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if it competes with the substrate for the acetyl enzyme 
without completely blocking deacetylation. To over- 
come the substrate inhibition entirely, as in class A 
behavior, the inhibitor must have no effect on the 
deacetylation rate when bound by the acetyl enzyme. 

CONCLUSION 

The postulated mechanism for cholinesterase-cata- 
lyzed hydrolysis is in agreement with the experimental 
relationships between the optimum substrate concen- 
tration, the optimum velocity, and the inhibitor con- 
centration. The mechanism explains many previously 
reported experiments (Augustinsson, 1948) in which 
diverse types of behavior were observed with different 
inhibitors, different substrates, and different experi- 
mental conditions, and with enzymes from different 
sources (Fig. 5, Table I). It also explains the small 
noncompetitive component observed with type I1 
inhibitors such as tetramethylammonium. It is con- 
cluded that when the type I1 inhibitors become bound 
to the acetyl enzyme they a t  most partially block dea- 

cetylation. In contrast, deacetylation is prevented 
when the type I inhibitors, such as cis - 2 - dimethyl- 
aminocyclohexanol, become bound to the acetyl enzyme. 

ACKNOWLEDGMENTS 
I wish to thank Mr. E. S. Graves for technical assis- 

tance and Drs. N. E. Good and D. M. Miller for their 
criticism of the manuscript. 

REFERENCES 
Augustinsson, K.-B. (1948), Acta Physiol. Scand. 15, suppl. 
52. 

Friess, S. L., and McCarville, W. J. (1954), J. A m .  Chem. 
Soc. 76, 1363. 

Krupka, R. M., and Laidler, K. J. (1961), J .  A m .  Chem. 
Soc. 83, 1445, 1448, 1454, 1458. 

Main, A. R. (1961), Biochem. J. 79, 246. 
Wilson, I. B. (1960), in T h e  Enzymes, Boyer, P. S., Lardy, 

H., and Myrback, K., editors, New York, Academic 
Press, Inc., p. 501. 

Wilson, I. B., and Alexander, J. (1962), J. Biol. Chem. 237, 
1323. 

The a-Chymotrypsin Catalyzed Hydrolysis of a 
Series of Acylated Glycine Methyl Esters* 

JOHN P. WOLF, 111, AND CARL NIEMANNt 

From the Gates and Crellin Laboratories of Chemistry, 
California Institute of Technology, Pasadena, California 

Received July 26, 1962 

The kinetics of the a-chymotropsin catalyzed hydrolysis of twenty-two acylated glycine methyl 
esters in aqueous solutions a t  25.0", p H  7.90, and 0.50 M with respect to sodium chloride have 
been investigated. These data and those for the only previously known substrate of this class, 
methyl hippurate, have been integrated into a theory developed earlier to explain the struc- 
tural and stereochemical specificity of a-chymotrypsin for trifunctional substrates of this enzyme. 

In 1952 Huang and Niemann reported that the 
hydrolysis of methyl hippurate was catalyzed by a- 
chymotrypsin and throbgh inhibition studies provided 
support for their conclusion that this substrate was 
hydrolyzed at  the same site involved in the hydrolysis 
of previously recognized substrates of this enzyme. 
They also proposed that methyl hippurate be regarded 
as n bifunctional substrate to distinguish it from 
aqalogous trifunctional substrates which contained a 
side-chain as an additional structural feature. This 
distinction soon received experimental support from 
the more extended inhibition studies of Huang and 
Niemann (1953) and from those of Applewhite et d. 
(1958). Applewhite ahd Niemann (1959), and Hein 
and Niemann (1962). In these investigations it was 
found that methyl hippurate could be distinguished 
from representative trifunctional substrates by the 
character of the inhibition produced, for example, by 
indole. With trifunctional substrates the inhibition 
was fully competitive tvherew with the bifunctional 
substrate it was of the mixed type (Dixon and Webb, 
1958). The division of acylated a-amino acid deriva- 
tives into the two preceding classes of substrates has 
recently received further support from the studies of 
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Wallace, who found that whereas systems containing 
cu-chymotrypsin and trifunctional substrates are rela- 
tively insensitive to the presence of 9-aminoacridinium 
ion, those containing a bifunctional substrate are sub- 
stantially activated. 

It is possible to distinguish substrates of any particu- 
lar class on the basis of differences in the dependence of 
reactivity upon the structure of the substrate. Al- 
though an impressive amount of information of this 
kind is available for trifunctional substrates (Hein 
and Niemann, 1961), this is not the case for bifunctional 
substrates. To remedy this situation we have studied 
the a-chymotrypsin catalyzed hydrolysis of twenty-two 
acylated glycine methyl esters. It is the purpose of 
this communication to describe these experiments, to 
present further evidence for the distinction between bi- 
and trifunctional substrates, and to interpret the kinetic 
behavior of these bifunctional substrates in terms of the 
theory of the stereo- and structural specificity of a- 
chymotrypsin developed by Hein and Niemann (1961, 
1962) from consideration of the behavior of the analo- 
gous trifunctional substrates. 

EXPERIMENTAL 
The twenty-two substrates were prepared as de- 

All melting points were corrected and 

I Wallace, R. A. (1962), unpublished results obtained in 

scribed below. 
all analyses were by Dr. A. Elek. 

these laboratories. sent. 
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Glycine Methyl Ester Hydrochloride.-This compound 
was prepared in 95 % yield from glycine, methanol, and 
thionyl chloride by the method of Brenner and Huber 
(1953). 

Acetylglycine Methyl Ester.-Acetylglycine (Herbst 
and Shemin, 1943) was esterified with methanol and 
thionyl chloride (Brenner and Huber, 1953). The 
crude product was distilled at 88" and 0.15 mm Hg 
and the distillate, which crystallized on standing, was 
twice recrystallized from diieopropyl ether to give 80% 
of acetylglycine methyl ester, m.p. 57.0-58.7". 

Anal. Calcd. for C s H 9 0 a  (131): C, 45.8; H, 6.9; 
N, 10.7. Found: C, 45.7; H, 7.0; N. 10.6. 

Propionylglycine Methyl Ester.-Glycine methyl ester 
hydrochloride, 40 g, was dissolved in 75 ml of distilled 
water saturated with sodium chloride and sodium 
carbonate. T o  this solution was added 150 ml of 
toluene, and the mixture was homogenized with a 
Vibro-stirrer and maintained at  0" in an ice-salt bath. 
A solution of 18.7 g of propionyl chloride in toluene 
made up to 100 ml with this solvent was added in 10-ml 
portions to the preceding homogenized mixture. Solid 
sodium carbonate was added as needed to keep the 
reaction mixture alkaline. The mixture was stirred 
for 15 minutes after the addition of the last portion of 
acid chloride and transferred to a 500-ml separatory 
funnel, and the toluene phase was collected and the 
aqueous phase extracted three times with 100-ml por- 
tions of ethyl acetate. The toluene and ethyl acetate 
extracts were combined, the solvents were removed by 
vacuum distillation, and the residual oil, 13 g, was 
distilled a t  110" and 1.5 mm. The distillate crystallized 
on standing and was recrystallized from diisopropyl 
ether to  give 55% of propionylglycine methyl ester, 
long needles m.p. 37.0-38.0". 

Anal. Calcd. for C6HI1o3N (145): c ,  49.6; H, 7.6; 
N, 9.6. Found: C, 49.4; H, 7.4; N, 9.5. 

Isobutyrylglycine Methyl Ester.-A solution of 18 g 
of isobutyric acid and 9 g of thionyl chloride in 60 ml 
of toluene was refluxed for one hour, and the solution 
was cooled and made up to 100 ml with toluene. This 
solution was used to acylate glycine methyl ester hydro- 
chloride by the procedure described immediately above. 
The crude product, a light oil, was distilled at  90" and 
0.3 mm, and the distillate was allowed to crystallize 
and the solid recrystallized from diisopropyl ether to 
give 51% of isobutyrylglycine methyl ester, long 
needles, m.p. 50.861.6". 

Anal. Calcd. for C7HI3O3N (159): C, 52.8; H. 8.2; 
N, 8.8. Found: C, 52.9; H, 8.3; N, 8.7. 

Piualylglycine Methyl Ester.-Pivalyl chloride was 
obtained by slowly distilling a solution of 1 mole of 
pivalic acid dissolved in 3 moles of benzoyl chloride as 
described by Brown (1938). The acid chloride was 
used to acetylate glycine methyl ester hydrochloride 
by the procedure described above for the preparation 
of propionylglycine methyl ester. The crude pivalyl- 
glycine methyl ester was distilled a t  111-112" and 4 
mm to give a distillate which crystallized after stand- 
ing a t  4" for 5 months but which could not be recrystal- 
iized except from the melt. The distilled product, 
nAD-' = 1.4492, was obtained in 80% yield. 

z4snd.  Caicd. f9r CsHlsOaN (173): C, 55.4; H, 8.7: 
Y ,  8 .2 . .  Found: C, 55.3: H, 8.6; N, 8.2. 

!::osalt.ryigIycine Methyl %fer.- -This compound was 
p-epared from isovaieric acid iind glycine methyl ester 
ilydroriiloride as described "or the anaiogous isohutyryl- 

distilled at  96.5" :iIid cj.3 mm. The final distillate, 
n2[? = 1.4481 ~ resisted crystallization. 

Anal. Calcd. for C,HI,O,N (173): C, 55.4; H. 8.7: 
N 9 I .  Found: C. 55.4: H, 8.7; N, 8.0. 

giy .JIG 4 methyl ester. Tht! crude product was twice 

t-Butyl&ylglycine Methyl Ester.-t-Butylacetyl chlo- 
ride was prepared in 74 % yield from 50 g of t-butylacetic 
acid and 140 g of benzoyl chloride (Brown, 1938). 
Reaction of 43 g of the acid chloride with 40 g of glycine 
methyl ester hydrochloride as described for the prepara- 
tion of propionylglycine methyl ester gave a crude oily 
product which was distilled at  107" and 0.5 nun to give 
a clear viscous liquid which cry&allized on standing 
overnight a t  4". The final product was a solid, m.p. 
43.5-44 " . 

A d .  Calcd. for CgHI7O3N (187): C, 57.7; H, 9.2; 
N, 7.5. Found: C, 57.7; H, 9.1; N, 7.5. 

ChloroaL.etylglycine Methyl Ester.-Chloroacetic acid 
was converted into the acid chloride by the procedure 
of Brown (1938). Glycine methyl ester hydrochloride 
was acylated with chloroacetyl chloride as described for 
the preparation of propionylglycine methyl ester. The 
crude product was distilled at  105" and 0.5 mm to give 
a distillate which crystallized on standing. Recrystal- 
lization of this product from diisopropyl ether gave 
chloroacetylglycine methyl ester, m.p. 43.6 44.6 ". 

A d .  Calcd. for C5Hs0&C1 (166): C, 36.3; H, 
4.8; N, 8.5. Found: C, 36.4; H, 4.9; N, 8.5. 

Dichlorwcetylglycine Methyl Ester.-Substitution of 
dichloroacetic acid for chloroacetic acid in the procedure 
described immediately above gave a crude product in 
50% yield. Recrystallization of this material three 
times from diisopropyl ether gave dichloroacetylglycine 
methyl ester, m.p. 63.1-64.5'. 

Anal. Calcd. for C,H,O,NCI? (200): C, 30.0; H, 3.5; 
N, 7.0. Found: C, 30.2; H, 3.6; N, 6.9. 

Trichloroacetylglycine Methyl Ester.Substitution of 
trichloroacetic acid for chloroacetic acid in the pro- 
cedure described above gave a crude product ih 80% 
yield. Distillation of this preparation a t  95.6" and 
0.2 mm gave trichloroacetylglycine methyl ester, a 
viscous oil, n:: = 1.4953. 

Anal. Calcd. for C j H 6 0 a C &  (234): C, 25.6; H, 2.6; 
N, 6.0. Found: C, 25.5; H, 2.5; N, 5.9. 

Trifluoroacetylglycine Methyl Ester.-Glycine methyl 
ester hydrochloride (15 g) was acylated with 25 g of 
trifluoroacetic anhydride in the presence of triethyl- 
amine by the procedure described below for the prepara- 
tion of picolinylglycine methyl ester. The crude prod- 
uct was first distilled a t  49-50" and 0.15 mm and then 
redistilled at  68.0-68.5" and 1.1 mm to give the desired 
product as a colorless liquid. 

Anal. Calcd. for C iH608F3  (185): C, 32.5; H, 3.3; 
N, 7.6. Found: C, 32.6; H, 3.5; N, 7.4. 

Ethoxyacetylglycine Methyl Ester.-Ethoxyacetic acid 
was prepared from chloroacetic acid and sodium 
ethoxide as described by Rothstein (1932). The acid 
was converted to the acid chloride by the procedure of 
Brown (1938) and the latter compound used to acylate 
glycine methyl ester hydrochloride as described for the 
preparation of propionylglycine methyl ester. The 
crude product was distilled at  97-100" and 0.3 mm to 
give 80% of product, a viscous oil, n:? = 1.4481. 

Anal. Calcd. for CjHlaOIN (175): C, 48.0; H, 7.5; 
N, 8.0. Found: C, 48.2; € I ,  7.3; N, 7.9. 

Ethylmercaptoacetylglycine Methyl Ester.---Ethylmer- 
captoacetic acid was prepared from chloroacetic acid 
and sodium ethyl mercaptide by the procedure of Ram- 
berg !1907). The acid chloride was prepared as before 
I Brown, 1938') and used to acylate glycine methyl ester 
hydrochloride as in the preceding preparation. The 
crude product was twice recrystallized from diisopropyl 
cther to give the ester, m.p. 60.7-62.7", in 80% vield. 

A-iJmi .  Calcd. f<w C-H,,O:,NS (191): C ,  44.0; H. 6.8: 
"L' '7.3. F(,und: C,  44.0; H. 6.8; N, 7.4. 

(:arhotrti2rl,-;.gl-vcine Methyl Ester. -Glycine methy i 
ester hyclrocihloride was acyiated with ethyl chlorofor- 
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hydrochloride by the procedure used immediately above 
for the preparation of picolinylglyche methyl ester. 
In  the present case the crude acylated ester crystallized 
on standing. It was recrystallized from diisopropyl 
ether to give the final product, m.p. 69.9-71.7', in 80% 
yield. 

Anal. Calcd. for CoHl~03N2 (194): C, 55.7; H, 5.2; 
N, 14.4. Found: C, 55.6; H, 5.2; N, 14.3. 

lsonicotinylglycine Methyl Ester.-The acid chloride 
of isonicotinic acid was obtained by refluxing the acid 
in excess thionyl chloride for 18 hours in a manner 
similar to that used for the preparation of picolinyl 
chloride. In  one instance 200 ml of dry hexane was 
added to the reaction mixture to precipitate a brown 
microcrystalline product. When an attempt was made 
to distill this substance in uacuo thionyl chloride was 
evolved, leaving a black tar. Further attempts to 
purify the precjpitate were abandoned, and a toluene 
solution of t.he crude acid chloride was used to acylate 
glycine methyl ester hydrochloride as described for the 
preparation of picolinylglycine methyl ester. The 
final product, m.p. 112.0-113.5°, after recrystallization 
from diisopropyl ether, was obtained in 60% yield. 

A d .  Calcd. for C ~ H I O O ~ N ~  (194): C, 55.7; H, 5.2; 
N, 14.4. Found: C, 55.7; H, 5.2; N, 14.5. 

a-Furoylglycine Methyl Ester.-Glycine methyl ester 
hydrochloride was acylated with cy-furoyl chloride using 
the procedure employed for the preparation of pro- 
pionylglycine methyl ester. The crude product, ob- 
tained in 75% yield, was twice recrystallized from 
diisopropyl ether to give the final product, long slender 
needles, m.p. 70.1-70.9'. 

Anal. Calcd. for CsHgOJV (183): C, 52.5; H, 4.9; 
N, 7.7. Found: C, 52.6; H, 4.9; N, 7.7. 

p-Indolylglycine Methyl Ester.-Glycine methyl ester 
hydrochloride was acylated with crude /3-indolyl chlo- 
ride (Peterson et al., 1958) by the procedure previously 
employed for the preparation of picolinyl-, nicotinyl-, 
and isonicotinylglycine methyl esters. The crude 
product was obtained in a 30% yield based upon indole. 
Recrystallization of the crude product from a mixture 
of toluene and ethyl acetate gave the acylated ester, 
blunt needles, m.p. 169-171". 

Anal. Calcd. for CI,Hl2O2N2 (232): C, 62.1; H, 5.2; 
N, 12.1. Found: C, 61.9; H. 5.3; N, 12.1. 

Kinetic Studies.-All enzyme-catalyzed reactions 
were conducted in aqueous solutions a t  25.0 i 0.1", 
pH 7.90 i 0.02, and 0.50 M with respect to sodium 
chloride. The procedure, involving use of a pH-stat 
(Nielands and Cannon, 1955), was identical with that 
described by Applewhite et al. (1958). Considerable 
attention was devoted to the question of the enzyme 
blank reaction. On the basis of studies which will be 
reported elsewhere, it was concluded that for the sub- 
strates considered in this communication, which in every 
case gave linear d [ P ] / d t  recorder traces a t  the concen- 
trations specified, no correction for the enzyme blank 
reaction was required. In contrast, all initial velocities 
for the enzyme catalyzed reactions were corrected for 
the base (hydroxyl ion) catalyzed substrate blank re- 
actions. In order to make this correction, which in 
many cases was substantial, kR,  the constant for the 
base-catalyzed hydrolysis of each substrate, was evalu- 
ated over a p H  range from 7.90 to 9.00 and for a range 
of substrate concentrations comparable to those em- 
ployed in the corresponding enzymatic hydrolyses. 
For these concentrations and with [OH-] assumed to 
be given by the p H  of the system, the base-catalyzed 
hydrolysis was first order in both substrate and 
hydroxyl ion concentration. The constant k B  was 
computed from a least squares fit to the relation u = 
~ B [ S J [ O H - ] .  In practice, for each experiment a t  a 

mate as described for the preparation of propionylgly- 
cine methyl ester. The crude product was an oil which 
was distilled at  73.1' and 0.25 mm to give a colorless 
liquid, nZ5 = 1.4367, in 60% yield. 

Anal. Calcd. for CJ-I1104N (161): C, 44.7; H, 6.9; 
N, 8.7. Found: C, 44.8; H, 6.8; N ,  8.6. 

Methanesulfonylglycine Methyl Ester. - Glycine 
methyl ester hydrochloride was acylated with methane- 
sulfonyl chloride as described for the preparation of 
propionylglycine methyl ester. The crude product ob- 
tained in 90% yield was distilled a t  125" and 0.35 mm 
to give a distillate which crystallized on standing to 
yield a solid product, m.p. 32.0'. 

Anal. Calcd. for C,H90fiS (167): C, 28.7; H, 5.4; 
N, 8.4. Found: C, 28.7; H, 5.3; N, 8.2. 

Succinylglycine Methyl Ester.-Succinylglycine was 
prepared by heating an equimolar mixture of glycine 
and succinic anhydride in an oil bath a t  190' for 3 
hours. The reaction product was cooled, powdered, 
and esterified with methanol and thionyl chloride 
(Brenner and Huber, 1953). The crude ester obtained 
in 60% yield was recrystallized from a mixture of ethyl 
acetate and diisopropyl ether to give the final product, 
m.p. 93.6-95.4". 

Anal. Calcd. for C7HoOfi (171): C, 49.1; H, 5.3; 
N,8.2. Found: C,49.1; H,5.2; N,8.3. 

Phenylacetylglycine Methyl Ester.-Glycine methyl 
ester hydrochloride was acylated with phenylacetyl 
chloride as in the preparation of propionylglycine 
methyl ester. The crude ester, obtained in 60% yield, 
was recrystallized from diisopropyl ether to give the 
final product, long needles, m.p. 89.3-90.8'. 

Anal. Calcd. for CllH1303N (207): C, 63.7; H, 6.3; 
N, 6.8. Found: C, 63.6; H, 6.2; N, 6.9. 

p - Aminobenzoylglycine Methyl Ester.-p - Amino- 
hippuric acid was esterified with methanol and thionyl 
chloride (Brenner and Huber, 1953) to give the crude 
ester in 75% yield. Recrystallization from ethyl 
acetate gave p-aminobenzoylglycine methyl ester, 
short needles, m.p. 131.9-133.1'. 

Anal. Calcd. for C,&I120JV2 (208): C, 57.7; H, 5.8; 
N, 13.5. Found: C, 57.6; H, 5.8; N, 13.4. 

Picolinylglycine Methyl Ester.-A mixture of picolinic 
acid, excess thionyl chloride, and sufficient toluene to 
effect solution was refluxed for 24 hours. The solution, 
containing ca. 0.2 equivalents of the acid chloride, was 
made up to 100 ml with toluene. Glycine methyl ester 
hydrochloride, 0.3 equivalents, was suspended in 
anhydrous chloroform, 0.66 equivalents of triethylamine 
was added, and the reaction mixture was cooled to 0" 
in an ice-salt bath. The toluene solution of the acid 
chloride was then added, in 10-ml portions, to the 
chloroform solution of the ester, with shaking and cool- 
ing after each addition. After all the acid chloride had 
been added the reaction mixture was allowed to stand 
a t  25' for 1 hour, then transferred to a 500-ml separa- 
tory funnel, and the non-aqueous phase was washed 
three times with a dilute aqueous sodium bicarbonate 
solution that had been saturated with sodium chloride. 
The aqueous washings were discarded and the solvents 
removed from the nonaqueous phase by vacuum distil- 
lation. The residue was an oil, which was twice dis- 
tilled a t  123" and 0.2 mm to give a 20% yield of 
picolinylglycine methyl ester as a colorless liquid. 

Anal. Calcd. for C&lloOSN, (194): C, 55.7; H,  5.2; 
N, 14.4. Found: C, 55.5; H, 5.2; N, 14.3. 

Nicotinylglycine Methyl Ester.---Nicotinyl chloride 
was prepared from sodium nicotinate and thionyl 
chloride (Meyer and Graf, 1928). The toluene solution 
containing ca. 0.2 equivalents of the acid chloride was 
filtered and made up to 100 ml with toluene. This 
solution was then used to acylate glycine methyl ester 



Vol. 2, No. 1 ,  Jan.-Feb., 1963 

particular substrate concentration, the velocity of the 
base-catalyzed hydrolysis, computed from the pre- 
viously determined value of ke and the pertinent base 
and substrate concentrations, was subtracted from the 
value of the initial velocity evaluated for the total 
system from the slope of the linear d [ P ] , d t  recorder 
trace. The corrected initial velocities and the corre- 
sponding initial values of [SI and [ E ]  were then fitted 
to the equation uo = - Kgo/ [SI + ko [ E ]  by the method 
of least squares. The actual computations were per- 
formed on a Datatron 205 digital computer essentially 
as described by Abrash et al. 11960). 

When it was found that four of the compounds in- 
itially selected for study were too unreactive to permit 
evaluation of their kinetic constants, three, pivalylgly- 
cine methyl ester, succinylglycine methyl ester, and 
trichloroacetylglycine methyl ester, were examined 
with respect to their ability to function as inhibitors of 
the a-chymotrypsin catalyzed hydrolysis of nicotinyl- 
glycine methyl ester. These studies were conducted 
essentially as described above with [SI = 5.0 to 30.0 
mM and with [ I ]  = 14.1,23.4, and 8.76 mM respectively. 
With the first two compounds no inhibition could be 
detected. However, with trichloroacetylglycine methyl 
ester the inhibition appeared to be substantially com- 
petitive, ko = 0.482 and 0.527 sec. -l  for the uninhibited 
and hhibited reactions, respectively, with K ,  = 5.30 
mM. 
An Armour preparation of crystalline, bovine, salt 

free a-chymotrypsin, lot No. 283, was used in all 
experiments. 
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RESULTS 

-4 representative protocol is given in Table I and all 
results are summarized in Table 11. Where it was 
possible to determine the reaction kinetics, the rates of 
all enzyme catalyzed reactions could be described by 
equation (1). In no case was the maximum extent of 

d[PI:’dt = Kn[EI[SI/(Ko + [SI) (1) 

reaction more than 10%. Therefore, there was no 
reason to anticipate inhibition of the reaction by its 
reaction products (Braunholtz et al., 1959). 

For sixteen of the twenty-two acylated glycine 
methyl esters examined as substrates of u-chymotryp- 
sin, it was possible to evaluate the constants ko and KO 
of equation (1). Thus, there are available for consider- 
ation values of these two constants for seventeen acy- 
lated glycine methyl esters if one includes the constants 
for the previously investigated methyl hippurate. i n  
addition, there are four acylated glycine methyl esters 
which do not appear to be substrates and two which 
are substrates but where the individual constants were 
not evaluated because of experimental difficulties. 

DISCUSSION 

One theory of the specificity of a-chymotrypsin for 
trifunctional substrates (Hein and Niemann, 1961, 
1962) is based upon the proposition that a given sub- 
strate may combine with the active site of the enzyme 
in a number of alternative modes, some of which are 
non-productive and fully competitive with the produc- 
tive mode or modes. For a trifunctional substrate of 
the general formula R1’CONHCHR2CORI, where 
R1’CONH = R1 and Rt # H, the problem of relating 
kinetic data and structure requires evaluation of the 
relative contributions made to both orientation and 
binding of the substrate a t  the active site by interaction 
of the structural components RL, R?, and COR3 with 
the loci pl, p2, p3 and pa a t  this site. It is not suEicient 

TABLE I 
a-CHYMOTRYPSIN CATALYZED HYDROLYSIS OF 

ACETYLGLYCINE METHYL ESTER’ 
Enzyme-Catalyzed Base-Catalyzed 

Hydrolysis* Hydrolysis 
-. 

Expt. [ S j o c  v e  Expt. iS]oc pH ut’ 

1 5 .0  5.19 4 . 5 2  1 10.0 7.90 1 . 6 5  
2 10.0 7 . 9 3  6 . 6 5  2 10.0 8 . 5 0  5 . 4 1  
3 1 5 . 0  10.57 8 . 6 5  3 25.0 8.50 13 .27  
4 2 0 . 0  12 .40  9 .85  4 1 5 . 0  9 . 0 0  23.42 
5 2 5 . 0  15 .42  12 .23  5 20.0 9 . 0 0  32 .81  
6 3 0 . 0  17 11 13.28  

* I n  aqueous solutions a t  25.0 i 0.1”, p H  7.90 f 0.02 
and 0.50 M with respect to  sodium chloride. With [ E ]  = 
4.16 X M based upon a molecular weight of 25,000 
and a nitrogen content of 16.5rb for (pchymotrypsin. 

In  units of 10-3 M .  d Uncorrected initial velocity in 
units of M min.-’ X 10-8. e Corrected initial velocity in 
units of M min:.’ X 10-6. Velocity of base-catalyzed 
hydrolysis in units of M min. - - I  x 10 - 6 .  

to consider only the interaction of RI  with pl,  R, with 
p-. and COR, with p3. Rather, one must include all 
possible combinations of these interactions, e.g., Rl  with 
PI,  P?, ~ 3 ,  and P H ,  RS with pi, p ! ,  pi ,  and prr, etc. It is 
then possible from a limited number of a priori and 
empirical postulates to deduce which of the possible 
modes of combination is most favored. Thus, one can 
predict which modes and interactions will determine 
the magnitude of the constant KO and which will con- 
trol that of the constant &. In a series of methyl 
esters the latter is determined by the effect of the 
various interactions on the orientation of the carbo- 
methoxy group with respect to attacking nucleophilic 
and or electrophilic groups of the active site. As an 
enzyme provides an intramolecular environment for a 
reaction that otherwise would be intermolecular, the 
rate of decomposition of the intermediate enzyme- 
substrate complex is dependent upon the degree to 
which a favorable geometry between the attacked 
and attacking groups can be achieved. The stability 
of the reactive complex is represented by KO only in 
the absence of non-productive modes of combination. 

The solution of the preceding problem for trifunc- 
tional substrates 1Hein and Niemann, 1961, 1962) is 
in principle easier than for bifunctional substrates of 
the same enzyme. The difficulty in the latter case 
arises from the greater number of degrees of freedom 
occessible to bifunctional substrates in their combina- 
tion with the active site of the enzyme, a feature which 
makes it more difficult to separate and evaluate the 
various individual interactions. However, by drawing 
upon information obtained with the trifunctional sub- 
strates, it has been possible to make substantial progress 
in interpreting the kinetic behavior of bifunctional 
substrates of the general formula R1’CONHCH2COR3. 

We begin by calling attention to the plot of ku us. 
Ko given in Figure 1, which includes all values of these 
two constants available from Table 11. It is a t  once 
evident that, just as in the case of trifunctional sub- 
strates, there is no simple relationship between values of 
ko and KO despite the fact that all of the data were ob- 
tained for a series of acylated glycine methyl esters. 
Thus, we may reject the idea that the kinetic properties 
of these substrates can be explained on the basis of a 
single simple relationship between stability of the en- 
zyme-substrate complex and rate of formation of 
products. On the positive side, the data given in 
Figure 1 lead us to believe that values of KO can be 
regarded as apparent dissociation constants, since 
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TABLE I1 
~-CHYIYIOTRYPSIN CATALYZED HYDROLYSIS OF A SERIES OF ACYLATED GLYCINE METHYL ESTERS" 

&/Ko k B  
R1' of [S 10 KQ kob (M - 1  (M-' 

R ~ ' C O ~ C H I C O K H ~  (-) (-1 (sec. -1) sec. -1) sec. - I )  - 
5 .&30.0 3 0 . 7  f 5 . 9  0.013 f 0.002 0.437 2 .66  

CzHs 5 . S 3 0  0 3 8 . 0  f 6 . 2  0.018 f 0.003 0 .471  2 .32  
CH3 

(CHdzCH 5.0-30.0 45 .4  f 4 . 5  0.021 f 0 . 0 0 2  0.471 1 . 9 5  
(CHdaC 5.2-25.8 too unreactive to evaluate 1 . 4 9  
(CHs)zCHCHz 5.1-30.6 2 4 . 0  f 1 . 6  0.025 f 0.002 1 . 0 2  1 . 3 3  
(CH3))CCHzC 39.8  too unreactive to evaluate - 
ClCHz 5.0-30 . O  6 8 . 7  f 1 . 0  0.055 f 0.001 0.803 3 .73  
ClzCH 5.0-30.0 21.8 f 1 . 4  0.023 f 0.001 1 . 0 6  3 .95  
cl3c 5.1-25.5 too unreactive to evaluate 3 . 8 3  
F3C 5.  S 3 0 . 0  53 .1  f 5 . 0  0.085 f 0.005 1 . 5 9  6 . 9 2  
CZHsOCHz 5.1-30.8 first order in [SI 0.159 5 . 0 3  
CzHSCH? 5 . 0 - 3 0 . 0  10 .4  f0.1 0.0054 f 0.0002 0 .519  2 .13  

CHSOz' 5.2-311.6 85 f 10 0.012 f 0.008 0 ,140  5 . 2 7  
C,H,(CO)ze 7.9-47.5 too unreactive to evaluate 6 . 1 5  
Cs",CH, 2 .5-15 .0  7 . 8 5  f 0 .50  0.006 f 0.001 0.777 2 . 5 0  
C6HJ 7.55 f 0 . 3 0  0.200 f 0.003 26.49 2.94g 
p-HzN-CS"I 2.5-15.0 8 . 2 9  f 0 . 0 9  0.041, f 0.001 4 .89  2 .02  
LY-C5H4N? 5 . 0 6  too reactive to evaluate' 
8-CF"' 10.0-50.0 31 .3  f 0 . 4  0.460 f 0.005 14.69 2 . 1 0  
Y-CJ%" 5.0-150.0 1 7 . 7  f 0 . 4  0.159 f O . 0 0 1  8 . 9 7  2 .98  
n-C,H301 5.0-30.0 19 .6  f 0 . 7  0.969 f 0.028 49.46 2.77 
B-CsHsNm 0.7-4.13 1 . 3 7  f 0 . 1 4  0.056 f 0.003 40.65 2 . 1 0  

CzHsO 5.3-31.6 65 f 12 0.131 1 0 . 0 2 1  2 . 0 1  2 .12  

- 
= In aqueous solutions at 25.0 f 0.1 O ,  pH 7.90 f 0.02, and 0.50 M with respect to sodium chloride with [ E ]  = 3.85-4.17 

x 10 -5 M unless otherwise noted. b Based upon a molecular weight of 25,000 and a nitrogen content of 16.5 "/o for 0-chymo- 
trypsin. c [E] = 3.51 x 10-5 M. * General formula does not apply, compound is CH3S02NHCH&02CH3. e General 
formula does not apply, compound is succinylglycine methyl ester. 8 Deter- 
mined by Gordon (1959). a-Pyridyl. ' Also with [E] 'v 4 X M. j 8-Pyridyl. ?-Pyridyl. CY- or 2-Furyl. 

Determined by Applewhite et al. (1958). 

8- or 3-Indolyl. 

there is no evidence that values of KO are determined 

In order to relate the interpretation of the kinetic 
data for bifunctional substrates to that for trifunctional 
substrates, it is instructive to compare the results for 
the simplest members of each series, acetylglycine 
methyl ester, KO = 30.7 mM, ko = 0.013 sec. -I, &/KO 
= 0.437 M-' set.-', and acetyl-L-alanine methyl ester, 
KO = 611 my, KO = 1.29 sec. -1, = 2.11 ,~-1  sec.-l 
(Wolf, 1959). The latter is one of the less reactive 
trifunctional acylated a-amino acid ester type sub- 
strates. Its combination with the active site of a- 
chymotrypsin may be envisaged as involving a signifi- 
cant CORrp3 interaction, a marginal R2-p2 interaction, 
and an effective R1-pI interaction, with all interactions 
being important for orientation of the substrate at the 
active site and probably all three determining the 
magnitude of the enzyme-substrate dissociation con- 

by those of ko. 

I 
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FIG. 1.-Absence of a direct relation between values 
of and KO for seventeen bifunctional substrates of a- 
chymotrypsin. 

stant (Hein and Niemann, 1961, 1962). In  assessing 
the role of Rf in the over-all process, i t  should be noted 
that for trifunctional substrates an increase in the size 
of R2 generally leads to a decrease in the magnitude of 
Ka and an increase in that of KO (Hein and Niemann, 
1961,1962; Jones and Niemann, 1962). 

Replacement of the a-methyl group of acetyl-L- 
alanine methyl ester by hydrogen, with its concomitant 
loss of asymmetry, leads to a decrease in the magnitude 
of KO, a change in the opposite direction from that 
expected on the basis of the behavior of analogous 
trifunctional substrates. That the value of kc  is de- 
creased by almost two orders of magnitude is not un- 
expected, a t  least for the direction of the change. 
However, the concomitant decrease in both constants 
suggests the application of a principle used previously 
to interpret the kinetic behavior of certain trifunctional 
substrates (Hein and Niemann, 1962). We conclude 
that the constant KO, which we assume to be a dissocia- 
tion constant, or the quotient of the appropriate com- 
bination of several such constants, is being determined 
by a mode or modes of combination other than that 
leading to an intermediate in the formation of products. 
The data suggest that the dissociation constant of the 
non-productive complex is probably between one and 
two orders of magnitude smaller than the dissociation 
constant of the productive complex for this bifunctional 
substrate. 

The first six compounds listed in Table I1 are mem- 
bers of a set of acylated glycine methyl esters in which 
the structure of the acyl component has been varied 
systematically. There are two prominent features of 
this set. One, all values of &/KO are less than the 
corresponding values of k,. Two, there is less than a 
two-fold variation in the four determinable values of 

Since the ratio ko/Ko has the same units as k B ,  a 
direct comparison of the rates of enzyme and base 

ko. 
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(hydroxide) catalyzed reactions can be made. Be- 
cause the values of Ko/Ko for all six substrates of the Grst 
set are leas than those of ks, we are led to the conclusion 
that on a mole basis a-chymotrypsin is a less effective 
cathlyst for these substrates than sodium hydroxide. 
There are two possible explanations of this behavior. 
Either the substrates under consideration are not being 
hydrolyzed at the active site involved in the hydrolysis 
of trifunctional substrates of this enzyme, or both bi- 
and trifunctional substrates interact a t  the same site 
but the former combine in such a way that the charac- 
teristic features of enzyme catalysis, as judged by the 
behavior of the latter, are largely lost. We tentatively 
choose the second alternative largely because it con- 
forms with Occam's razor (Northrop, 1961). The 
higher rates of formation of reaction products which we 
associate with precise orientation of the substrate a t  
the active site are absent, but the ability'of the sub- 
strate to combine with the enzyme is still present. 
This behavior is consistent with a predominance of 
non-productive modes of combination. 

Further evidence for the significance of alternative, 
non-productive binding modes, as well as a suggestion 
as to the nature of this binding, is supplied by examin- 
ing the least reactive members of the first six acylated 
glycine methyl esters listed in Table 11. Both pivalyl 
and t-butylacetylglycine methyl esters are too unreac- 
tive to be evaluated as substrates. When an attempt 
was made to evaluate the former compound as an in- 
hibitor of the 0-chymotrypsin catalyzed hydrolysis of 
nicotinylglycine methyl ester, no inhibition could be 
detected with [I] = 14.1 mM. From this experiment 
we infer that Kr for pivalylglycine methyl ester is 
greater than 100 mM. The behavior of the pivalyl 
and t-butylacetylglycine methyl esters suggesta that the 
lack of reactivity of these compounds as substrates of 
a-chymotrypsin is due primarily to a substantial in- 
crease in the dissociation constants of their respective 
productive enzyme-substrate complexes. S i  be- 
havior, to a more limited degree, is noted for the series 
acetyl, propionyl, and isobutyrylglycine methyl ester 
where an increase in the value of KO is accompanied by 
a more modest increase in that of ko. On the other 
hand, for isovalerylglycine methyl ester the value of K c  
is decreased relative to that of acetylglycine methyl 
ester again without any drastic alteration in the value 

The fact that KO values can be increased significantly 
without much change in those of KO is evidence that a t  
least the lower KO values are primarily determined by 
non-productive binding modes. A comparison with 
trifunctional substrates which are presumably bound 
more frequently in productive modes supports the 
above conclusion. a - N - Pivalyl - L - tyrosinhydra- 
zide, with a higher KO value and a lower KO value, is less 
reactive than a-N-acetyl-L-tyrosinhydrazide (Lutwack 
et al., 1957). Acetyl-L-valine methyl ester, with a 
much higher KO value and a much lower KO value, is con- 
siderably less reactive than acetyl-L-norvaline methyl 
ester (Jones and Niemann, 1962). 

The behavior of the two pairs of trifunctional sub- 
strates indicates the nature of the non-productive bind- 
ing encountered with the glycine derivatives. An in- 
crease in the value of KO may result from steric factors 
influencing interactions with the p z  site. These same 
factors may also cause a decrease in ko (Jones and Nie- 
rnann, 1962). The data for the glycine derivatives 
may be interpreted by assuming that the non-produc- 
rive binding mode involves R1-pi interaction. 

Isovalerylglycine methyl ester does not follow the 
preceding pattern; and it is not obvious why this struc- 
ture leads to an anomalous situation. With the added 

of KO. 

knowledge that a-methyl-n-butyrylglycine methyl ester 
is a very poor substrate of a-chymotrypsin,' we believe 
it premature to attempt a detailed interpretation of 
the kinetic behavior of the group of compounds where 
RI' = C a p ,  particularly in the absence of information 
about the properties of n-butyryl- and n-valerylglycine 
methyl ester. However, we can assert that bifunctional 
substrates of the type R1'CONHCH2C02CHs, where R1' 
is an alkyl group, are characterized by a very low order 
of reactivity associated with a high incidence of non- 
productive combination, and the absence of orienting 
factors leading to even a modest reactivity of the 
productive complexes. They provide a dramatic 
example of the importance of an a-amino acid side- 
chain in enhancing the probability of formation of 
productive enzyme-substrate complexes and of their 
facile decomposition into reaction produds. The 
surprising feature is the facility with which certain of 
these compounds, e.g., where Rl' is methyl or isobutyl, 
combine with the enzyme to form principally non- 
productive complexes. 

Comparison of acetylglycine methyl ester, KO = 

with chloroacetylglycine methyl ester, KO = 68.7 m ~ ,  KO 
= 0.055 sec. -l, ko/Ko = 0.803 M-' 8ec. -1, the Grst of the 
next four compounds listed in Table 11, reveals that 
the greater reactivity of the latter substrate is achieved 
by more than a 4 fold increase in the magnitude of KO 
which more than compensates for the 2.2 fold increase 
in the magnitude of KO. These fads suggest that 
replacement of one of the methyl hydrogen atoms 
present in the acylamino component of acetylglycine 
methyl ester by a chlorine atom diminishes the degree 
of non-productive combination and probably enhances 
orientation of the substrate in the productive complex, 
both factors operating in the same direction to cause 
an increase in the value of ko. As before, we assume 
that the dissociation constant of the productive enzyme- 
substrate complex is substantially greater than the 
value of KO. 

It has been found that for acetyl-L-valine methyl 
ester both KO and KO are substantially greater than the 
corresponding values for chloroacetyl-L-valine methyl 
ester (Waite and Niemann, 1962). Thus, the same 
replacement in a trifunctional substrate as that per- 
formed on an analogous bifunctional substrate leads to 
exactly the opposite result. This behavior is explicable 
when it is recaned that for the above trifunctional sub- 
strates the RI-pl interaction is adequate for orientation 
but both the RZ-p2 and CORrp3 interactions are mar- 
ginal, the former because of the relatively small size of 
the Rt component and the latter because of steric 
shielding of the CORa function (Hein and Niemann, 
1961, 1962; Jones and Niemann, 1962). Neverthe- 
less, the predominant conformation determining KO 
is that associated with productive combination. Wich 
this situation perturbation of the Rl-pl interaction 
could readily change the conformation of the substrate 
a t  the active site and alter the degree of non-productive 
combination. In the case of the glycine derivative 
the decreased significance of the R1-@ interaction is 
coupled with the greater orienting ability of the RI-p, 
interaction to produce a more reactive substrate than 
acetylglycine methyl ester. 

The data obtained for chloroacetylglycine methyl 
ester, KO = 68.7 mM, KO = 0.055 sec.-l, Ka/Ko = 0.803 M-' 
sec. -1; dichloroacetylglycine methyl ester, KO = 21.8 
mM, KO = 0.023 sec. -l, ko/Ko = 1.06 M-' set.-'; and tri- 
chloroacetylglycine methyl ester, KI = 5.3 mM, are 

30.7 mM, ko = 0.013 SIX.-', ko/'Ko = 0.437 M-' SIX.-', 

2 Hein, G. E., and Wallace, R. A. (1962), unpublished 
experiments conducted in these laboratories. 
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particularly informative. They provide evidence that 
values of KO are indeed apparent dissociation constants, 
that bifunctional substrates of the type R,'CONHCH,- 
CO,CH, can combine with a-chymotrypsin at the site 
occupied by trifunctional substrates of this enzyme, 
that competition between productive and non-produc- 
tive modes of combination is a real and not an imaginary 
phenomenon and that successive replacement of the 
methyl hydrogen atoms of the acylamino component 
of acetylglycine methyl ester by chlorine leads to a set 
of compounds which are increasingly effective in com- 
bining with the active site of the enzyme. 

The fact that trichloroacetylglycine methyl ester is a 
competitive inhibitor of the a-chymotrypsin catalyzed 
hydrolysis of nicotinylglycine methyl ester, taken with 
the knowledge that numerous simple pyridine deriva- 
tives are competitive inhibitors of the hydrolysis of 
acetyl-L-valine methyl ester by the same enzyme,' 
allows us to conclude that the above bi- and trifunc- 
tional compounds interact with the enzyme a t  a com- 
mon site. The extrapolation of this conclusion to in- 
clude all bifunctional substrates considered in this 
communication is reasonable in that all are acylated 
glycine methyl esters. This does not mean that all 
are similarly oriented a t  the active site. 

The consistent decline in the magnitude of values of 
ko and KO in the series chloro-, dichloro-, and trichloro- 
acetylglycine methyl ester terminating with KO deter- 
minable only as KI and KO so small as to be indetermin- 
able is readily interpreted in terms of the formation of 
fully competitive non-productive complexes with lower 
dissociation constants than those of the productive 
complexes. In fact, it is one of the better examples of 
this phenomenon largely because it was possible through 
a systematic change in structure to reach the limit where 
ali combination was essentially non-productive. 

It will be recalled that successive replacement of the 
methyl hydrogen atoms of the acylamino component of 
acetylglycine methyl ester by methyl groups results in a 
modest increase in the values of ko and KO until two 
of the hydrogen atoms have been replaced. Beyond 
this point a compound is produced which no longer has 
demonstrable ability to combine with the enzyme and 
hence is unable to function either as a substrate or 
inhibitor. In this instance it is reasonable to conclude 
that replacement of one or two of the hydrogen atoms 
by methyl groups diminishes the extent of non-produc- 
tive Combination without markedly influencing that of 
productive combination. However, replacement of all 
three hydrogen atoms by methyl groups limits both 
productive and non-productive combination because 
of the intrusion of steric factors. In contrast, replace- 
ment of the same hydrogen atoms by chlorine atoms 
clearly leads to quite different results. Thus, pivalylgly- 
cine methyl ester is unreactive because it does not com- 
bine with the enzyme. Trichloroacetylglycine methyl 
ester is not a substrate because combination although 
effective is totally unproductive. The latter compound 
is the most effective known aliphatic competitive inhibi- 
tor of a-chymotrypsin. 

The behavior of the fourth member of the second 
set, trifluoroacetylglycine methyl ester, Kc = 53.1 mM, 
ko = 0.085 sec.-l, &,/KO = 1.59 M - I  sec.-I, is best 
viewed in relation to that of acetyl- and trichloro- 
acetylglycine methyl ester. Whereas replacement of 
the three methyl hydrogen atoms of the acylamino 
component of acetylglycine methyl ester by chlorine 
leads to an effective competitive inhibitor, replace- 
ment by fluorine leads to the most reactive substrate 
of the first and second set. However, relative to even 
the poor trifunctional substrates its reactivity is not 
impressive. Here again, sodium hydroxide is a better 

catalyst than a-chymotrypsin. The greater reactivity 
of trifluoroacetylglycine methyl ester relative to acetyl- 
glycine methyl ester appears to arise from a decrease in 
the extent of non-productive complex formation associ- 
ated with the ability of the trifluoroacetamido group 
to function more effectively than an acetamido group 
in orienting the substrate to give a productive complex 
rather than from increased intrinsic susceptibility of 
the ester function to hydrolysis. The dramatic differ- 
ence in the behavior of trifluoroacetyl- and trichloro- 
acetylglycine methyl ester could arise if electrical 
polarizability were a signiiicant factor in binding of the 
latter compound to its respective loci a t  the active 
site. 

The third set of compounds listed in Table 11, i .e. ,  
ethoxyacetyl-, ethylmercaptoacetyl-, carboethoxy-, 
methanesulfonyl-, and succinylglycine methyl ester, 
provide kinetic data that are difficult to interpret 
principally because the set is structurally heterogenous 
and supplementary data needed to provide a clue to 
the nature of the dominant interactions are lacking. 
For the present, the information obtained is useful oniy 
in suggesting that substrates of the type ROCONHCH,- 
CO?R' are worthy of further attention. 

The remaining eight compounds listed in Table I1 
contain an aromatic component. The behavior of 
phenylacetylglycine methyl ester, K O  = 7.85 mM, ko = 
0.006 set.-', kolKo = 0.777 M - I  sec.-1, is best com- 
pared to that of methyl hippurate, KO = 7.55 mM, ko = 
0.200 set.-*, kolKo = 26.49 M-1 seer-'. In this case 
insertion of a methylene group between the benzene 
nucleus and the carboxyl group of the acylamino com- 
ponent has essentially no effect upon the value of KO 
but causes a decrease in that of K O  of more than 30 fold. 
There is little question that for these two compounds 
the values of KO are for all practical purposes the disso- 
ciation constants of the non-productive enzyme-sub- 
strate complexes. The fact that the two K O  values 
are nearly identical and also of the order of 7.5 mM is 
consistent with the observation that practically al! 
simple monosubstituted benzenoid compounds that 
do not bear a formal charge have KI values of 7.5 =t 3.5 
mM.' For these latter compounds the magnitude of 
the inhibition constant, Kr, is relatively insensitive to 
the nature of the substituent. It is probable, but by 
no means certain, that, when simple uncharged ben- 
zenoid compounds combine with the active site of CY- 

chymotrypsin to form unproductive complexes whose 
dissociation constants are of the order of 7.5 mM, they 
do so by interaction with the pi locus of the active 
site. 

The kinetic constants for acetyl- and benzoyl+ 
alanine methyl ester are, KO = 611 mM and ko = 1.29 
sec. --I (Wolf, 1959), and KO = 9.75 mM and 0.261 sec. -I 

(Hein and Niemann, 1961, 1962) respectively. Also, 
KO = KR., Ks.z/(Ks.l + KS.?) and ko = k?Ks.s/' 
(K9.1 + Ks.,), where Ks., and Ks.? are the dissociation 
constants of the respective productive and non- 
productive enzyme-substrate complexes, and k z  is the 
rate of decomposition of the productive complex (Hein 
and Niemann, 1961). These facts and the values of 
KO and ko for phenylacetyl- and benzoylglycine methyl 
ester suggest that the values of for these substrates 
are sign'ficantly greater than 7.5 m~ and that KB.l for 
phenylacetylglycine methyl ester is very much greater 
than that for benzoylglycine methyl ester. If produc- 
tive combination of these substrates with the active 
site involves R,-pI and CORrpa interactions we may 
conclude that the RI-pl interaction for benzoylglycine 
is only moderately effective and that for phenylacetyl- 
glycine methyl ester is very poor, in fact so poor that 
there is Little effective orientation of the carbomethoxy 
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group a t  the COR, locus. In the latter case kt is close 
to  the lower limit permitting recognition of an enzyme- 
catalyzed reaction. 

, M g  to the pair p-aminobenzoyl- and benzoyl- 
glycine methyl ester, KO = 8.29 and 7.55 mild and ko = 
0.041 and 0.200 SAX.-’, respectively, it is seen that re- 
placement of a p-hydrogen atom by an amino group 
has relatively little effect upon the dissociation con- 
stant of the non-productive complex. Its effect is to 
markedly diminish the extent of productive complex 
formation by p-aminobenzoylglycine methyl ester rela- 
tive to benzoylglycine methyl ester as judged by the 5 
fold decrease in value of KO accompanying this structural 
modification. 

In the two preceding paragraphs we have been con- 
cerned with structural modifications that lead to a 
decrease in the extent of productive combination. 
Fortunately, there are several examples of the opposite 
effect, i.e., where an increase in the extent of productive 
combination can be achieved by suitable choice of the 
acylamino component. The problem is to select an 
acylamino component whose affiity for the p2 locus is 
not overwhelming and which can interact with the pl 
locus in a positive manner. In a sense the replacement 
of acetyl by chloroacetyi in the case of acetylglycine 
methyl ester was a step in this direction. However, in 
this instance the outcome although in the right direction 
was not notably successful. 

The knowledge that pyridine is a competitive 
inhibitor of the a-chymotrypsin catalyzed hydrolysis of 
acetyl-L-valine methyl ester and has a K ,  value of cu. 
30 mM (Huang and Niemann, 1953; footnote 1, this 
paper) led us to examine the series isonicotinyl-, 
nicotinyl-, and picolinylglycine methyl ester. For 
jsonicotinylglycine methyl ester KO = 17.7 mM and 
ko = 0.159 sec. -1. Thus, with a hetero atom containing 
an unshared pair of electrons pura to the carbonyl 
group of the acyl component, the isonicotinyl deriva- 
tive exhibits a behavior comparable in direction but 
not in magnitude to that observed for the p-aminoben- 
zoyl derivative. However, for nicotinylglycine methyl 
ester KO = 31.3 mM and ko = 0.460 set.-'. In  this in- 
stance positioning of the hetero atom in the metu rather 
than the pura position is associated with an almost 3 
fold increase in the magnitude of KO and to a point where 
it is more than double that observed for benzoylglycine 
methyl ester. The extension of the preceding tactic 
to picolinylglycine methyl ester, with the hetero atom 
in the ortho position, was in a sense too successful. The 
latter compound is so reactive as a substrate of a- 
chymotrypsin that we were unable to evaluate its 
kinetic constants even a t  an enzyme concentration of 
cu. 10 * M. In the absence of such values, a deficiency 
which we are now attempting to rectify by working a t  
still lower enzyme concentrations, we can predict that 
when these constants are determined the value of ko 
will be found to be considerably greater than that of 
nicotinylglycine methyl ester. Prediction of the value 
of KO for picolinylglycine methyl ester is more dficult. 
From the trend in values of KO for isonicotinyl- and 
nicotinylglycine methyl ester one might expect a value 
of KO for picolinylglycine methyl ester greater than 
that observed for the nicotinyl derivative. However, 
this trend may be deceptive, since it is not known which 
of the several dissociation constants is determining the 
value of KO for nicotinylglycine methyl ester. 

The preceding results suggest that productive com- 
bination is improved, probably through a more effective 
R1-pI interaction, when the acylamino component con- 
tains a hetero atom containing an unshared pair of 
electrons bonded to the carbon atom a to its carbonyl 
group. This suggestion led to the examination of u- 

furoylglycine methyl eater to determine whether oxygen 
could replace nitrogen as the hetero atom. The kinetic 
constants obtained for this substrate, KC, = 19.6 m~ 
and ko = 0.969 set.-', not only answer this question 
in the a5rmatjve but in the absence of numerical data 
for picolinylglycine methyl ester demonstrate that it is 
possible for simple bifunctional substrates of the type 
RCONHCHtCO2CH8 to attain a reactivity comparable 
to that of the poorer ester type trifunctional substrates. 
It will be recalled that, for acetyl-L-alanine methyl ester, 
KO = 611 m~ and ko = 1.29 s e c - 1 .  With a- 
furoylglycine methyl ester it is possible to get within 
75% of the latter value of ko without benefit of a side- 
chain to assist in orientation of the substrate in the 
productive enzyme-substrate complex. It is expected 
that 8-furoylglycine methyl ester will be markedly less 
reactive. 

Picolinyl- and a-furoylglycine methyl ester are super- 
ior to methyl hippurate as model bifunctional substrates 
of 0-chymotrypsin. Our experience with these com- 
pounds leads LE to predict that certain acylated glycyl- 
glycine methyl esters, such as acetylglycylglycine 
methyl ester, will have ko values substantially greater 
than those of the corresponding acylated glycine 
methyl esters. Substrates of the type RCO(NH- 
CHR’CO) .NHCH2CO2CH3 also are excellent candidates 
for the further exploration of the p1 locus, provided R 
and R’ are chosen to minimize interaction with the p? 
locus. Our attempt to enter this latter area with a- 
methyl-n-butyryiglycine methyl ester was defeated b~ 
the inertness of the compound as a substrate. 

The last compound to be considered, 0-indolylglycine 
methyl ester, KO = 1.37 mM, ko = 0.056 sec.-l, ko/Ko 
= 40.65 M-’ sec. -1, provides a final example of effective 

combination but relatively little in the form of a pro- 
ductive complex. Other evidence (Hein and Niemanr-, 
1961, 1962) leads us to believe that the indole nucleus 
in the absence of overriding orientation factors tends to 
interact with the p1 locus. In the case a t  hand the rel- 
atively low value of ko probably arises because the 
carbomethoxy group in P-indolylglycine methyl ester is 
too distant by one atom from the indole nucleus to 
provide for effective placement of the carbomethoxy 
group in the enzyme-substrate complex. /3-Indolylgly- 
cine methyl ester may be viewed not as an analog but as 
the next higher homolog of tryptophan methyl ester inso- 
far as relative position of indole nucleus and carbometh- 
oxy group is concerned. In this respect the former com- 
pound may be compared to phenylacetylglycine methyl 
ester, which is far less reactive than methyl hippurate 
for presumably similar reasons. 

In  the preceding discussion we have been able to 
place twenty-three bifunctional compounds of the type 
R1’CONHCH2C02CHa within the framework of a 
theory of the structural and stereochemical specificity of 
achymotrypsin developed for trifunctional substrates 
of this enzyme. In general, the treatment for the bi- 
functional substrates has been less quantitative than 
achieved earlier for the trifunctional substrates. This 
is largely a result of the fact that relatively few of the 
bifunctional substrates represented reasonable ap- 
proaches to limit cases. This was expected because of the 
greater number of degrees of freedom accessible to the 
bifunctional compounds when combining with the active 
site of the enzyme. However, with the discovery of 
several more reactive bifunctional substrates a new 
approach to possible limit case9 has been disclosed. 
Thus, one can anticipate that future studies along the 
lines suggested in this communication will result in a 
more quantitative treatment of the bifunctional sub- 
strate of the type RI’CONHCH2COsR3. 
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Extensive modification of four antihapten antibodies with acetic anhydride resulted in loss of 
binding activity in each case. The presence of hapten during acetylation partially prevented 
these losses. This observation indicated that a group in the site of each antibody was being at- 
tacked. Reversal of the losses of binding activity by treatment of the acetylated antibodies with 
hydroxylamine indicated that a hydroxyl group had been acetylated in each site. In  view of this 
fact and other data previously reported, it was concluded that a tyrosine residue is present in each 
of the antibody sites. Of the antibodies studied (anti-p-azobenzenearsonate [anti-R,], anti-p- 
azobenzoate ,[anti-X,], anti-p-azophenyltrimethylammonium [anti-A,], and anti-3-azopyridine 
[anti-P,]) only anti-R, and anti-X, appeared to lose activity by partial acetylation of amino 
groups in the molecule. Of these, only the former appeared to have an amino group in the site. 
Acetylation of mixtures of two antibodies and analysis of complete binding CUNM of modified 
antibodies allowed determination of the relative sensitivity of the antibodies to acetylation and of 
the relative effects of acetylation on blocking binding sites and on alteration of binding constants. 
I t  could be concluded that the importance for binding of the acetylatable group varied for the 
several antibodies. The sensitivity toward acetylation was in the order, anti-R, 5 anti-X, >> 
anti-A, > anti-P3. 

We have been studying the nature of antibody sites 
by determining the &ect of chemical modification on 
specific binding activity. Whether the effect is due to 
reaction of a group in the binding site itself rather than 
elsewhere in the molecule can be determined by carry- 
ing out the alteration in the presence and in the absence 
of the specific hapten. If the hapten protects against 
the loss of sites which is caused by alteration in the 
absence of hapten, then the loss must have been due to 
reaction of a group in the site. 

Recently we compared four different antihapten anti- 
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Societies for Experimental Biology fFed. P m .  20, 108, 
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bodies with respect to the effect of iodination on bind- 
ing activity (Grossberg i t  d., 1962). We studied anti- 
bodies to haptens bearing a positive charge, a negative 
charge, and no charge, to give a broad range of different 
antibody types. The antibodies studied weIe anti-p- 
azobenzoate (anti - X,), anti - p - ambenzenearsonate 
‘anti - Rp), anti - p - azophenyltrimethylammonium 
anti-A,,), and anti - 3 - azopyridine (anti - Pa). Iodina- 

tion of each of these was found to reduce antibody 
activity, and it was concluded that each of the anti- 
bodies contained an iodinatable residue, probably tyro- 
sine, in the antibody site. 

Nisonoff and Pressman (1959) reported that extensive 
acetylation of anti-X, antibody with acetic anhydride 
resulted in loss of antibody sites. We are now report- 
ing the effect of acetylation with acetic anhydride on 
the antibody activity of all four of the above antihapten 
antibodies. Antibody activity is lost when each anti- 


