kp — Kg) —
Ke(Xp + [Sh)(IniSle/IS1:)/{Xp — Ks) (2}

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

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

(3) R. J. Foster and C. Niemann, Proc. Nail. Acad. Sci., 39, 999
(1953).

(4) Attention is called to three typographical errors in ref. 3: on
p. 1000 the left hand member of equation 4 should read “A[EJ”
instead of “k3[E]s,”’ on pp. 1000 and 1002 the equation describing the
slopes of the ([Sle — [Sl)/t vs. (1n[Slh/[Sh)/¢ plots should read
“—Kg(Kp + [Sl)/(Kp —~ Kg)” instead of “—Kg(Kp -+ [Sh)/
(Kg — Kp)"” and in Fig. 1, the slopes of the lines drawn through the
hypothetical experimental points should read “—Kg(Kp -+ [Sh)/
(Kp — Kg)" instead of “Kg(Kp + [Sh)/(Kp — Kg).”

*(6) A. C. Walker and C. L. A. Schmidt, Arch. Biochem., 5, 445
(1944).

It will be seen from equation 2 that with a plot of
([Slo .— [S1o)/¢ vs. (In[S]e/[S]e)/¢ one will obtain,
for various values of [S]y and ¢, a series of lines of
slope —Kg(Kp 4 [STo)/(Kp — Ks). For each of
these lines thereis a point corresponding to ¢ = Oand
this point may be located by examination of the
limits of the two parameters ([S]o — [Sk)/t and
(In[S]o/[S]e)/tas¢—0. The limit of ([S]o — [S]t)/ .
t as t — 0 is clearly —d[S]/d¢ and that of (In[S]e/
[Slo)/tast— 0is (—d[S]/df) (1/[S]s). Therefore,
for the condition that ¢ = 0 lines of slope [Slo
drawn through the origin of a ([S]y — [Sl0)/¢ vs.
(In[S)y/[S]:)/t plot will intersect the lines of slope
—Ks(Ke + [S]))/(Kp — Kg) at points correspond-
g to £ = (. It is emphasized that the relation
([Slo — [S19/¢ = [Slo(in[S]e/[S]¢)/¢ defines a point
for the condition that ¢ = 0 and does not describe
the relation between ([S]y — [S]¢)/¢t and (In[S]e/
[S]t)/t for other values of z.

It has been noted above that the parameters of
the points corresponding to ¢ = 0, 4.e., the points of
intersection of the lines of slope [S]y with those of
slope —Ks(Kp 4 [Slo)/(Kp — Ks), are, respec-
tively, —d[S]/dt for the ordinate and (—d[S]/ds)-
(1/[S]o) for the abscissa. Since by definition —d-
[S)/dt = 9 and (—d[S)/dH)(1/[Sl) = @/[Sh it
follows that a line drawn through the points of in-
tersection corresponding to ¢ = 0 for various values
of [S]o will possess the same charactetistics as one
obtained by a plot of vy vs. vo/[S]o,% 4.¢., will have a
slope of ~ K, an ordinate intercept of k3[E] and an
abscissa intercept of k;[E]/Ks. That the initial
velocities, 7.e., the values of v,, are defined in terms
of the ordinate, .¢., ([Sly — [S])/t, is evident when
the terms in Kp in equation 2 are eliminated
through the use of the relation ([S]o — [S])/t =
[Slo (In[S16/[S]e) /¢ to give equation 3 which is singti-
lar for the condition that ¢ = 0.

(ISlo — [S]0)/t = ka[E1[So]/(Ks + [Slo) = m (3)
(6) G.S. Eadie, J. Biol. Chem., 146, 85 (1942).

The authors wish to express their indebtedness to
Dr. R. M. Bock for his counsel.

ConTrIBUTION No. 1983 FROM THE

GATES AND CRELLIN LABORATORIES OF CHEMISTRY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PAsADENA 4, CALIFORNIA
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AUXIN-INDUCED WATER UPTAKE BY AVENA COLEOPTILE SECTIONS®2

LAWRENCE ORDIN,2 THOMAS H. APPLEWHITE a~xp JAMES BONNER

KERCKHOFF LABORATORIES OF BIOL0GY, CALIFORNIA INSTITUTE oF TECHNOLOGY,
PasgapENA, CALIFORNIA

It 1s known that auxin induces the uptake of water
by plant tissues. Three principal suggestions have
been made eoneerning the mechanism of such auxin-
induced net water uptake. The first proposes that
auxin in some manner plasticizes the cell wall. The
second suggests that auxin brings about aetive synthe-
sis of cell wall material. These two mechanisms sup-
pose osmotic entry of water into the cell in response
to lowered wall pressure. The third is that auxin
brings about a non-osmotic transport of water into
the tissue. Thimann (22) has grouped these into two
hypotheses in the form of models. One model visual-
izes a pump {active transport) and the other a piston
arrangement (cell wall pressure reduction). Such
active transport has been rigorously defined by Rosen-
berg (21) as the movement of a substance against a
chemical potential or concentration gradient, i.e., an
uptake of water against a diffusion gradient as defined
by Levitt (16). Active transport of water would con-
sist then of water movement against an osmotie gradi-
ent. A fourth possibility in principle would be that
an auxin-induced- increase in the concentration of
osmotically active solutes might occur within the cell.

The cells of plant tissues are surrounded by rela-
tively rigid cell walls and one must discuss water
movement in terms of diffusion pressure gradients
rather than in terms of osmotic pressure. In the
terminology proposed by Meyer and Anderson (19)
and by Crafts et al (10}, DPD=0OP- WP where
DPD = diffusion pressure deficit, OP = osmotic pres-
sure of cell contents, and WP =wall pressure. The
DPD gradient from an external solution to the inside
of the tissue can then be expressed as A DPD = DPD;
~DPD, (DPD, = OP,) where i= internal and e=ex-
ternal. If A DPD is negative, the gradient is out-
ward; if A DPD is positive, the gradient is inward.
To demonstrate a net active water uptake it is neces-
sary to show that water uptake occurs while the
purely osmotic A DPD is negative. When the exter-
nal solution is hypertonic, wall pressure becomes zero
and DPD;=0P;. The net uptake of water from
hypertonic solution would then involve movement
against an osmotic gradient. It will be shown below
that cells of Avena coleoptile sections are essentially
in diffusion pressure equilibrium with the external
solution over a wide range of external solute concen-
trations both in the presence and in the absence of
auxin. There is no detectable net uptake of water
from hypertonic solution by this tissue. It is con-
cluded that water uptake by Avena coleoptile sections
both in the presence and absence of auxin is a purely
osmotic phenomenon.

1 Received July 26, 1955.

2 Report of work supported in part by the Herman
Frasch Foundation.

3 Postdoctoral Fellow, National Science Foundation.

MATERIALS AND METHODS

The material used in this work consisted of 5-mm
sections cut 2 mm below the apex of Avena (variety
Siegeshafer) coleoptiles. The Avena seedlings were
grown in vermiculite contained in stainless steel trays
and were watered with distilled water. They were
harvested when 96 hours old. Only those coleoptiles
30 == 2.5 mm in length were used. Xach part of each
experiment was done using 20 sections floated on 20
ml of solution.

Changes in water content of the sections were
measured as changes in, section length. Net water
uptake by ecoleoptile sections 1s attended by only
small changes in section diameter. Kelly (12) has
shown that under conditions similar to those used in
elongation studies water uptake in the presence of
auxin is linear with time. Measurements of section
length were made under a dissecting microscope with
a decimillimeter stage micrometer. The variability in
elongation rates of sections under the present condi-
tions has been discussed by McRae and Bonner (18).

Three general basal media were used: 1) potas-
sium maleate buffer (0.0025 M, pH 4.8) with or with-
out potassium indoleacetate (5 mg/l); 2) potassium
maleate buffer, sucrose (0.09 M), MnSO, (100 mg/1),
arginine (100 mg/1) and with or without potassium
indoleacetate (5 mg/l); 3) redistilled water with or
without indoleacetic acid (IAA) (5 mg/l, pH 5.0 to
5.5), potassium-free. All solutions were made up with
redistilled water.

In the following report, the terms hypotonic and
hypertonic are used in referring to solutions external
to the cell. These terms are defined as follows: hy-
pertonic = solution whose OP is greater than OP;;
hypotonic = solution whose OP is less than OP;. 1t
will be shown below that OP; for freshly cut Avena
coleoptile sections under the present conditions is
equivalent to approximately 0.4 M mannitol.

EXPERIMENTAL RESULTS

Data on the time course of elongation of sections
in media of two different osmotic concentrations are
given in figure 1. In these experiments, medivm 1
containing buffer alone was used. To this TAA was
added as indicated. Mannitol was used as the os-
motically active solute. The sections were allowed
one hour to come to osmotic equilibrium with the
solution before addition of auxin. Tt is evident that
sections do not elongate in response to auxin in an
external osmotic concentration .of 0.5 M. The use of
elevated temperatures and of forced aeration daes
not increase elongation under conditions of high man-
nitol concentration.

The respiratory rate of Avena coleoptile sections
is depressed In the presence of increasing concentra-
tion of an external solute, as is shown in figure 2.
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Fic. 1. Effect of external osmotic concentration on
elongation of Avena coleoptile sections as a function of
time. 0.0025 M potassium maleate, pH 4.8 with or with-
out 0.5 M mannitol, and with or without 5 mg/l TAA.
TAA added at arrow.

20

The rates of oxygen uptake were measured over a
period of 3 hours. The presence of TAA increases
rate of respiration at low external osmotie concentra-
tions, as has been earlier reported by Commoner and
Thimann (9), Bonner (5) and others, The auxin-
induced increment in respiration diminishes with in-
creasing external osmotic concentration, and disap-
pears at an OP, of 0.4 M in which elongation is re-
duced to a very low value. These results parallel
those obtained with Jerusalem artichoke storage tis-
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Fic. 2. Effect of external osmotic concentration and
of TAA on oxygen uptake of Avena coleoptile sections.
0.0025 M potassium maleate buffer, pH 4.8, 5 mg/l TAA.

0

sue in which the respiratory increment induced by
TAA disappears as OP, is increased (6).

It is known that the response of eoleoptile sec-
tions to TAA is prolonged in time by the addition of
sucrose or certain other substances to the media.
Figure 3 gives data on the time course of the elonga-
tion response to IAA in the more complete basal
medium containing sucrose, manganese and arginine,
and containing added mannitol to produce varying
osmotic pressures. The sections were first equili-
brated in the medium for one hour, after which auxin
was added. In the basal medium alone (OP,=0.09
M) elongation starts at once when TAA is added. At
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Fic. 3. Effect of external osmotic concentration on
elongation of Avena coleoptile sections as a function of
time. 0.09 M sucrose plus various concentrations of
mannitol, 100 mg/1 arginine, 100 mg/1 MnSO,, 0.0025 M
potassium maleate, pH 4.8. IAA (5 mg/l) added at arrow.

—0.50‘ 5

higher values of OP,, a lag period in attainment of
steady state elongation is evident. The length of this
lag period is greater the larger the value of OP,. The
final steady state elongation rates also decrease regu-
larly as OP, is increased. Figure 4 summarizes data
on the elongation of sections in the presence or
absence of TAA and in media of varying osmotic
concentrations. The effects of increasing external os-
motic concentration on endogenous elongation (elon-
gation in the absence of added IAA) do not parallel
effects on the auxin-induced elongation of these sec-
tions. The endogenous elongation exhibits the initial
non-linear decline with increasing OP, at a lower con-
centration than does elongation in response to added
IAA. The two coincide at an external osmotic con-
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Fic. 4. Effect of external osmotic concentration and
of auxin on total elongation of Avena coleoptile sec-
tions. Incubation time 20 hrs. 0.09 M sucrose plus vari-
ous concentrations of mannitol, 100 mg/l arginine, 100
mg/l MnSO;, 0.0025M potassium maleate, pH 4.8, with
or without 5 mg/l TAA.

centration of approximately 0.7 M. The cells of see-
tions placed in solutions more concentrated than ap-
proximately 0.4 M are rapidly plasmolyzed, as will
be discussed in detail below. After a 20-hour incuba-
tion period, however, deplasmolysis has occurred.
This is true, for example, of sections placed in solu-
tions as concentrated as 0.6 M. Elongation has then
occurred in the presence of solutions initially hyper-
tonic to the 0.4 M osmotic conecentration of the initial
sections.

Burstrém (7) has shown that the irreversible ex-
tension of wheat roots is independent of OP, in the
hypotonic region. This would suggest that the cell
elongation of such roots is not due to a mere passive
stretching of the wall and favors some hypothesis
relating active wall synthesis to cell enlargement. In
order to determine if a similar situation obtains for
the Avena coleoptile, sections were placed in plas-
molyzing solutions for one hour after 20 hours of
elongation. The difference between initial plasmo-~
lyzed length (plasmolyzed at zero hours) and final
plasmolyzed length (plasmolyzed at 20 hours) is
taken as the irreversible elongation in accordance with
Burstrém’s definition. The data for these experi-
ments are given in figure 5. The irreversible com-
ponent, like the total elongation of Avena coleoptile
sections, is an inverse function of OP,. The Avena
coleoptile is not, therefore, similar in behavior to
Burstrom’s wheat roots as far as irreversible exten-

sion is concerned. In the case of the Avena coleop-
tile, the greater the turgor pressure the greater the
elongation rate. This implies that something more
than intimate contact of cytoplasm with the ecell wall
is essential to increase in coleoptile length.

OsMOTIC QUANTITIES DURING ELONGATION

In order to ascertain to what extent purely os-
motic considerations govern auxin-induced water up-
take in the Avena coleoptile it is necessary to have
measurements of DPD and of OP; during the elonga-
tion process. The simplified method of Ursprung
(25) was used for determination of the DPD; of
Avena coleoptile tissue. The method consists in
measuring the lengths of a group of sections which
are then placed in a graded series of mannitol con-
centrations. The sections are held submerged in
stainless steel baskets and argon bubbled through the
solutions to maintain anaerobic conditions. A sepa-
rate group of sections is used for each mannitol con-
centration. After one to two hours, the sections are
removed and their lengths quickly measured. That
group which shows no change in length is said to have
been in a solution whose OP = DPD;. The mainte-
nance of anaerobic conditions during the DPD deter-
mination insures to a high degree that metabolic
processes such as are essential to IAA induced net
water uptake are kept at a minimum and that any
such metabolic components of DPD are not measured.

According to classical osmotic theory, the simpli-
fied method of Ursprung should also be ecapable of
vielding values of OP; for the tissue measured. The
cytoplasm should pull away from the cell wall at in-
cipient plasmolysis and as OP, is further increased,
the cytoplasm should continue to contract without
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Fic. 5. Effect of external osmotic concentration and
auxin on irreversible elongation of Avena coeloptile sec-
tions. Incubation time 20 hrs followed by plasmolysis in
1 M mannitol. Same experimental conditions as figure 4.
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Fia. 6 A, Change in length of Avena coleoptile sec-
tions as a function of external mannitol concentration.
Incubation for 1 to 2 hours under anaerobic conditions.
Freshly cut sections.

Fic. 6 B. Change in length of Avena coleoptile sec-
tions as a function of external mannitol concentration.
Incubation for 1 to 2 hrs under anaerobic conditions.
Sections previously grown 20 hrs in complete medium of
osmotic conecentration 05 M (mannitol< sucrose) solu-
tion and containing 5 mg/1 TAA. )

further cell shrinkage. Hence, the curve which re-
lates tissue length (or change in length) to OP, should
show a sharp inflection at the OP, of incipient plas-
molysis, and should become a straight line of zero
slope for higher values of OP,. Ketellapper (13) has
previously attempted to determine the osmotic con-
centration of Avena section tissue in this way. His
data appear to follow closely the expectations of clas-
sical osmotic lore. This is not true in the present
experiments. Figure 6 A presents data on the length
of freshly excised Avena sections after one hour of
anaerobic incubation in media of varying OP,. The
length of ‘the sections decreases with increasing OP,
‘up to an external concentration of approximately
0.6 M. Although there is an inflection in the curve
between 0.4 and 0.6 M, there is no sharp change in
slope. OP; apparently lies between 0.4 and 0.6 M but
cannot be determined more precisely by this method.
The same is true for tissue which has been previously
incubated in a medium of high OP,. Figure 6 B gives
data on tissue incubated anaerobically for one hour
in media of varying OP, after 20 hours in solution

TaABLE I

Drrrusion Pressure Dericit (DPD) or Avexa CoLgop-
TILE SECTIONS AFTER INcUBATION FOR 1 Hr AnD 20 Hrs
IN Mep1a or DirFERENT OsMOTIC CONCENTRATIONS

DPD oF sEcTION TISSUE, M

. EXTERNAL cONg, APTER 20 HES

AFTER 1 HR
+TAA ~TAA
0.25 0.25 027 0.28
035 0.36 039 040
040 0.37 041 046
0.50 047 0.52 045
0.59 0.60 0.54 0.56

ET AL—AUXIN-INDUCED WATER UPTAKE

containing TAA in 0.5 M solution (mannitol plus su-
crose). There is no evident inflection in the curve of
figure 6 B. It is necessary to conclude, therefore, that
OP; cannot be measured in this way for Avena coleop-
tile section tissue. This method is, however, satis-
factory for DPD determinations, and yields a pre-
cision of determination of approximately = 0.05M.
Table I gives DPD values for sections after varying
pretreatment. The data of table I show that DPD;
as measured by the short term anaerobic ineubation
method is always equal to the OP, of the external
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Fra. 7A. Effect of anaerobic conditions (argon) on
change in length of Avena coleoptile sections in 04 M
solution (0.0025 M potassium maleate, pH 4.8, 100 mg/1
arginine, 100 mg/! MnSO,, 0.09 M sucrose, mannitol,
with or without 5 mg/l TAA) following 20 hrs in same

solution under aerobic conditions. Sections transferred
to distilled water at arrow indicated in figure 7 C,

Fie. 7B. Effect of anaerobic conditions on change in
length of sections in 0.5 M solution. Conditions same as
in figure 7 A except for mannitol concentration.

Fie. 7C. Effect of anaerobic conditions on change
in length of sections in 0.6 M solution. Conditions same
as in figure 7 A except for mannitol concentrations.

solution in which the section has previously been in-
cubated. Equilibration of tissue DPD with external
OP appears to take place within one hour over a
wide range of OP, values. Equilibration of DPD; and
OP, is maintained through a 20-hour period both in
the presence and absence of added auxin. There is
no evidence in these data for any component of DPD;
dependent on aerobic metabolism and measurable by
the present method. This important point was fur-
ther studied by experiments in which argon was
bubbled through solutions in which sections had pre-
viously been elongating under the influence of auxin.
The change of section length with time in argon for
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sections in solutions of several different values of OP,
are plotted in figure 7 A, B and C. No change in sec-
tion length occurs during the first four hours after con-
ditions are made anaerobic. After 4 hours the sections
begin to shrink. This is because the tissue is killed by
the prolonged anaerobic incubation as shown by micro-
scopic examination and lack of seetion expansion after
transfer to distilled water. Two hours of anaerobiosis
are, however, evidently without deleterious effects.
These data tend to confirm the conclusion that the
tissue is in DPD equilibrium with the external solu-
tion at all times, and that TAA-induced elongation
oceurs in the absence of any apparent DPD gradient
over the entire range of external osmotic concentra-
tions used. Since water enters the cell under the in-
fluence of auxin it must do so under the influence of
a positive DPD gradient.
and not detectable by the present methods of meas-
urement.

When sections are placed in hypertonic solution,
their cells are rapidly plasmolyzed. The cells of such
sections subsequently deplasmolyze under aerobie con-
ditions. One might, therefore, eonclude that absorp-
tion of solutes or production of solutes within the
tissue has taken place. According to this view, the
sections deplasmolyze because OP; is increased and
the solution is no longer hypertonic. At the same
time, wall pressure increases above zero so that DPD
remains constant while OP; increases. Le Gallais
(14) has shown that the OP of sap expressed from
Avena coleoptile section tissue increases proportion-
ally to external osmotic eoncentration regardless of
solute used and both in the presence and absence of
auxin. Le Gallais’ work was done with the eryoscopic
method of osmotic pressure determination. His re-
sults suggest, however, that the eryoscopic values for
OP; are erroncously high because the sap expressed
includes plasmolytic solution which has entered the
tissue without entering the vacuole.- The cryoscopic
technique is not, therefore, useful for the present
purpose. That an increase in OP; does take place
during incubation of sections in initially hypertonic
solutions can however be shown by the plasmolytic
method of OP determination. This method consists
In the examination of coleoptile sections from the
DPD determination solutions under the high power
of the microscope. Cells are counted through the
median region of the layer of cells just below the
outer epidermis. OP; is taken as equal to the OP, of
that solution in which sections have 509 of their
cells plasmolyzed.

The initial OP; of freshly cut Avena coleoptile
cells was found to be 0.42 M. Sections incubated for
20 hours yield various values of OP;, depending on
the solution used for incubation. Results of typical
experiments are summarized in table IT. Tn the first
place, sections incubated in water alone (no solute)
decrease in OP; if TAA is present. This effect is ap-
parently due to dilution of cell contents by the water
taken up under the influence of auxin as has been
previously deseribed. Sections in mannitol alone

This is apparently small -

TasLe II

IntERNAL Osmoric PrESSURE oF AvENA COLEOPTILE
SECTIONS AFTER INCUBATION IN VARIOUS

SoruTIOoNSs

INTERNAL 0SMOTIC

TREATMENT PRESSURE (OP;), M

+TAA -TAA
Redistilled H.O ................. 0.32 0.42
0.0813 M Sucrose ............... 0.53 0.68
059 M Mannitol ................ 044 045
0.5 M Mannitol +0.0813 M sucrose  0.69 0.69
009 M Mannitol ................ 0.43 047
0.09 M Ethylene glycol .......... 042 0.52
0.045M NaCl .................. 045 0.60

Incubation: 10 hrs for H:O treatment, 20 hrs for other
treatments. Imitial OP; = 0.42 M.

show small inereases in OP; over the 20-hour period.
Since some elongation occurs in mannitol, a small
amount of mannitol must have entered the tissue.
The addition of sucrose to the medium, however, per-
mits very large increases in OP; to take place. This
is true both for solutions which are initially hypotonic
and for those which are initially hypertonic (with
added mannitol). The osmotic pressute increase in
mannitol plus sucrose is larger than that in sucrose
alone in the presence of IAA. This is undoubtedly
due to the greater dilution of the cell contents in the
latter case as pointed out by Hackett (11) for potato
tissue. The presence of suerose in the medium evi-
dently permits the tissue to make an extensive ad-
justment of OP;.

The data of figure 8 further concern the question
of the role of sucrose in the elongation of Avena
coleoptile sections. Sections were incubated for 20
hours in initially hypertonic solutions made up of
mannitol or suerose and mannitol, and with or with-
out TAA. The sections were initially plasmolyzed by
the hypertonic solutions in all cases. Deplasmolysis
only occurred with sections incubated in the presence
of sucrose. Sucrose must therefore contribute to the
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Fra. 8. Effect of 0.0813 M sucrose on change in length
of Avena coleoptile sections in initially hypertonic solu-
tion containing mannitol in concentrations such that
total molarity is 0.59 M. TAA added at arrow. 5 mg/l
K-free TIAA, no buffer. Final pH 5.5.
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increase in OP; of the tissue. Sections which have
deplasmolyzed elongate more slowly than those which
have never been plasmolyzed in agreement with the
gimilar findings of Ketellapper (13). Plasmolysis it-
self apparently causes some irreversible damage.

" It has been shown above that the presence of a
small amount of sucrose in the medium permits sec-
tions to deplasmolyze in an otherwise hypertonic con-
centration of manmito). The presence of sucrose
similarly maintains OP; and.rate of water uptake in
the presence of auxin. The following type of experi-
ment was done to find out whether sucrose pretreat-
ment can maintain subsequent elongation rate in hy-
potonic mannitol solution. Sections were pretreated
in 0.09 M sucrose with TAA for 4 hours and were then
transferred to 0.09 M mannitol and IAA for periods
up to 20 hours. The results are given in figure 9.
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Fic. 9. Effect of 00813 M sucrose preireatment on
subsequent elongation of Avena coleoptile sections in
0.09 M mannitol. IAA added at first arrow. Transfer
to mannitol at second arrow. 5 mg/l K-free TAA, no
" buffer; final pH 5.5.
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The elongation rate with the latter solution drops off

-rapidly with time. The initial elongation rate in su-
crose is greater than that in an equi-osmolar concen-
tration of mannitol. The initidal rate following trans-
fer from sucrose to mannitol is greater than the initial
- rate for seciions maintaned in mannitol alone, but
the effect does not persist. Apparently the continu-
ing presence of sucrose is required for maintenance of
elongation rate. This is consistent with the idea first
presented by Thimann and Schneider (24) that su-
crose acts in part to maintain OP; at a constant high
level during auxin-induced elongation.

It is of interest to know what other solutes can
replace sucrose in its role of maintaining elongation
rate and, apparently, OP;.
substances were used, each in a concentration of 0.01
M. The results, presented as progress curves of
elongation, are given in figure 10. Glucose is nearly
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Fic. 10. Change in length of Avena coleoptile sec-
1ions as a Junction of time and in the presence of several
different solutes. Fach solute given at 0.01 M concen-
tration. TAA added at arrow. No buffer, 5 mg/] K-free
TAA, final pH 5.5.

as effective as sucrose. Glyeerol is but little superior
to mannitol in the support of continued elongation
rate. Table III gives further data on the elongation
rates of sections in solutions containing various sol-
utes, all tested at a higher concentration, 0.09M
(0.045 M for KCl and NaCl). At this concentration,
sucrose and glucose are considerably more effective
than any of the other solutes tested. It may be seen
that the substances used form a series of varying
effectiveness in replacing sucrose or glucose. Even an
apparently non-metabolizable substance such as ethyl-
ene glycol is one third as effective as sucrose. NaCl
and KCl possess an intermediate status.

TasLe IIT

ErrECT OF VaRIOUS SOLUTES oN JAA-INDUCED EroNGATION
oF AvENA COLEOPTILE SECTIONS

SoLuTE ELONGATION, MM
Sucrose (0.0813M) ........... 2.86
D-Glucose ...........ooouuin... 2.79
NaCl (0045M) .............. 2.23
KO (0.045M) ..oevenea ... 1.75
p-Raffinose ................... 1.16
Glycerol ...................... 1.01
Ethylene glycol ............... 0.90
D-Ribose ..................... 0.87
Urea ....ooooiiveivnninno ... 0.77
L-Rhamnose .................. 0.70
D-Xylose ......oceeeiiiinin... 0.61
-Sorbose .................... 0.55
L-Arabinose .................. 023
D-Arabinose .................. 0.22

Solutions 0.09 M except where noted. Incubation 20
hrs. 5 mg/l TAA throughout. Media unbuffered pH 5.4
to 6.1 for all solutions éxcept that containing urea in
which pH was 7.0. Elongation above mannitol control.
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The absolute elongation of sections in 0.09 M solu-
tion is depressed as compared to that in 0.01 M solu-
tion for all solutes tested exeept sucrose and glucose.
These two substances are more effective in increasing
elongation rate in the 0.09 M concentration than at
0.01 M. This is undoubtedly due in part to the fact
that sucrose and glucose are metabolizable as shown
by Bonner (4). In addition, however, sections in-
cubated in TAA sucrose-containing solutions show an
increase in OP; as compared to similar sections in-
cubated in mannitol or in glycol, a readily absorbed
solute (table IT). In the absence of IAA, OP; is in-
creased somewhat above initial values. The rela-
tively large increases in OP; in the presence of su-
crose may be due to the formation by the tissue of
smaller molecules from the large sucrose molecules
taken in. In any case, the osmotic readjustment
caused by sucrose appears to be independent of the
presence or absence of IAA (table II).

It has been noted above that when Avena coleop-
tile sections are placed in solutions of high external
osmotic concentration there is a lag period in the at-
tainment of steady state auxin-induced elongation.
The experiments outlined above have suggested that
this lag period may represent the time needed by the
cells of the tissue to accumulate solutes and to in-
crease in OP;,. ~ The following experiments were
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Fie. 11. Effect of pretreatment with mannitol alone

or mannitol in the presence of KCI or sucrose on subse-
quent elongation of Avena coleoptile sections in manni-
tol and sucrose. Total solute concentration 0.2 M. IAA
added at first arrow. Transfer to mannitol and sucrose
at second arrow. 5 mg/l K-free IAA, no buffer, final pH
50-52.
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Fie. 12. Effect of time of addition of IAA on subse-
quent elongation of Avena coleoptile sections in solution
of 0.3M total concentration. IAA added at arrows.
0.0813 M sucrose, 021 M mannitol, 0.0025 M potassium
maleate, pH 4.8, 5 mg/] TAA.

carried out to further characterize the effects of dif-
ferent external solutes on the lag period. Sections
were placed in hypotoni¢ solution, 0.2 M, containing
mannitol alone or mannitol with a small amount of
sucrose or NaCl. All solutions contained IAA. The
sections were left in these solutions for four hours to
permit any osmotic readjustment to oceur. The sec-
tions were then transferred to an equi-osmolar solu-
tion of mannitol, sucrose and IAA. The data of fig-
ure 11 show that sections pretreated for four hours in
mannitol alone show a lag period in attainment of
steady state elongation when transferred to mannitol,
sucrose and TAA. If the pretreatment included su-
crose or KCl in addition to mannitol the sections start
elongating immediately and rapidly attain the final
steady state rate. Apparently, the lag period does
represent a period of readjustment of internal osmotic
concentration. The length of the lag period is de-
pendent on the presence in the external solution of
readily absorbable solutes. It may be noted that
NaCl behaves as does KCl in permitting shortening of
the lag period.

The osmotic regulation which takes place during
the lag period in solutions of moderate osmotic con-

-centration is not dependent upon the presence of

auxin in the external medium. In order to test the
effect of auxin on the lag process, sections were incu-
bated in 0.3 M solutions containing mannitol and su-
crose. Auxin was added at various times and the
elongation rate after addition of auxin was followed.
The data are presented in figure 12. It is apparent
that the lag period extends for about 7 hours and
that its duration is independent of the presence or
absence of auxin in the external solution.
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DiscussioN

An important conclusion of the present work is
that the auxin-induced uptake of water by Avena
coleoptile sections follows osmotic principles. It is of
" interest to consider these results in relation to earlier
reports of metabolically maintained DPD gradients.

In order to determine whether a tissue is able to
accumulate water against a diffusion pressure gradi-
ent it is necessary to possess information concerning
the osmotic pressure (OP;) of the tissue. The sim-
plified method of Ursprung (25) has been shown
above to be inapplicable because of the absence of a
clear-cut inflection in the volume-OP, relation as OP,
is increased. Coleoptile tissue as well as other tissues
discussed by Crafts et al (10) continue to shrink as
OP, is increased above OP;. The cryoscopic tech-
nique when applied to tissue sections which have been
in contact with plasmolyzing solutions is attended by
serious errors in assessment of OP; as has been shown
" by Le Gallais (14). In the case of plasmolyzed tis-
sues, for example, the eryoscopic method yields values
of apparent OP; which are too high. The plasmolytic
method, however, can be used for OP; determinations
even with tissues which have been incubated in in-
itially hypertonic solutions. .

Bogen (2) has shown that leaf tissues deplas-
molyze under aerobic conditions in sucrose solutions
in which they are initially plasmolyzed. A similar
result is reported here. In the present case it has
been shown that sucrose penetrates the Avena coleop-
tile sufficiently rapidly to permit of deplasmolysis in
less than 20 hours and that the deplasmolysis is an
osmotic one. Bogen’s experiment would appear to be
susceptible to a similar interpretation. It has been
reported by Bonner et al (6) that Jerusalem arti-
choke dis¢s can take up water under the influence of
auxin from solutions which are initially hypertonic.
Although the determinations of initial OP; are diffi-
cult with this tissue they can be made and the values
reported earlier have been confirmed. Determinations
of OP; after a period of water uptake are still more
difficult to perform with Jerusalem artichoke tissue
and are more questionable. Burstrom, (8) who used
cryoscopic techniques, found that OP; of such tissue
increases with time in initially hypertonic solutions.
The ‘cryoscopic technique requires an elaborate cor-
rection if it is to be used under these conditions.
Nonetheless, it is probable that the OP; of Jerusalem
artichoke increases with time in hypertonic solutions
as shown in the present paper for Avena. All of the
experimnents of Bonner et al were done in the pres-
ence of an absorbable solute, namely potassium phos-
phate buffer. The water loss which takes place when
Jerusalem artichokes in initially hypertonic solution
(0.2 M mannitol) are transferred to anaerobic condi-
tions may be due to progressive tissue damage as it
is with Avena coleoptile sections.

The most nearly valid evidence, at least as a first
approximation, of water uptake against a diffusion
pressure gradient in higher plants is contained in the

work of van Overbeck (20). It was found by van

Overbeek that the exudate of an excised tomato root-
shoot system may have an osmotic concentration 1
atmosphere less than that of the solution bathing the
root. Arisz et al (1) using more refined techniques
of measurement reduced this difference to 0.5 atmos-
phere ar less. The latter workers propose that the
lower OP of the exudate is due to salt absorption
from the sap between the root and the stump as well
as to dilution by water from tissues adjacent to the
xylem. Furthermore, if the zone of water absorp-
tion exceeds the zone of salt absorption, dilution of
the sap would oceur.

Neither the present work, nor other work reported
on water, clearly support the concept of active up-
take as defined by Rosenberg (21) and Levitt (16).
It is clear however that the performance of auxin-
induced water uptake is attended by an increase in
respiratory rate and that the auxin-induced incre-
ment is abolished by external solute concentrations
which abolish net water uptake. The increase in
respiration caused by auxin does not then have to do
with water accumulation against a water concentra-
tion gradient but would appear rather to be related
in some way to the primary act involved in cell
elongation.

It has long been known that sugars (3) or potas-
sium salts (24) act as co-factors in auxin-induced '
elongation of coleoptile sections. The role of these
substances is in part an osmotic one. They contrib-
ute to the maintenance of OP;. The presence of su-
crose in the medium extends the period over which
elongation is linear with time. This effect cannot be
achieved by sucrose pretreatment as shown by ex-
periments in which sections decrease in elongation
rate after transfer to sucrose-free solutions. The
effect of sucrose on rate of water uptake may be due
in part to the utilization of the material in respiration
and in the support of cellular syntheses. In addi-
tion however sucrose clearly provides internal os-
motically active material both as intact sucrose mole-
cules and perhaps as metabolically produced smaller
molecules. The lesser effectiveness of salts and espe-
cially of other sugars is presumably due to their
being less effective as food material and less abun-
dantly converted to smaller molecules.

It has been concluded that in the Avena coleop-
tile DPD; is at all times essentially in equilibrium
with OP, and that by the methods presently available
no detectable differences between these two quantities
can be found. Within the limits of measurement of
DPD (= 0.05M) no movement of water against a
DPD gradient appears to take place with Avena
coleoptile sections. When non-absorbable solute is
used to constitute a hypertonic solution, no elonga-
tion of the tissue takes place. It is therefore highly
unlikely that active water uptake is a factor in auxin-
induced elongation in this tissue. This agrees with
the conclusions reached earlier with other tissues by
Levitt (15, 17) and by Thimann (23). Adjustments
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of osmotic concentration take place in the coleoptile
section provided that an absorbable solute is present
in the medium. These osmotic adjustments are how-
ever independent of auxin and occur in the absence
as well as in the presence of added growth substance.
Since auxin-induced water uptake is a purely os-
motic phenomenon in the Avena coleoptile and since
auxin does not appear to directly influence internal
osmotic concentration, it may be concluded that
auxin must in some way decrease cell wall pressure.
The fact that the irreversible component of the total
elongation behaves as an inverse function of OP, in
the hypotonic region is consistent with the hypothesis
that cell wall plasticization rather than cell wall syn-
thesis is a primary cell wall effect. This is in con-
trast to the state of affairs with wheat roots (7) in
which irreversible extension is independent of OP, in
the hypotonic region as reported by Burstrém. In
any case 1t would appear that a detailed investiga-
tion of cell wall metabolism as related to the presence
or absence of auxin may be required for the further
elucidation of the mechanism of auxin action.

SUMMARY

Avena coleoptile sections are in apparent diffusion
pressure equilibrium with the external solution at all
times, ie., there is no detectable aerobic metabolic
component of DPD in either hypertonic or hypotonic
solution.

Both total elongation and irreversible elongation
are inverse functions of external osmotic concentra-
tion in the hypotonic region.

Tissue placed in initially hypertonic solution de-
plasmolyzes and grows if a sufficient eoncentration of
an absorbable solute such as sucrose is present in the
external solution. It has been shown that the role of
the permeating solutes is to cause an increase in in-
ternal osmotic concentration of the tissue.

Tissue in hypotonie solution maintains or increases
in internal osmotic concentration as elongation occurs,
provided that absorbable solute is present in the ex-
ternal solution. Tissue maintained in distilled water

exhibits a decrease in internal osmotic concentration
as elongation occurs.

When Avena coleoptlle sections are placed in
slightly hypotonic or in hypertonic solution there is
a lag period in the attainment of steady state elonga-
tion rate. The duration and intensity of this lag
period increases with external osmotie concentration.
The length of the lag period is independent of the
presence of auxin and is determined by the time re-
quired by the section to make an osmotic readjust-
ment to the external solution by absorption of solutes.

Auxin-induced water uptake in Avena coleoptile
sections does not appear to be due to the effect of
auxin on maintenance of a metabolically controlled
component of internal diffusion pressure deficit or to
effects on the osmotic concentration of the tissue.
The present evidence points to effects of auxin on the
cell wall as an important factor in auxin-induced cell
elongation.
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The apparent affinity of alpha-chymotrypsin for inhi-
bitors of catalyzed reactions appears to depend mainly
on the presence of an aromatic residue in the inhibitor
molecule (1). It is proposed that this affinity will
be modified by the non-aromatic portion of the mole-
cule, and the use of the N-nicotinyl- or N-benzoyl-
L-amino acid N'-methylamides will permit an estimate

of the effects of the non-aromatic side chains on the

binding of these molecules by the enzyme.

N-Substituted mono-, di- and triamides of phosphoric
acid have been shown to react with carboxylic acids

to yield N-substituted carboxylic acid amides (2). It
is proposed that the recently described triamidophos-
phate (3) will be a useful reagent for the direct

preparation of carboxylic acid amides from the acids.

Two different mechanisms (cf. 4) have been advanced
for the formation of hydrazines by the reaction of
chloramine with ammonia, primary, secondary and terti-
ary amines. The first suggests that the added base
produces the reactive species from chloramine, while
the second considers the reaction to be a bimolecular
displacement reaction. It is proposed that these dif-
ferences could be distinguished by a study of the

reactions between suitable alkyl amines and alkyl-
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chloramines. In addition, this would provide a

synthetic route to 1,2-disubstituted hydrazines.,

It has recently been suggested that the acylation of
alpha-chymotrypsin with p-nitrophenylacetate is a
type of reaction that can be extended to describe

the behavior of this enzyme in all of its hydrolytic
reactions (5). It is proposed that the highly active
esters such as the p-nitrophenylacetates are not
cleaved in a reaction similar to that of the usual
acylated amino acid derivatives, and, further, that
the hydrolysis of p-nitrophenyl esters of acylated
amino acids will not display the stereospecificity

assoclated with the usual chymotryptic activity.

While the base dependence of the reactions of the
primary amine S;phenylthiocarbamates with amines has
been firmly established, the rate dependence on base
concentration has not been determined (6,7). A
definiﬁe solution to this problem could be realized
by a spectrophotometric study of the base catalyzed
reaction of S-(p-nitrophenyl)-N-phenylthiocarbamate
with amines.

N

Amino acids labeled with CX' in the 1 or 2 position

have been shown to display an isotope effect in ion-

'exchange chromatography (8). It is proposed that such
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effects will also be noted by a time study of enzyma-
tic synthetic reactions, and further, that such ef-

fects may assume statistical importance in incorpora-
tion studies of such labeled compounds in biological

systems.

It has recently been reported that the direct acyla- |
tion of 3-picoline in the presence of potassium

amide can be carried out employing esters of hetero-
cyclic or aromatic acids, but that the reaction fails
with aliphatic esters (9). It is proposed that this
is due to the greater basicity of the 3-picoline
anion as compared to the aliphatic ester anions
coupled with a greater reactivity of the latter to
form acetoacetic ester type compounds. These effects
could be overcome by the use of aliphatic esters that

do not contain alpha-hydrogen atoms.

It i1s proposed that the reaction of thionyl chloride-
methanol solutions with carboxylic acid amides to
yleld the esters and ammonium chloride under mild
conditions (1) provides a method for the rapid deter-
mination of total asparagine and glutamine in polypep-

tides.

It has been suggested that the two exceptions to the

"ortho" rule (10) i.e., 2,4-dichloro-6-fluoro- and
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2,4-dibromo-6—fluorophenoxyacetic.acids, owe their
growth promoting activity to conversion to the active
2,4~-compounds or to a lack of steric hindrance by

the small ortho-fluorine atom (11). It is proposed

that:

a. These compounds be critically re-evaluated
as auxins,

b, If they are active the latter reason above
is the more likely.

¢. If they are active, the 2,4-difluoro-6-
chloro analog should be even more active.

2,4-Dichlorophenoxyacetic acid pretréatment of sec-
tions of bean seedlings inhibits polar transport of
indoleacetic acid (12). It is proposed that the
following series of experiments would provide valuable
information regarding this process:

a. Equilibration of the pretreated sections

with buffered solutions followed by trans-
port tests.
b. Eqgquilibration of the pretreated sections
- with indoleacetic acid solutions followed
by transport tests.
c. Progressive decapitation followed by
transport tests.

A simple change in the wiring of the ceiling lights
in 22 Gates could be eaéily accomplished. It is
proposed that everyone in attendance would benefit if
the last row of lights was never extinguished during

general chemistry seminars.
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