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INTRODUCTION

The hypothesis that the same enzymes which catalyze
the hydrolysis of proteins are also resnongible for
catalyzing protein synthesis is suvnorted hy evidence
that nroteolytic enzymes catalyze both the hydrolysis and
synthesis of the fundamentally important pertide bonds,
the fundamental tyve of bond which linke together amino
aclds in the protein molecule. It is not unreasonable, on
this baslis, to assume thet some of the faclors which affeot
engzymic rneptide bond synthesis in simple structures will
also affect protein synthesis.

The synthetie ability of nroteolytic enzvmes has been
demonatrated in the formation of peptide bonds from »nro-
tein split-products and more inclsively in the formation
of benzamino acld anilides from benzamino acids and aniline
as catalyzed by the intracellular enzymes papaln, bromelin,
cathepsin, and fioin. It has been demonstrated that this
anilide eynthesis may be utilized in a2 method for resolu-
tion of amino acids. The problem of deeliding whether this
reaction c¢sn be used as a model for nrotein synthesis has
not been solved.

It was the purnose of this investigstion to study

some of the factors affecting the synthesis of benzamino



acld anilides in order to scoulre data which might be
bagic to the study of the synthesis of nentide bonds in
general. This dats might also be snplied in the develon-
ment of more effective methods of amino aeld resolution

utilizing the formati-n of benzamino acid anilides.

Some Energetic Considerati~ns Related to Pentide
Fond Synthesis
The statement of the second lew of thermodynamice
by Lewis anaAﬁandalll "Bvery system which is left to 1t-
self will, on the average, change toward a condition of
maximum probability" is rigorous and general; however,
1t does not lend itself to direct anpllieation for sneocific
use. More useful for the nurnose of blochemistry is the
@taﬁ@mentg (a deduction from the second law of thermodynamice)
"All spontaneous nrocesses taking nlace at constant temnera-
ture and nreesure are accompanied by a decrease in free
energy." Since the free energy 12 a function of the state
of the syetem only and is not denendent on nath; for the
resction: A% B ~—m3 C
the reaction will nroceed enontaneously, regardless of the
chemical vathway utilized, 1f the free energy of the
T Tewie, G. N. and Rendall, M. Thermodynamics and the
free energy of chemical substances. New York, WMoGraw-
Hill Book Co. 1923. w»n. 127,

2., ®lasstone, 8. Thermodynamics for chemisgts. New York,
N, Van Nostrand Co., Inc. 1947. n. 209.



producte is greater than the free energy of the reactsnts.
In addition to thie statement of the second lsw of
thermodynamics, there are two other relatiomshinsl which
have anplication to any conesiderstion of the reaction of
amino acids to form peptides., The first 18 the relstion-
shinp between the change in free energy for a resction and
the exnerimentally determined equilibrium constant, K:
AR = « RT 1In K
where for the general reaction
1L + 1M ey PP 4 aQ
K is given by

K““"( ap )p (&Q)G

( ay )8 ( oy )P

For many nurpostesg the activity, a, may be rernlaced by the
concentration without introducing gross errcrs.

The second relationshir of imnortance exmrecsses the
change in free energy of a reaction in terms of heats of
formation and the absolute entroples of the substances
teking part in the reaction:

AR = AR - T A8
This equation anvlies only to 1sothermal »nrncesses. The

change in hent adnﬁent may be measured convenlently by

1. These thermodynamic relstionshins asre discussed in
detall in Glasstone, S. Thermodynamics for chemists.



using elther a constant veolume or a constant nressure
calorimeter. For the comstant nressure reaction

AR = q
where q 18 the heat absorbed by the syetem Auring the re-
action. For the constant volume rerction

AH= AR - AnRY
where AR 48 the quantity of heast sbgorbed under these con-
ditions and An is the number of moles »~f gas mroduced in
the reaction minug the number consumed. From the heat of
combustion of an organic compound and from the heat of
formation of the nroducts of combustion from the elements,
the heat of formation of the comnound can readily be
caloulated.

The change in absolute entronies ag utilized in the
equation can conveniently be obtalined from the trird law
of thermodynamics and the nrorer exprecgsion for the hest
canacities of the comnounds taking w»art in the reaction.,

From the third law can be derived:

, T
‘p
8 = AT -
g -
0]

tr
where Gm ig the tent oanacity under constant rressure re-
gtrictiong and @ 18 the heat absorbed during any transition

in state at temnerature T, while the substance is warming



0
from O to Tm. The change in entropy is then the 4lf.

ference between the sum of the entronies of the nroducts
lees the gum of the entronies of the reactants.

'Bsimg these relstionehivs, the free energy of Torma-
tion of several nentide bonde ecomnosed of dAfferent amino
reid regidues have heen éet@rminedi'a. In 211 eases the
froe energy was rosgltlive, beilng about 1400 to 2700
calories. Trom this value n? the free energy of forma-
tion of the neptide bond from amino actids, 1t is o~bvious
that the equilibrium constant for the synthetic reactlon
will he extrenely small, and that only 2 small amount of
the mroducts »111 he obtained =2t esuilibrium., This fact
hag alsoc been obsmerved exrerimentslly, for in the hy-
drolysis of veptideg by nroteolytlic enzymee the reaction
nrocecds very nesrly to comnletion.

Recently ”rrn?r hag been able to evaluzte the free
- energy of neptide hond fopmation from o study of the
equllibrium betweoen glvelne and glyeylglycine ueing rat
1iver nentidese ae the ostalyst. He usedAlang~11ved.Clér
labeled glvelne in order %o be able te egtlmate gquantl ta-

tively the smount of materlsl nrecent and then genarated

T Taffmen, H. M., J. Phys. Crem., 48, 885 (1942).
Beraaak, H. and Buffman, H, N. :: Schmidt, C.L.A.
Chemigtry of the amino acias ond nroteing., 24 ed.
Sppingfield, I11,, Charles C. Thomas, 1945. p. 822,
Frante, I. D, Jr., Loftfield, B, B, and Werner, A. B,,
Toderation Proceedings, 8, part 1, 199 (1948).

e~ |
»




the glycine from the glycylglycine in the equillibrium
mixture by mesns of partition chromatography on & starch
column., The energy of formation of this verticular peptide
bond caleulated from the equilibrium data was 3300 to

3800 calories. Thie value 18 in good a:reement with the
free energy of the resotion ag caleulated by Borsook and
Dubnofst from the thermal data.

From the conslderations wmentioned shove, 1t is
apparent thot the rescction of apine sclds to form nertides
cen be gtudled orly with difficulty, since the yields of
peptides gre sy extremely smell, At the present tiwe the
folloring three methods have been used to study peptide
bond eynthesis ip vitro: (A) utilizing derivatives of
amino aclids which will yield ineoluble pﬁoﬁuctsz, so that
the concentration is less then thet of the squilibrium
concentration, (B) incressing the concentretion of the re-
sctonts ir z2n effort to drive the reaction towards syntheaiss,
(¢Y uvsing labeled compounds so thet apall smounts of

2

4,5,6
products cen he detected snd messured cuantitetively ™ >,

borscok, H. and Dubneff, J. W., J. Biel. Chem., 1952,
307 (1940),
2. Bergmann, M. and Freenkel-Conrs$f, H., J. Blol. Chem.,
%;_@, 707 (1987), :
3. Waateneya, H. and Borsook, H., Physiol. Hsv., 10,
110 (1930).
4, Trantz, I. D. Jr., Loftfleld, R. B, and Yerner, A. S.,
Federation Proceedinzs, 8, part 1, 189 (1948).
%@QG 5Qr, » end Tarver, H., Arch. Biochem., 12, 301
1947}, ' '
6. %eéch?ar, J. and Terver, H., Apch. Biochem., 12, 309
(1947).




Some Enzymatic Considerationeg Related to Peptlide
. RBond Synthesis

Al though the nronerties of énzymes an? the tyves of
reactions catalyzed by enzymee were known at lescet In
part since the time of Pasteur, Eerzeliuﬂl in 1828 first
nointed out that the vprorerties of the inorgsnic catalysts
were remarkably similar to those active sgents which ex-
fgted in living cells, Kuhneg pronosed the name enzyme
for these motive agents in 1867, ﬁernstg ghowed from
thermodynamics thet a theoretleal catelyst ghould
catalyze both the forward and reverse rezctions in an
equilibrium system. The agreement between enzymatic
action and catalytic theory hess been confirmed, ecnecial-
1y in eonn@étien with the carbohydrasces and the esterases,
‘Fgr examnle, Cori and Gcr14 have glown that the synthesis
of glycogen as catalvzed by nhosnhorylase can also be made
to go in the reverse direction with the same enzyme under
different conditions. Borsook and Schott® Prund that
Y. Herzelius, Lebrbuch der Chemie, Dresden (1825),
2. EKubne, Virchows Arch., 38, 1120 (1867).
%. Nernst, Theoretical Chemistry, 4th ed., "ng. Trans,

London, Maemillan and Co., Ltd., 1916 n. 617,
4., Cori, ¢. T, and Cori, C. ¥., J. RPiol. Chem., 1721,

z07 {1079). =

6. Borsook, H. and Schott, Y. 7., J. Blel. Crem., 92,
525 (1971),




fumarase acts 28 a theoretical eatalyst in the succinate-
fumarate esuilibrium. wWith resnmect to the nrotenlytie
enzymeg the situation 1s not as well defined. Bergman%
has shown that the nroteolytic enzymes can catalyze both
the synthesis and the hydrolysie of neptide bonds., (A
more comnlete dlscussion of tris noint 18 found in the

Historical section.)

1. Bergmann, M. and Frgenkel-Conrat, H., J. Blol.Chem.,
119, 707 (1937), -



HISTORICAL

Of the many interesting »roblems whlch have been
the subject of investigatlon by the biochemist, there
are few whieh offTer a greater challenge and have s
more widesnresd anrlieation to biology than the mechaniem
of nrotein synthesig in the living organism. The funda-
mental relstionship of this problem to biology is
evidenced by the sugpestion of Gul&ckl that genes are
nucleoproteins that ean act as enzymes in the formation
of renlicas of their own structures. Genes resemble two
other nucleoproteins =hich are also canable of sutow
gynthesis-tobacco mosale virus and bacteriovhase -~ which
seem to act as enzvmes in catalyzing dunlicates of thelr
own structures from substances vresent in the host
organismg'g. |

In addition to these sneciflc cases, there seems to
be 1ittle douht thet the blologleal formation of nroteins
in general 18 influenced by nroteolytic enzymes. The
sctual mechanism of nrotein synthesis and the role of

rroteolytic enzymes in this synthesis is etill largely

1. Gulick, A., Quart. Rev. of Blol., 1Z, 140 (1938).
2. ﬁtanley v, W., Ann. Hev. of ﬁiochem., 9, 545 (1940).
B Narthran, I, H., J. den. Phyeliol., 21, %5 (1933),
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an unanswered auestion. Tris 18 due in part to the
complexity of the orotein molecule and in vart to the
8mall equilibrium conetant for the reaction of amino
acids to form neptides as dlscussed in the energy con-
slderationg related to peptide bond synthesis. Desnite
the faot that the struoctursl formula of a single well-
defined protein molecule cannot be written, there are
certain experimentel observationg which have made noe-
8lble the formulation of a reasonable theory of nrotein
structure.

It was known before 1900 that nroteins, when
hydrolyzed with the ald of melds, alkslis or enzymes,
yielded amino aclde as the nrincinpsl end products. The
suggestion that these amino aclds were linked together

by a covalent bond of the ?ype

H
was made almost simul taneously by Hafmaiaterl and
Fisaherg. Fischnsr termed this linkage the nentide
bond. The exnerimental evidence has been summarized by

Viekery and Oabmrna%.
i Fofmelster, P., Ergeb giol., 1, 789 (1902).
Y, B 1095“%@35)’ b=t

Placher, K., Ber. .
3. Vickery, H. B. snd Osborne, T. R,, Physiol. Rev.
8, 393 {1928).
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(1) Eydrolysis of nroteins, whether by acids, alkslis
or enzymes, results in the liheration of ecuilvalent
amounts of amine and earboxyl grouns.

(2) S8ynthetic nentides have heen nrepared wrich are
suscventible to enzymic digestion under conditions
eimilar to those required for the digestion of nrotelns,.
(%) Proteins contain 1ittle amino nitrogen but large
smounts are found in the end nroducte of nrotein
hydrolysis.

(4) The nertide bond is found in nature in certain simple
substances such as hinpurie aeld.

(5) Nany substancee containing the neptide bond give
the bluret reaction ag well ag nroteins.

In order to account for the high moleculsr weleht
of the proteins as well as the varistion in thelr chemical,
vhyslesgl, and biologieal oroperties, 1t 1s necessary to
assume that each molecule conelsts of a large number of
smino aclds linked together by the mentide bond. The
kind, relative amount, snd order of the amino ncid
residues in the nrotein molecule determine to a large
extent the nroverties of the protein. In addition, the
gnatinl configuration of the protein moleocule will have
an imrortant besring on certain of its nronerties. For

sn excellent revier on the varioug theories on nrotein
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gtructure and esneelally the other tyves of bonds be-
eldes the veptide bonds which sre found in vroteins, the
article "Protein Structure® by H. B. Bull should be
eonﬁultedl.

A system consigting of amino seids, nentides, and
nroteins in an agueous solution renresente a combination
of an infinite number of equiiidbrium reactions, In the
absence of gny cetalyet these resctions will proceed
at 8 very slow rate. The role of the nroteolyvtic enzynme
1s to permit the selective accelerstion of a few of
these many nosgible resetions. From the energy considera-
tions mentioned nreviously, as well a8 from the exneri-
mental observations, 1t is evident thst for the general
reaction

Enzyme
Protein ——————  Amino aclde
the eoullibrium 18 shifted Par towsard the right., Simi-

1arly, the eoquilibrium for the resction
Enzyme

Peptide 3 Anmino acids

18 glso far toward hydrolysis, Tor this resson it 1s
not surprising that the enrly investigators utilized the
bydrolytic resctions in studying the relationshing between

proteing, neptides and amino acids. Typilcal of the work

1. Bull, F. B, Adv. in Enzym., 1, 1 (1941),



13

done on hydrolysis of peptldes are the oclassieal in-
vestigations of the early workere Fisher and Abderhalden,
and more recently, ﬁergmannl.

A complete understanding of the mechsnism of nro-
tein synthesis cannot be obtained from gtudies of pro-
tein hydrolysis slone. Such sn undergtandine reasulres
also thet gynthetic exneriments be undertsken., Although
many mechenisme hsave been nromnsed for nroteln synthesis,
there 18 little reasl exverimental evidence existing for
any of thege nronossls,

As disousesed above in the introduction, any model
of peptide bond synthesis as cstalyzed by enzymes nust
PI11 two recuirements. It must account for the snecifi-
clty of the nroteins as found in nature; and it must
furnish some exnlanation of how the energy 1s furnished
for the synthesis n* the nentide bond,

As early as 1901, Sawjalowg made the observation
that when rroteolytic enzymes were 2dded %o concentrated
golutions of nrotein énliz products, precinitates were
often ohsgerved. Taylcrg incubated a solution conslsting
of comnletely digested protamine sulfate with glycerol
T. Bérgmann, M, and Fruton, J. 8,, Adv. in Enzym., 1,

83 (1941}, e =

2. BHawlalow, ¥. W., Pfluegers Arch.,, 75, 171 (1801).
3. Taylor, A. EB., J. Bi
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extract of liver and found a substance which he believed
to be 1dentieal with or very similar %o the original
nrotamine,

More recently the problem of nentie synthesis has
been studled in more comnlete detall by Wasteneys and
Eoreaokl. The greater part of thelr own work, as well
a8 much of the esariier literature, has been dilscussed
in thelr revier article. %asteneys and Borsook digested
egg albumin with »nepsin at ~H 1.6, then concentrated
thig solution and adlusted the nH to 4.0, Unon the
addition of fresh nepsin to this concentrate, and afler
incubation, they were able to senarate a precinitate
whieh they called plastein., The evidence for the forma-
tion of nentide bonds includes: a decresse in the
amount of amino nitrogen during the incubatinon, the
formation of the precipitate, the abillty of nevsin tn
dlgeet this nreciniiste when vlaced in the nroper buffer
solution, the solution of nlastein could be precinitated
with trichloracetic acid,

According to Yasteneys =and Borsook, the formation
of nlastein can be exnlained from a considerstion of the
law of meege action. They ssesume that the hydrolysis of
the egg slbumin and the synthesls of the nlastein are

the forward and reverse sterns of the resction

1. "msteneys, H, and Borsook, H., Physiecl. Rev., 10
110 (1970}, P ==
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Pepsin
Prﬂt@lﬁ A“B"G"Qcaoo“

where the esuillibrium conetant for the reaction ig given

by
(A () (o). .., . (3)

Protein

= K

where K renragents the enuilibhrivm ennetant. On thrie
bagle 1¥ -me moleenle of nrotein 1g enlit to form many
moles of 8nlit nroducts, and 1f this simnle ewnression
will bhold for the comnlex mixture of »rotein, enzvme,
nentides and smino sclds »nresent; then 1f the concenira~
tion of the enlit nroducts 1e inorensed the e~uilibrium
ghould be annreeiashly ghifted in the dirsation of
synthesis,

A similar exneriment has been carried out by Maver,
Yoegtlin, and Jmhnﬁmnl’g. Under sultable conditions of
oxygenation a nanain dlpeest of Pidbrin showed the forma-
tion of sn insoluble materisl, This work was rensated by
Strain and Linﬁaratr@m~hang3 using fidbrin, cacsein, epg
albumin and agg »rite with nansin as the oatalyst., These work-
ers renortad thet in no ecase could they ohtain 2ny material
1. Voertiin, €., Maver, M. E. and Johneon, J. M,,

Jd. Pl gol., 48, 241 (1932).
2, '?igggs._. ¥, and Voegtlin, ¢,, Enzymologis, 8, 719

3. ftrain, ¥F. H, and Linderstrom-Lang
trav. lsb. Carlsberg, 23, 11 (1940).

=
s ¥

¥., Comnt. rend.
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which could be nrecinitated with trichloracetic acid.

In addition to the fact that tris resction evidently
cannot be dunlicated by sll workers, more serious ob-
Jectione can be raleed against the use of this reaction
88 a model of pentide bond synthesis, Although Northronl
found that he could obtaln a2 nrecinitate from the incuba-
tion of the eplit products of autolyzed nepsin or trypsin,
the nlastein formed had no enzymstic setivity. For
this reseon he concluded that the enzyme wae not re-~
gynthesized, If the enzyme, that 18, the original pro-
tein, cannot be synthesized from its split nroducts, then
the equlilidbrium exnression cannot be annlied, and the
congiderations from the law of mass action may not be
utilized. In addition, there 18 evidence that the
molecular welght of the nlastein is rather small, nrobably
below 1000, This has been demﬁhﬂtr&ted indenendently
by Ecker, Flosdorf, and Wblley"’ ’Qb Another serious
objection to the usge of this reaction ss a model of
pentide bond synthegise 18 the faot that in all cases
the ldentity and quantity of the rescting substances 1is
5. okem Bl 00, " %an‘i“’gm-?r-lﬁ 2t %éf%%"?igié?“”

3. Fosdort, E. ¥,, Belence, 187 (1941)
4. Folley, 8. J., Biochem. J., __215_, 99 (1972).
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unknown, the stens may be comnlex and interdenendent,
and the nature of the nroduect formed has not been clerrly
defined. In certain cases it has been shown that the
type of bond formed has been an intermolecular dlsul-
fide link&gé betwaen ﬂenbiﬁaal‘g.‘ |

Thus, although there 18 some exnerimental evidence
that nentide bonde may be syntheslzed from a concentrated
golution of nrotein snlit nroduects in the rresence of a
nroteolytic anzymé, the system doeg not readily lend
1tse1f to a study of the fasetors affecting peptide bond
synthesis.

The energy reculrements for the synthesis of
peptide bonds can amlso be met by ecnnstantly removing the
aguantlty of nepntide which 18 in eoqullibrium with the re-
actants. In all nrobsbllity such an exnlanation will
account for the férmation of benzamino acld snilides
from benzamino acids and aniline in the opresence of
papalin. \Eargmann and Frutans also nointed out the nce-

2ibility that such s mechanism might account for the

1. Linderstrom-Lang, K. and Johansen, ., Enzymologria,
7, 230 (1939).
2, Ueiger, w. B., Patterson, w. I., ¥Wizell, C. R, and
Harris, M., Jour. Res. Nat. Bur. Stand., 27, 489
(1941). _
. Bergmann, M. and Fruton, J., 8,, Ann. N. Y. Acad.
Sc., 45, 408 (1944).

bt
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synthesias of proteins. Northrapl has amplified this suge

pestion and postulates that the formation of insoluble

“ 4
s s % mey bhe one step

5

mgnalayera of proteins at Interfaces
In 2 possible mechanism for the synthesis of »roteins.
No mechanlism for the converslon of this insoluble proteln to
goluble protein in solution in the cytoplasm has heen
offered. The free energy considerations for the resciion
of amino aclds to form soluble proteins are still wvaliad,
for th@ conversion of these insoluble »roteins ls not
& spontaneous precess but will recuire energy.

Another pronosal that has been sugrested for the
fornallon of proteins ie thet the synthesle of the
prptide hond which requires energy 1s eounled with
snother recetion which liberetes energy. Certain of the
carbohydrate metabollc rezctions will not take place glone,

but will eccur if znother reacitlon vwhich lihersies

Horthrop, J. He, In YWorthrop, J. H., Kunitz, 1., and

Pl
.

Herxiott, H. M. Orystalline enzymes, 224 ed. ». 225,
felumbie Univ. Press, New York, 1948,

2. Gorter, L., Treng. Faraday. S0g., 33, 1125 (1237).

Se  Lengmuir, I., Prec. Hoy. Soc. London, A., 170, 1
(1958). ,

4., Langmulyr, I., and 8chaeffer, V. J., J. Ar. Chew. Soc.,
80, 1351 (19383),

5. PRobertson, T. B., Aust. J. Exp. 3iol. and led. Hg.,

3, 97 (1928),
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) R
energy takes place at the same time ’2. In these

counled reasctions, vpart of the energy libersted from a
hydrolyeis or oxidation 1s utilized in a synthetic re-
action., Generally such a mechanism involves nhoenhory-
lation. Bergmann and Fruton® sugprest that a simllar
coupling may take vlace in nrotein synthesie, and thet
the energy required from the peptide boné is furnished
from the energy avallable from carbohydrate metabolism,
the energy itself being nede available through some
energy rich intermadiaste. No resl evidence for any
such counling reaction exists. The nearest a»rroach

to trie nroblem hae besn Pfurnished by Borsook sand
ﬂubnoff*. Trey found that rsnid syntheslis of hinnuric
acid from benzolc acid snd glycine took nlasce in intact
liver cells; however, when the cells were minced or
when sn extract was used, the synthesis was stopped.
Here the synthesig of » peptide bond seems to be counled
to resoiration, and when resvirstion ceases, the

aynthesgis of hivpuric acld also ceases,

1. Meyerhoff, O., Ann. N, ¥, Acad. Sc., 45, 377 (1944),
2. Kalokar, ¥. M.,” Ann. N."Y. Acad. Be., 45, 395 (1944).
3. Bergmann, M. and Fruton, J. B8,, Ann. N, Y. Acad.

Se., 45, 409 (1944), ST T -
4, Torsook, H, and Dubnoff, J. ¥,, J. Blol. Chem.,

132, 307 (1940).




Another alternstive for the synthesis of neptide

bonds 18 that amino acids 28 such do not resct to give

1

pentides., Tergmann and Grafe” have shown that amino

acid amides oan react with keto acids to give debhydro-
pentides, which on reduction would yleld neprtides., At
the nresent time there 18 no evidence that any such re-
actlons take place in snimal or nlant tissue. The
nearest anproach has been the formetion of glutsmic
acid In animsl tissuses from the'kata acid and ammonia?.

Buch a mechanism would aceount, however, for the observa-

tion of Schomheimer- that the labeled € or N sunnlied

from one amino acid 18 scon found in all other amino
acids except lyeine. Thris migration of ¢ and N may alsgo

be accounted for by the studles of tranaamination4'5

or transmigration of methyl grouusﬁ.

It 1e obvious that none of the nroposals for the
mechaniem of the synthesgis of vrentides or nroteins

in vivo are bssed on comnlete evidence. None of the

1. Bergmann, M. and Grafe, K., 2. Physiol. Chem., 187,
187 {1930).
2. Von Euler, H,, Adler, E., Gunther, G, snd Das, N. B.,
2. Physiol. Chem., 254, 81 (1978). ‘
3. Bchoenhelmer, R. The dynamie state of body con-
stituents, Cambridge. Harvard University Press. 1942,
4. Braunstein, A. E,, YWnzymologia, 7, 25 (1929).
5. Braunstein, A. R, and Krdltzmann, ¥. G., Enzymologis,
2, 129 (1927).
6. Torsook, H. and Dubnoff, J. ¥,, Ann. Rev. Blochem.,
12, 183 (19432).




sugreeted mechaniems or series of rezctions ¢an, seccord-
ing to our rresent *nowledre, com~letely seccount for
’either the energy reauired or the gnecificlity of the
final »nroduct. It ean also be seen that from the view-
noint of a snecific model for the study of the factors
af feeting the synthesie of nentide bonds, the formation
of insoluble anilides from benzamino scides and aniline
offerg the simnlest system for Alreet exmerimentation.
Bergmann and hls co-workers utilized this reaction
rather extensively. Table I furnicshes a summary of

the commounds they nrenared.

One exneriment 1isted in Tahle I is especially
interesting, Rehrens and Rergmannl incubated acetyl-DL-
phenylalanylgl yeine with glveinanilide in the nresence
of vpapaln snd ohbtalned as the rnroductes of the resction
glyeine, aniline, acetvl-DL-rhenylalanylglveinasnilide,
and the unchanged acety1~gigphenylalanylgiyeine, They
were 2ble to isolate alséwg smsll amount of acetyl-gé;

phenylalanyleolyveylielveinantlide. Yrom theso facte they

taken nlace.

1. Behrene, 0. K.

and Bergmann, M., J. Biel. Chemn.,
129, 58% (1970}.




TABLE I

Summarized enzymatic pentide bond syntheses of Rergmann and collaborators

Substrates

Product Enzyme Reference
Carbobenzoxyglveine Aniline Carbobenzoxyglyein~ Panain 1
anilide
Henzoylglyeine Aniline Benzoylglyeln-
anilide Papain
Benzoylglycinamide Aniline Benzoylglyecin-
anilide ' Papelin
Carbobenzoxyglyeine Phenyl- Carbobenzoxy-
hydrazine glyecinphenyl-
hydrazide Papsin 1
Benzoylglycine Fhenyl- Benzoylglyelin-
hydrazine rhenylhydrazide Papain 1
Benzoyl-DL-leucine Aniline Benzoyl-L-leucin-
- enilide™ Panain 1l
Benzoyl-DL-vhenyl- Aniline Benzoyl-L-nhenyl-
slanineg alanylsmilide Panain 1
Acetyl-L-vhenylalanine Phenyl- Acetyl-L~nhenyl-~
= hydrazine 2lanyiBrenyl-
hydrazide Ponsain 1
Benzoyl-L-alanine Aniline Benzoyl-L-alanyl-
= ‘ anilide Pansin 1
Benzoyl-DL-leucine Aniline Benzoyl-L-~leuclin-
- enilide™ Bromelin 1
Carbobenzoxyeslyeine Aniline Carbobenzoxy-
glyeinanilide Bromelin 1
Benzoyl-IL-leucine Aniline Renzoyl-l.-
- leucinagnilide Cathensin 1

1



Table I (Continued)

Substrates Product Enzyme Reference
Renzoyl-DL-leucine Glveinsnilide PRenzoyl-lL-leucin- Papain 2
== anilice
Acetyl dehydrorhenyl- Aniline Acetyl dehydro- Papain 2
alenyl-L-glutamic phenylalanyl-L-
acta ~ glutsmic aeid
: monoanilide
Acetyl-L-phenylalanyl-  Aniline Acetyl-L.nhenyl-  Panain 2
L-glutamic acid alanyl=L-glutamiec
= | pctd mofioanilide
n-Toluenesul fonylglyeine Aniline n-Toluenesul fonyl- Papain 2
- glyeinenillide
Acetyl~DL-phenylalanyl~ Glveinenilide Acetyl-DL-nhenyl- PFPanain
glvein® alanylZlyeine
Glycine - Anlline
Acetyl-IL-nhenyl-
alanylegtvein-
anilide
Carbobenzoxy-L~phenyl- Glycinanilide Carbobenzoxy-L- Papzin 3
alanylglyein® phenylalanyl=
glyecylglycin-
anilide
Benzoyl-L-nhenyl- Glyeinanilide Benzoyl-L-vhenyl- Papaln 2
alanylgTlvelne alanylPlycin-
_ glyecinanilide
Carbobenzoxynhenyl- L-Glutamie Carbobenzoxynhenyl-Panain 3
alanylelvelne “acld mono- alanylglyein-L-
anilide glutamic scid™
monoanilide
Carbobhenzoxyzlyeine L-Glutemie Carbobenzoxyglyein-Papaln 3
: ~acild mono- L-glutemic seid

anilide Wonoanilide

¢




Teble I {Continued)

SBubstrates Praducts nzyme Referenaee
Acetyl-L-rhenylalanyl- Anliine Acetyl-l-phenylalanyl- Papain &
glycylFlyeine glyeingnilide
Carbobenzoxv-l-nhenvl - I-Tyrogin. Carbobenzoxy-lL-nhenyl- Papain 3
glanylplycin® “ami de slenyleglyein=lL-
tyrosinamide —
Benzoyl-L-tyrogine Glyein- Benzoyl-L-tyrosyl- Papaln 4
= anilide glycinshilide
Carbobenzoxy-DL- Aniliine Carbobenzoxy-lLe- Papsain
glutamic sci glutemic aclq
: monocanilide
Acetyl-DL-nhenyl- Aniline Acetyl-L-vhenyl- Panain 8
alanylZlycine alanyl¥Flyeinanilide
Acetyl-L-nhenyl-~ Aniline Acetyl-L~nhenyl- Panalin 7
alanyl=L-leucine alanyl-L-leucin-
= anilide™ _
Acetyl-D<nhenyl - Aniline Acetyl~-D-vhenyl- Panain 7
alanyl=L-leucine alanyfqggleaain~
anilide
Acetyl-aminocinnamoyl- Anlline Acetyl-aminocinnamoyl- Paraln 7
L-leucine L-leucinanilidse
tBrbobenzoxy-L-phenyl-  Aniline Carbobenzoxy-L-vhenyl- Papain 7

‘slanylelycin®

alanylglyveinsnilide

Yo

1. Bergmann, M. and Fraenkel-Conrat, H., J. Blol. Chem., 118, 707 (1927).

2. Ibid., 124, 1 (1928).

3. Bebkrens, 0. K. and Rergmann, ¥., J. Biol. Chem., 129, 587 (1979),

4, Bergmann, M. snd Fruton, J., J. Bioll Chem., 124, 221 (1928),

5. ?ruta?, J. 8., Irving, G. %. snd Bergmann, ﬁ.?fz. Bilol. Crem., 13Z, 703
(1940) . '

6. Bergmann, M. and Pehrens, O. K,, J. Blol. Chem., 124, 7 (1838),

7. Behrens, 0. K., Doherty, D. . snd “ergmann, M., J. Blol. Chem,, 128,
61 (1940},
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Acetyl-IL-phenylslanylglveine + glycinanilide
&natylﬁg&»phanylalanylglycylglyelnanilide
ﬁ@atylﬁggrphanylalanylgiyaylgiyaine + aniline
Aeatyljggrphanyl&1aqy1g1ycina + glvoine

\y
Acetyl-IL~phenylalanylglycinanilide

Thie serles of resctions demonstrates that hydrolytic and
synthetic resotions proceed in the same resction mixture
and are catalyzed by the same enzyme preparation under
identical experimental conditicns. A similar mechaniem
may be utilized in the reaction between banzoylﬁg-leucina
and glyeinanilide acetate to yield benzaylﬁg~1eucin~
anilide’,

As a model of peptide bond synthegis, the synthesis
to be the only availabla method at the present time whioch
fulfills both the anarg%‘ﬁﬁd gpecificity requirements
mentioned above. There are many unanswered aquesgtions re-
maining as to the manner in which these two requirements
of protein synthesis are fulfilled in a living organism.

No isolated model, however perfect, can be expected to

exactly parsllel protein and peptide bond synthesis in vivo.

1. Bergmsnn, M. and Fraenkel-Conrat, H., J. Blol. Chem.,
124, 1 (1939).




However, in an effort to gain more information as to the
mechanism of normsl and sbnormzl growth, more dats is
firet needed on the factors which af ect ventide bond
gyntheslis, Cne of tre simnlest methods of snrrosch is
the study of factore sfrfecting tre synthesisg of benzeminog
acid anlilides, sven though this 1g 2n incomplete
vhysiclogiesl model.

In 811 the experimente summarized in Teble X, 28 well
28 in 11 enzymztie syntheses of gimrle rentides nubhlisghed
by other workers, the citrate buffer concentration used
was8 0,2 molar or less. The majority of the exrsriments
uged buffere which were lesg than 0.1 molar. No definite
ﬁtuﬁ& of the effeet of changing the buffer c-noentratlon
hag been published in the literature.

The effeet of nH on rroteolytie enzymes hes long
been r@cegnizadl and gcremes heve heen devized for a system
of olassiflention of nroteolytic enzymee bated on thelr
pHE ontime. Oraesmen and Echnei&erg nronoeed a scheme for
the elesgelflerntion of nroteclytic enzymes. TRecent studles
indiczte thet such a elssgification gyatem cannot be used
for the ontimum nH of a proteclytic enzvme denende u~on
the surstrete. Rergmann and Wrntsns have shovn thet

e&rbehanmmxyﬁ&«gxutamylﬁ%~tyrna1ne 18 hyérolyvzed by

I, Borene-n, B.P.L., Blockem. Z., 21, 121 (1909).
2. Grassman, %, and Schneider, F., Lrgebnisse der
Enzymforschung, 5, 81 (1936),
3. Bergmann, M. and Fruton, J. 8., J. Blol. Chem., 127,
627 (1939).
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orystalline pepsin to the greatest extent at pH 4.0 while
the optimum pH for the hydrolysis of aarbobanzcxymg~glut-
amyl«ééphanylalaﬁina is at pH 4.5, Harington and Rivers!
found that the hydrolysis of carbobenzoxy tyrosyloysteine
proceeded more rapidly and to a greater extent at pH 4.0
than at 1.8, the ususl pH optimum for pepsin activity,

The effeot of pH on the hydrolytic activity of papain
has been the subject of 1imited experimentation, Leipert
znd Hafner® resorted thet papain hydrolyzed 47% of the
peptide bonds in casein at pH 5,0, The optimum pH for the
initial hydrolysis of casein by papain waé found to be

S, but at this pH only 350

7.0 by Lineweaver and Sehwimmer
of the peptide bonds were hydrolyzed. These authors also
revorted that for gelatin the optimum pH was 5,0, that

in their studies both the crystallized papain and a com-
mercial preparation showed the same effz0ts with respect to
pH, At pH 9,0 and 5.0 the rate of hydrelysis of casein was
only 60% of the rate at pH 6.5-7.0. Rocha e ﬁilvaé studied
the effect of pH on the hydrolysis of benzoylarginincamide
1. Harington, C. R, and Rivers, R. V. P,, Bliochem, J., 38,

417 (1944). ,
2. Leipert, T, and Hafner, 1., Biochem. 3., 229, 437 (1830),

3. %igz¥?avar, H, and Sohwimmer, &., Znzywologia, 10, 81
1 .

4, Rocha e 8ilva, ¥. and Andrade, 8. 0,, 7. Biol. Chenm.,
148, 9 (1943), '
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and found two dietinct pH optims, one at vH 5.0 and the
other at 6,8 to 7.0. For egg albumin and hemoglobin the
pH optimum for hydrolysis by paraln was about 7.0 to 7.5,
according to Gr&aﬁb@rg and wiuniak}.

All of these observations were more or less isolated
observations which were incidental to other nroblems. One
recent systematic study on the effeot of nH on the hydrol-
yeis of proteins and synthetic pertides by napain which
has attemptad %o c@fralata gome of this conflicting data
is that of Hoover and K@keﬁz. They attempted to find a
differential effect of pH upon the extent of enzymatie
hydrolysis. Commercial papgin was nurified by precipita-
tion from an agqueous solution by the addition of methanol
to glve s concentration of 70%. They found that the optimum
pH for the initiel ranid hydrolysis of casein was 7.0, but
at this pH only about 254 of the peptide bonde were
gplit, A% pH 5.0 the initial rate of hydrolysis was
much slower, but 50% of the peptide bonds were hydrolyzed at
this lower pH. They found that there was no anvreciable dif-
ference in the stability of the enzyme prevaration over this
range of pH values. The same engyme preparation was used

for the hydrolysie of the following three synthetic

1. Ureenberg, D. M. and Winniok, T., J. Blol, Chem., 135,
775 (19405 . =

2. Hoover, £, R, and Kokes, E. L. C., J. Biol. Chenm.,
167, 199 (1947), -



substrates: Dbenzoylargininemide, carbobenzoxy-L-iso-
glutamine, and hipnurylamide. Iﬁ each csge the ontimum
»H was between 5.0 and 5.5, According to these results,
the optimum pH for hydrolysis 18 vartislly a matter of
definition, since hydrolyeis nrocaeds more ranidly at
nH 7.0 but to a greater extent at 5.0, These authors
also sugrest that papain mey consist of at least two
active fractions, the aotivity of the nroteinase belng
highest at pE 7.0 and the aetivity of the veptidase be-
ing about 5.0, This suggestion is 8till hypothetical for
papain has thus far not been rmamivad into two separate
commonents whose activity and sneclficity are known.

The effect of pH on the synthesis of nentide bonde
has been studied by Bergmann and Fraenkel»ﬂmnratl for
the reaction of carbobenzoxyglycine and aniline in the
nregence of papaln to yield carbobenzoxyglyelnanilide,
Under the eonditions of the expsriment, they found the
optimum nH to be sbout 4.7. This wes about the same pK
as that for the ontimum hydrolyeis of hippurylamidez and
forj&~1@uoinamids3. The close agreement between these three

ontima may be the resson why pH 5.0 citrate buffer has been

1, Dergmann, M., and Fraenkel-Conrat, H., J. Blol. Chem,,
119, 707 (197).

2, Bergmann, W., Zervas, L. and Pruton, J. 5., J. Blol.
Chem., 111, 225 (1935), |

3. TDehrens, 0, K. and Bergmann, M,, J. Blol. Chem., 129,
587 (1929).
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uged throughout most of the published etudies on the
gynthesis of anili&ée as catelyzed by proteclytlic enzymes.
The effect of concentration of eubstrates has
apperently not been reported, There ls some sugresilon
thet Berguenr msy heve recognized the effect of increpsed
retios of aniline o benzeninoe scld, for In nmost of his
experiments four scouivelents of aniline were present lor
each soulvelent »f the I-Torm of the apino acid derlvative.
1th the excentlon of the studles of the offect of
pH which have been nprovicusly moentioned, there anpear
to have been no published systematic studies of resction

pondltlons which alffect enzymlc pentide bond synthesia.
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EXPERIMENT AL#

Preparation of Materials

Genersal method for the synthesis of benzoylamino aclds

The method of preparing tre benzoyl derivatives of
glycine, alanine, leucine, valine, phenylalanine, methionine
and p~methoxyphenylalanine was esgentially that of Ingersoll
and ﬁabcoekl a8 given for benzoylglycine. B8ince these
divedtions were followed with only slight modifications,
the nrocedure vill be given in detail for benzoylglycilne
snd only the modifications, 1f any, will be listed for the
other benzoylamino scide. This procedures was found to be
applicable for these amino acids for quantities ranging from
0.1 %0 1.0 mole., The nrocedures of steigerg and Carter and
$tevema5 were aleo found to give the benzoyl derivatives in

good ylelds,

Benzoylglycine

Thirty grame (0.4 mole) of glyecine (Aminocacetic acid,

3 EET maifing noints are uncorrected.
. Inpersoll, S. ¥. and RBabeock, 8. H., Organic Syntheses,
Coll. 2, 328 (1943)
2. Steiger, R. &,, ?EE Chem., 9 =y 306 (1944).
3. Carter, ¥, E, a,n‘a Stevens, C. M., J. Blol. Chem., 138,
627 (1941).
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{(¥erck) wae added to 400 ml, (0.4 mole) of 1.0 M sodium
hydroxide in a one liter, three neck, round bottom flask.
The flask was fitted with two drorning funnels and an
efficlent motor stirrer. Witk vigorous atirring, 56 g.

{0.4 mole) of benzoyl chloride and 200 ml. (0.4 mole) of

2 N sodlum hydroxide were sdmitted senerately from the
drovning funnels at approximately equivalent rates. The
solution was kept cold during the addition of the reagents
by means of an ice bath which was removed when the addltion
was complete. The stlirring wes continued for the next half
hour; the resctlion mixture had then warmed to room tempera-
ture. At this time no odor of benzoyl clkloride could be
detected. The reasction mixture was transferred tc a liter
beaker and acidified to about pH 3, as per Uongo red indi-
cator paper. After cooling for ﬁwo houre in the refrigerat-
or, the vrecipltate was filtered off, all clumps were broken
up, and the s0lid was vwashed on the filter three times with
100 wl. nortions of water. The dried nrecinitate wss bolled
for ten minutes with 250 ml., of carbon tetrachloride to
remove benzoic acid. The henzoylglyeine was sllowed to

dry in air after filtering fronx the Lot carbon tetrachloride.
The rroduct welghed 70 g. For finsl purification the acid was
recrystallized from 500 ml. of 50% ethanol. Thre long white

needles melted at 186-187°, Ingersoll and.ﬁabcockl renorted

1. ingeréoll, 8. ¥, and Babecock, 8. H., Orgenic Syntheses,
Coll. B, %28 (1943).
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the m.p. as 187-188°,

Benzoyl~Dl-zlonine

E%ﬁz&ylwgéwalﬁﬁiﬁ@ we.s pr@p&f@a from Jh-alanine {Dow,
technicsl grede) and benzoyl chleride using the nrocedure
given gvove for benzoylglyecine. The product obtained from
the hot carbon tetrschloride trectment (750 ml. carbon
tetrachlordde for 0.5 mole of banzaylﬁgk~alaﬁine} in one
cage had a melting point which was the same 28 thet of the
meterisl obteined from repeated crystallization. There
wa8 no depression when a mixed melting point was teken
with a pure sample, m.p. 166-166°. The m.p. 18 reported
in the litersture as 165-166° Y. The yleld of several

syntheses veried fron 87-94%,

Bengoyl-Dl-leucing

In. the prép&r&ﬁiﬁn of benzaylﬁggwleucine from Jl-leucine
(Dow, technlcal grade) the only modificetlon necessary was
due to the tendency of the benzoyl-pl-leucine to oil when

recipitated from the alkeline resction mixture with hydro-

ghloriec acid. Purification of the product wzg fzeilltated
1f the 01l was crysitallized by scoratching or seeding belfore
cooling in the refrigerator. Similarly, after the carben

tetrachloride tresiment, the suspension was not [iltered

I. Fischer, L., 3ox., 32, 2451 (1899).
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until the mixture had cooled slightly to nermit erystsl-
lization of the o1l whieh formed upon boiling. The
erystale obtained melted at 140,1419, The m.n. is
rervorted in the litersture asg 137~1410 1, The yield of

several syntheses varied from 83% to 94%.

Bsnzoyl-DL-valine

Bengoyl-DL-vsline was nrepared from DL-valine (Dow,
Teochnlcal grsde) with the nrocedure given sbove., The
melting point was 130»1310. Slimmar2 renorted the m.v. -
as 132,8°,

Benzoyl-Dl-phenylalanine

Eananyiﬂgk~phanylalanina was prepared from g&.phenyl~
alanine (Dow, Technical grsde) with the procedure given
above, The product melted at 187-188°. Fischer rerorted
the m.p. as 1&?*1830 5. The yields obtained were 80-97%
of theory.

Benzoyl-DL-methionine

The uwsual procedure was followed in the synthesis of

banzaylﬁg&gmathiamina. An almost quanitative yleld was Ob-

tained of whlte glistening vlates melting at 152° after one
1. ¥lecher, ¥., Ber., 23, 2370 (1900).
3. M™ecrer, E. and Wouneyrst, A., Ber., 27, 2282 (1900).
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recrystallization from 60% ethanol. The melting voint

wag renorted by ﬂill and Robson as 181° l

0;ﬁ~nibensmyl~grtyroaine was nrepared from L-tyrosine
(Merck) and benzorl chloride by a slight medificgtton of
the procedure for benzoylglycine., Thirty-six grame (0.2
mole) of L-tyrosine were added to 200 ml. (0.2 mole) of 1.0
N sodium hydroxide eolution in = three neck, round bottom
flask fltted with s stirrer and two dropring funnels. To:
thie solution were added 56 g. (0.4 mole) of benzoyl ohloride
and 400 ml, (0.4 mole) of 1.0 ¥ sodlum hydroxide at equivs-
lent rates. The resction mixture was kept cold during the
course of the addition whieh required about one hour. After
the sddition was complete, the mixture was stirred for one-
half hour more. The solution was transferred to a besker
and acldified with 6 ¥ hydroohloric acid. A dense white
precinitate was formed at once which orystallized unon stir.
ring. The arude product was fil tered off, washed with water,
and dried in alr. The solid was then boilled with 800 ml. care
bon tetrachloride, filtered while hot and again dried in alr,
Final nurification was effectel by reerystallization from
800 ml. of 60% ethanol, The reorystallized material melted

at 210-211°. Sohultze renorted the m.p. as 211-212° 2,

THIIT, . M. aneé R@bsan, W., Biochem. J., 70, 248 (1936)
2. Schultze, A., 2. Physiol. Chem., 28, 479 (1800).



Anal: Caled. for 621H1705N : neut. eoculv., 326
Found: neut. eoulv., 224

24
[Ty - 1780 4 0.2° (4.0% in pyridine)

gg;fgraﬁing

Thirty-six g. (0.2 mole) of grtyrosine (Huron Mills,
technical wrade) was refluxed on an 01l bath with 120 ml.
of technlcal grade glaclal scetic acid and 30 ml, of
technical grade 85% acetie anhydride for one hcur.l The
mixture was concentrasted under reduced nressure to a heavy
syrup. This wag refluxed for one hour with 200 ml, of 5 N.
hydrochloric acid solution.
| The solutiom wae agaln concentrated to a heavy syrun,
and treated with 100 ml. of water. Thie concentration was
twice rereated with the 2441 tion of water, 8 g. of Dareco G-60
wa# added, and the solution heated to bholling md 11 tered.
The nH was brought toc 5.0 & 0.1 with sodium hydroxide and
the solution was allowed to stand overnigrt in the refrigerat-
or. The dried nreciritate welighed 21.5 g. (85% recovery)
The elor of the product was yellow, but the material was
gatisTactory as an intermsdiate in further syntheses. The

nroduct shoved no rotastion on the nolarimeter.

T, Fiing, Preparation of amino acids and derivatives and
thelr effect on the growth of Lactobaclllus arabinosus.
Unpublished Ph. D. thesis. Ames, lova. lowa State
Colleze Library . 1946,
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0. N m‘h en gmxl-—&&—- tyrosine

The &wtymune obtained from the racemization rnro-
cedure wag benzoylated in the €sme manner as the értyrmsine,
uging a 3:12:1 meolar ratio of sodium hydroxide, benzoyl
chloride anﬂ.ggftyraslne regnectively. Torty-eight groms
of IL-tyrosine when benzoylated, gave s 71% yleld of
materisl melting at 226-228% after one recrystallization
from 50% ethanol.

Ansl: Caled. for CgyHy,0xN t N, 3.80%

Found: N, 3.61%

2-Iyroeine ethyl ester hydrochloride

This comvound was nrepared according to the directions
of Rotmann'., A suspension of 20 g. at.ggtyrnaine {Merek) in
1000 ml. of absolute ethanol was treated with dry hydrogen
ohloride for four hours. The solution ewbtained was re-
fluxed for two and one-half houre and left to stand over-
night. The golution was evarorated to drynees on s water
bath under reduced pressure. The dried residue was dis-
golved in 100 ml. of ethanol, and the ggytyrasine ethyl ester
hydroctloride wae precinitated with 800 ml. of dry ether.

The oil obtailned was erystalllized by soratching snd cooling.
I . ﬁaiﬁ&nﬁ. Fo’ ﬁe:’-, %, 1979 (1&9?)0



The slightly gummy, yellow cryetale were diegeolved in 100 ml,
of ethanol, heated for 5 minutes with 5 g. of Norite-A
and filtered through a thin layer of Super-Cel filter ald.
The eeter was praoinitatad from this solution by adding 2
liters of dry ether. The oil which formed was readlly
erystallized with a seed of the erude materisl. After dry-
ing overnight under vacuum, the material weighed 18 g. (45%),
m.n, 155°. The nitrogen analysis of thig comnound gave
conslietently low results, in snite of reneated cerystalliza-
tion. The mnalyses for chlorine agreed with the calculated
value. The nitrogen analysis of the comrounde vrepared
from this Intermediate gave values whrich agreed with the
ualculatéd values.

Anan: Caled. for CyiH1g02NC1 : C1, 14.4%

Pound: €1, 14.3%

N-Benzoyl-DL-Iyrosine ethyl ester hydrochleride

The procedure of Fbxl for Eubenzoylﬁgféiiodotyrosine
ethyl ester wae followed. Twenty-five g. (0.1 mole) of
tyrosine ethyl ester was dissolved in 100 ml. of water,
and treated with 200 ml. (0.4 mole) of 2 N sodium carbonate
golution, using a large senaratory flask. After shaking
vigorously, the mixture was extracted with two 100 ml.
portions of ethyl acetate. The ethyl acetate fraction was

placed in a sepsrstory flask and was treated with 12 ml,
1. Fox, 5. %w., J. Ar. Chem. Boc., 68, 194 (1946),
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(0.1 mole) of benzoyl okloride and 50 ml. (0.1 mole) of 2
¥ sodium carbonate. These reagents were added in four
arnroximately equal nortions, The mixture was shaken
vigorously for aﬁe~na1r hour. No more carbon dloxide was
evolved after the first ten or fifteen minutes. The ethyl
acetate layer was senarated, washed twice with 100 ml,
portions of wat@r, Aried with 15 v, of Drierite, and evaporat-
ed to drynees in an evarorating dish. The oily resldue
crystalilzed on cooling 1n £h‘,§efrigeratcr. The naterial
obtained from recrystallizing from a 1:9 mixture of ethyl
acetate and benzene weighed 27 g. {82%), m.n. 119-120°, A
gmall nortion wae agasin recorystsllized from ethyl acetate-
benzene for analysis, m.p. 119-121°, |

Anal: Caled. for OygNjgO.N @ N, 4.5%

Pound: N, 4,.5%

N-Benzoyl-DL-Tyrosine

The vrocedure of Fbxl for N-benzoyl-L-diiodotyrosine
wag followed. Twenty g. (0.085 mole) of N-benzoyl~DL-
tyrosine ethyl ester hydrochloride was added to 50 ml. of
8 N sodium hydroxide solution and the mixture was heated
under reflux for twenﬁy minutes on the water bath. After
Pive minutes all the s0lid materiasl present had gone into
solution. The solution was diluted to 150 ml. with water
and then acidified with 6 ¥ hydrochloric soid to arnroxi-

mately pH 3 with Congo red Andicator paper. A white
I.” ¥ox, 8, ¥,, J. Au. Chem. Soc., 68, 194 (1948).



olly preéinitate formed at once which s0lldified on
cooling., This s0lid was washed with 50 ml., of water and
dried Iin air. After recrystallizing from hot 20% ethanol
and drying in a vecuum, 16 g. (33%) of ﬁ«benzoyliggf
tyrosine wae obtained, m.p. 195~196°. Fischer revorted
the melting point as 198-197° 1,

Angl: Caled. for CygHy CaN 3 N, 4,9%

Found: N, 4.9%

L-Tyrosine sthyl ester hydrochloride

—
"

%nyrasina ethyl ester hydrochloride wag orenared
from L-tyrosine (Merck) using the same method as glven for
the gkftyrmaine ethyl ester hydrochloride. The sster
nydrochloride was obtained in 82% yield, m.p. 163-165°.

£

Rohmann reported a melting point of 166° .

N-Benzoyl-L-lyrogine ethyl ester hydrochloride

HwBanzayl*%rtyrwalne ethyl ester hydrochloride was
prevared from the ester hydrochloride and benzoyl chloride
in the Same manner a8 described for the N«banzoylfégtyranino
ethyl ester hydrochloride. The #mall white crystals ob-
tained from recrystallization from ethyl scetate-benzene

Io 'F?ﬂﬁﬁer B+, Ber, 22, 3638 (1960) .
3. Rohmann, F., Bar., 30, 1879 (1900).



119, melted at 112-114°.

N-Benzovl-L-tyrosine

Nmﬁeﬂzmylf%ftyrmsine wag nrepared in the same manner
a8 the N~banzmy1~g§?tyra$ina. The oil obtalined from the
hydrolysis could be orystallized by rubbing under hexane
and chilling. Upon recrystallization from ethyl acetate-
benzene, small whlte rosettes were obtained which melted
at 154°, After recrystallization from ethyl acetate-
benzene, 1:8, the melting voint was 165-166°. Fiseherl

renorted the m.p., as 165-166°,

Benzovl-p-me thoxy~L~phenylalanine

This compound was prepared sccording to the usual pro-
cedure from p*ﬁﬁthﬁxngfphanylal&niﬂ& and benzoyl chloride.
The method of Behr and ﬁlarkeg was used to synthesize the
p-methoxy-L-phenylalenine, which melted at 264-265° °.

The rotatlon observed for the methoxy-L-phenylalanine was
z”c%;7vga = -5.45% 4 0.73° for a 2.21% solution in 1 N
hydrochloria acid. The benzoyl derivative melted at 135.

137° and the rotation observed was‘[“c<;7n24 z -3.78°20.98°

1. Fiecrer, ., Ber., 22, 3638 (1900.

2. Behr, L. D, and Clarke, ¥, T., J. An. Chem. Soc., 54,
1820 (1932).

Z. This compound was prepared by S. ¥, Fox.
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for o 2.78% solution in ethsnel. Dehy and Glarkel reporied
the melting point of the methoxy-l~phenylelanine &8 264-

385”, thet of the benzoyl derivative as 13éw138°. The

velues for the @pecific rotation of these compounds cannot

be conpared with those previously reported, 8ince Behr

end Clarke used the green line of mereury for thelr determina-

Tiong.

Generel method for preparine the carbobenzoxyemine aclds

2
The srocedure of Bergmann and Zerves for preparing
the ecsrbobenzoxy dsrivatives of glycine, zlsnine and phenyl-
slenine was followed for preparing these compounds as well

28 the cozrbobenzoxy derivatives of leucine z2nd valine.

Carvobenzoxy-Dl~-glanine

& selutlon of 44.5 g. (0.5 mols) of DL-alenine in 250
ml. of 2 N sodium hydroxlde was placeld In a three neck,
round bottom flask fitted with an efficlent motor stirrer
and cocled in an lce bath. This solution was treated with
250 ml., of 2 N sodium hydroxide and 85 g. (0,5 mole) of
carbobenzoxy chloride. The reagents were added in approxi-

nmately equivalent rstes through separatory funnels. After

1. Benhr, L. D, and Crarvke, H. T., J. Am. Chom. Sog., 54,
1630 (1932). )

2. DPergmann, M. and Zerves, L., Ber., 85, 1192 (1932).
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the addition had been comnleted, the 1ce bath was removed
and the solution siirred for one-half hour more. The
solution wss mcidified with 6 N hydrochloric aeid to about
pH 2 with Congo red indicator pnaper. The oil whieh
8enarated crystalligzed unon stirring and cooling. After
gtanding for two hours in the refrigerator, the nrecinitete
wae filtered off, washed twice with 100 ml. portions of
watler and dried in the alr. The alr 4dry £0lid was washed
twice with 300 ml. vortions of hexane., The carbobenzoxy-—%a«
alanine obtained weighed 92 g. (82%) and melted at 110-112°.
Bergmann and Zervas found the melting noint to be 114-115° 1,

Anal: Caled. for Cy1Hyz04N t N, 6.70%

Found: N, 6.72%

Carbobenzoxy-DL-nhenylalanine

Ga.rbmmnmxng‘mhmﬂ&laﬂim was prenared from 83 g,

(0.5 mole) of &—pmnylalanine and 85 g. (0.5 mole) of
earbobenzoxy chloride secording to the procedure gilven

above for earbobenzoxy-fL-alanine. After washing the
produet obtained »ith hexaene, 142 g. (84%) of carbobenzoxy-
&«phenylmlamne wad obtained, melting at 89~90°. Bergmann
and Zarmsp‘ revorted a melting roint of 103°. An analytioal
sample was recrystallized from csrbon tetrachloride, a sample

melting at 101-102".

21'.‘ xﬁggsmmn. ¥. and Zervas, L., Ber., 68, 1192 (1922).
. 14,
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Anal: Csled. for Gl,?!?!l?(?v4ﬁ t N, 4.88%

Found: N, 4.59%

Garbeb@ﬂsaxgﬂggrvallnsl

Garhebannaxyﬁggnvaline wag prenmared from 58.5 g. of
DL-veline and 85 g. (0.5 mole) of carbobenzoxy chloride
sccording to the usual procedure. Unon aclidification an
01l wae obtained which at firet resisted efforts at orystal-
lization. After washing the oil with three 500 ml. por-
tions of water, decanting esch time, and finslly rubbing
under several 200 ml. portions of hexane, 113 g. (90%)
of crystals were obtalned which melted at ?4~76Q.

Anal: Caled. for CyaMynON : N, 5.55%

Pound: N, 5.56%

. . 2
Carbobenzaxyﬁgéflsuoine

This comnound was prenared from 66 g. of'gggleucina
and 85 g, (0.5 mole) of carbobenzoxy chloride in the usual
manner. This preparation alsco resulted in an oil which
wag crystallized ueing the same treatment which was success~
ful in obtaining erystalline earbobanzoxyﬁggalencine. The
weight of the product was 125 g. (94%) after washing, m.p.

46-49°.
Angl: Caled. for Cy H,o0N : N, 5.27%

Found: N, 5.24%

1. Previously nrepared and characterized by Fling, M.,
"ax, H., and Pox, 8, ¥W,, Unpublished experiments.
2. 1Ibia.



Chloracetylaniline

Following the procedure of Abdarhaldenl with slight
modificatinng, 47 g. (0.5 mole) of aniline in 250 ml. of
dry benzene was treated siowly with 28 g, (0.25 mole) of
chloracetyl chloride. The resction was carried out in o
three neck, round bottom flask fitted w1th a motor stirrer
and cooled in an ice bath. After all the chloracetyl
ehloride hed been sdded, the stirring was contlinued for
one-half hour more. At this time the mixture was very
heavy with crystals. The mixture was cooled in the re-
frigerator, the dork, red-brown crvstazls were filtered off
and washed @1thihree 100 ml, portions of benzene and two
S50 ml, portions of water. After dArying in the vacuum
desiccator, 61 g. of light tan eryetals were obtalned,
melting at 130-124°, Abderh&ldeng renorted a melting
point of 1859.

Glyeinanilide

The nrocedure of H11l and Kalseys wag modified slight~
1y. One thousand ml. of 95% ethanol wae saturated with

ammonia by ranidly bubbling the gas through the ethanol

1. Abderhalden, E. and Broekmann, H., Fermentforschung,
10, 164 (1928).

2. 1Ibid.

3. HI1l, A. J. and Kelsey, E. B., J. Am. Chem. Soc.,_ 42,
1709 (1920).
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while cooling the mixture in an ice bath. Yhen saturated
the ethanol contsined 125 g. (8.0 moles) of ammonla. To
this solution was added 61 g. (0.4 mole) of chloracetyl-
aniline; the mixture was plsced in a glass lined pressure
bomb maci‘ gllowed to stand at room temmerature for five

days. At the end of this neriod, the solution was evanorated
down to drynegs under reduced rresgsure. This crude masterial
was purified by two different methods,

For one portion the procedure of Fox and Halveraonl
was used. Twenty g. of the dried resildue wss treated with
34 g. of nicrie acld dlssolved in 2000 ml. of hot water.

A yellow flocculent mrecinitate formed at once. This nre-
cinitate was filtered off after standing twenty-four hours
in the cold. After drying in air, the yellow crystals
were washed with 300 ml. of benzene, then recrystallized
from boiling water. After drying, the vicrate melted at
190-191°%,  Abderhslden? revorts a melting noint of 186°,
Forty gresme of this nicrste was dissolved in 2000 ml. of
chloroform and then treated with 1228 ml. of water and 17
ml., of 10 N sodium hydroxide. The chloroform layer was
geparated and extracted with 750 ml. of water and 5 ml, of
10 N sodium hydroxide. After separating, the chloroform

layer was dried with 20 g. of Drierite and then evanorated

1. FTox, B. W, and Halverson, J. 8., Unnublished exneriments.
2. Abderhalden, E, snd Brockmann, H., Fermentforschung,
10, 164 (1928).
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to dryness under reduced pressure. The residue left was
gummy and could not be erysetallized by rubbing under hexane.
The gum was rsdisaalvea in 1000 ml. of chloroform snd wssé
agsin extracted with 500 ml, of 1 N sodium hydroxlide, After
drying over 20 z. of Drierite, the ehloroform #olution was
evanorated to Apynees., Almogt colorless small coryetale
were obtalned, melting at 60-62°, W11l ana Keleey rerort
the ditydrate of glycinsnilide as melting at 61-62° L,

The second method of vurificstion of glveinsnilide
utilized the differences in soluhility between the glyecine
anilide and the secondary bHase in water. The dried resi-
due wag gusnended in 3 rarts of hot water and the ineoluble
secondnry haee filtered of f, The filtrate was decolorized
with Norite-A 2nd then cooled in asn ice bath. The cold
golution wase sstursnted with smmonla eae. The crystals
which formed were filtered off snd dried under reduced
pressure for three davs,

Ansl: Cgaled. for GQHiOQSK .2 Hqs0 15,05%

Found: ﬁ,‘lﬁ.lsﬂ

rociShintelnitmt st L S-S

Benzoyl-Il.-leucinamlde

©
The nrocedure of Max"™ wae slightly modified. Six g,
(0.0255 mole) of benzoyl-DL-leucine was covered with 14

ml, of acetyl chloride in a storpered flask and chilled

1. Hiilli, 4. J. and Kelsey, B. Be, J. Am. Chem. Boc., 42,
1704 (1920). '

2. Max, J., Ann,, 369, 276 (1902).




in a freezer for about 10 minutes. The chilled mixture
wag trested with 8.5 g. (0.0265 mole) of phosphorus venta-
chloride in one nortion. Unon shaking the mixture, all of
the €0lid materisl went into solution., After 10 minutes
the resction mixture was cooled with cold running water
and 100 ml. of dry hexsne was added. There was formed at
once a dence white vreeipitate which was filtered off and
washed with two 150 ml. portions of dry hexane., The acld
chloride was utilized at once without purification or
identification. The crude ohloride wae added to 150 ml.
of smumonla-saturated snhydrous ether which had been pre-
pared by bubbling smmonia into 150 ml. of ether cooled in
an lce bath. Additional ammonis was bubbled into the
mixture after the addition of the ehloride for about 25
minutes. The s0lid meterial present weg flltered off and
aried in the alr. The dry material was washed “irst with
50 ml. of water, then with 50 ml. of 10% sodium carhonate
solution and then with two more 25 ml. nortions of water.
The product weighed 3 g. after reerystallization from 1800
mi. of water, M.p. 169-170°. The renorted m.p. was 188°.

Benzoyl-PL-valinamide

This commound was nrenared by the ssme nrocedure as

for banzmylgggﬁlaualnamida. Bix g. (0.024 mole) of
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benzaylﬁg%~Va11ne gave 2.1 g. of banzoylﬁggavalinamida,

o
m.o. £2$~231°. Faxl renorts the m.p. a8 217-219 .

Enzymatic hydrolysis of smides

For these exneriments 0.00Z mole of each of the bengz-
amino acld amides were incubated with 10 mg. of nanain and
10 mg. of cystelne hydrochloride in 10 ml. of 1.0 M clitrate
buffer, pH 5.0. The incubstlione were carried out in tightly
stoppered tubes at 40° ¢. for three deys, At the end of
this time, any eolld nmaterial nresent was filtered off and
the filtrates analyzed for smmonla by a modlfication of
the ¥Folin mathodg, This modification utilizes the faot
thet ammonis i1g coléd Aistilled more ranidly from a solu-
tion made alkalline with sodium borate, than from any other
sodium sa1t3? In addition, the use of sodium earbonate
might slso be dlssdvanteageous 41f scidlie bufferg were used,
since the liberation of carbon dloxide would interfere
»1th the subseguent titration.

Ammonia and moisture Tree alr was bubbled through a
solution of 2 ml., of the filtrate from the amide hydrolysis
mixtures deseribed sbove, snd 5 ml. of a saturated solu~

tion of sodium borate. The effluent air was then bubbled

. Fox, ¥, ®,, Unpublished exneriments.

2. Hawk, P. B., Oser, B, L. and Summerson, ¥. H.,, Practical
Physiologicsl Chemistry. Philadelphis, Blskiston Co.
1847. ». 828,

3. Conway, 5. J., Mlero-dl“fusion ansalyels and veolumetric
error. London, C. Lockwood & Bon Ltd. 1939,
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through 10 ml, of 1% boric acid solution. Thris cold
distillation of ammonias was continued for three hours at

a rate of about three bubbleg of silr ner seecond. The .
boric acid solution wae then titrated with 0.01 M standard
acid using modlified methyl red indicator'. From these
titrations the amount of ammonia could be determined and
the exten® of hydrolysis of the amides calculated. This

procedure, when checked with known amounts of ammonium

sulfete, gave 95% - 3% recovery.

Math@ﬂ‘gg treating‘mamagg

The procedure of Gras&manng 28 modified by Bergmann
anﬂ,?raenkel~ﬂgnratg was uged. Twenty.five g, of = com-
meércial pansin prenaration was suspended in 1000 ml. of
water and stirred for twenty minutes. The insoluble
ma terial was flltered off and disocarded. Hydrogen sulfide
was bubbled through the filtrate for four hours. To this
solution was added 1500 ml, of absolute methanol. A pre-
cinitate formed at once. After gtanding overnight in the
refrigerator, the precipitate wag filtered off, resuspended
in 1000 ml. of water and the hydrogen sulflde treatment

repeated. The precinitated enzyme recovered from thie

T. BZ mg. methylene blue and 125 mg. methyl red in 100
ml., 95% ethanol.

2. OGrassmann, ¥W., Blochem. Z., 279, 121 (19%5).

3. Bergmann, M. and Praenkel-Conrat, H., J. Bilol. Chem.,
119, 707 (1979).
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geoond trestment was washed firet with two €50 ml. vortions
of methanol, then =1th 250 ml. of absolute methanol, and
finslly with 250 ml., of dry ether, The nrecinitate was
dried under reduced pregssure over rhosnhorug rentoxide, and

o
wag gtored 2t 8 4n 2 desiceator,

Genersl method for the synthesls of benzamine acld enilides

All exverimente were carried out »ith the esme general
nrocedure for adding the ocomnonents of the incubation mixture
snd for obtsining and purifying the nroducts of the reactions.
Tyrically, 2T nml. of 2,0 ¥ ocitric seild solution and 0.23 g,
of redistilled aniline were added to 6.0 ml, of 2 1 N
godlun hydroxlde solution contsining the stated amount of
benzoylated amino acld. To this was added 2.0 ml. of »nn
enzyme solution nrepared by dlissolving 2.00 z. of panainl
in 80 ml. of & 1.0 ¥ cltrete buffer golution {(nE 5.0),
filtering through pyrex wool, and treating the filtrate with
2,00 g. of oysteine hydrochloride (Merck). The solution was
brought to 45 2 ml. by use of the apnronriste buffer
solution. The nH was adjusted to the indlented value wlth

10 N sodlum hydroxide solution with a glass electrode.

T.  Unlete ststed enecifically, nll enzymatic reactions
used commereial papain., These gtudles utilized nrevara-
tions obtained from Merok, ™ fco, and Nutritional Blo-
chemiocals,. Comparable resulte were obtained from all
of the nremarastioneg used when checked against the
ability of the enzyme %o catalyze the snthesls of
benzoylglycinanilide and.benzoyl«%;alaninanilide.
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The volume wes brought to 50 ml. »ith 1.0 ¥ citrate buffer
of the proper pH, the incubation mixture »ss nrlsced in 22

x 150 mm. test tubes, storpersd tightly, and incubated for
72 hours at 4&00. The tubesg were shaken by hand at arproxi-
mately hourly intervals throughout the working day. The
nroducts were filtered, waghed first w»ith s smell smount

of water, then with two 10 ml. portions nf 1 N eodium
hydroxide gnlution snd then corniously with water. The
precivitates were allowed to dry In sir a minimum of

twelve hours, snd were then weighed. 1In esch case the
melting noint of the vrroducts ohbtained through this wash-
ing teeknisue were in eloce eprresment with the melting
rointe of anelytleally nure ssmmles. Yor the prensration
of large amounte of the anilides, the modificetiong whieh
rere made in this genersl procedure are snecifieally

stated. 8imilarly, in studying the effect of verious factors
on the syntheele of benzemino scid snilides, all modifi-

cations sre #tated in the enecific procedure.

Procedure for the syntheels of carbobenzoxyamino ncid anilides

Two-tanths nf 2 mole of the earbobenzoxyamino aold
wag waighed out into s 14 ter Erlenmever flask and covered
with 650 ml, of 1.0 M citrate bufrer, nH £5.0. To tiis
mixture wae added 55.5 g. (0.6 mole) of redistilled anlline,

and 700 ml. of a filtered 1.0 M citrate buffer sslution



containing 2.0 g. of parein and 1.5 g. of cysteine hydro-
echloride. The volume wns made ur to 1000 ml., after adjust-
ing the pHE to 5.0 =ith 10 N zodium hydroxide. The flaskse
were tightly gtorpered snd incubated at 40°. After in-
cubating for the period of time indieated in Table 1T,

the eo0lid materiasl oresent was filtered o°f, the vrecivitate
washed Pirst with two 400 ml. portions of water to remove
water soluble impurities, then with two 300 ml. nortions

of 2 N hydrochloric acid to remove sny excess aniline.

The 80114 residue was then trented with two 100 ml, portions
of 1 K sodium hydroxide to dlssolve any residual carbo-

benzoxyvamine scid snd wae finelly washed coplously with water.

Table IX

Yiz1ld8 of carbobenzoxvamine seld anilides

Carbobenzoxyamine acld Welght, Time of Weight of Yleld

. incube~ anilicde, ner-
tion, g. cent
days

6&rbobenzmxyﬁg&¢Vallne 50.2 ¥4 14.4 44
Carbobenzoxy-Dl-leucine 53,0 8 12.7 37
Carbobenzoxy-Dl-alanine 44.6 2 28.0 04
Garbabenzoxy~g&r

nhenrlalsnine &0.0 z 6.2 a7




The anilides were recrystallized from 50% ~thanol.
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The

mel ting pointe, rotations, and nitrogen analyses for the

anilides are rerorted in Table ITI.

Table

IiI

Peonerties of Carbobenzoxyamino scid anllides

Gommound Melting N caled. N founda /7 7,77
noint % % "
Carhoben z20Xy-L-
leveinaniliTe 179-141° 8.22 8.11
Carbobenzoxy-L- o
valinanilids 182.184 8,52 8.47
Carbobenzoxy-L-
vhenylal snifi- o o o1
anilide 168-.159 7.580 7.28 - 48.9° -~ 7
Carbobengoxy-L- o o o2
alaninzniliTle 184-1653 9 .40 9.27 ~ 12.0Y - .8

ot
L 3

Q0

ihon

2.74 in shloroform
4,14 in chloroform
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RESULTB
Effect of pH on Enzymatic Peptide Bond Synthesis

Since 1t 12 known thst enzyme sctivity 1s affeoted
by the pH of the reaction media, and in particular that
the synthesis of carbobenzoxyglyclnanilide as catalyzed
by papain is affected by the pHE of the buffer solution
used, 1t was desirable to ascertaln whether this effect
wag general for other amino acids., For thle reason the
benzoyl derivatives of glycine, £E~alan1ne, g&;leuaine,
DL-phenylalanine, pmmathoxyﬁgrphenylalanlne, L-tyroeine,
and the O,N-dlbenzoyl derivative of %rtyrosine were ine-
cubated with aniline in the oresence of papain in cltrate
buffers renging from nH 2.0 to 7.5. The identity of the
products was egtablished in esch case by melting noints
and mixed melting noints with samnples whose i1dentity had
been established by analyseils.

The data presented in Fig. 1 (n. 56) is typlesl of
many of the results obtmined. In this figure, the nercent
yleld of benzoylglyoinanilide obtained 1s nlotted against
the pH of the incubation solution. In Curve 1 1s denicted
the yleld of anilide obtained from 0.005 mole of benzoyl-
glyecine and 0,005 mole of aniline when incubated with 50
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mg. of papain and 50 mg. of cysteine hydrochloride in 1.0
¥ buffere of the indlcated oH values. The total volume of
the incubation solution wag 50 ml., Similarly, Curve 2
vregents the data from an exveriment in which all conditions
were the same except that 0.1 M citrate buffer was used
rather than 1.0 M bhuffer. Curves 3 and 4 represent the
data obtained from similar experiments using 1.0 and 0.1 M
uitrate‘bufferm respectively, but with only half the
amount of benzoylglycine and half the amount of aniline
ueed in the firet two series. Under these conditions,

the pH optima for the enzymatic synthesis of benzoyl-
glyeinanilide was virtually indenendent of the buffer
concentration and the oconcentration of the resctants,

The data for the effect of nH on the yleld of benzoyle.
L-slaninanilide 18 presented in Fig. 2 (p. 68). Curve 1
presents the yields of benzcy1~£;a1aninanillde obtained
when 0.005 mole of benzoyl-IDL-slanine and 0.0025 mole of
aniline were incubated with napain in 1.0 M citrate buffers
of the indleated nH. Curve 2 renresents a similar series
using 0.1 M buffer. As wae the case for benzoylglyein-
anilide, the pH optimum for the synthesis of benzoyl~L-
alaninanilide ﬁaa independent of buffer concentrastion
for the exnerimental conditions used.

A different type of curve was ohtained for the effect

of nH on the yleld of banzoylﬂggleuelnanilide. In MMg. 3
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(p. 60) are platted the ylelds of benzoyl-L-slaninanilide
(Curve 1) and benzoyl-L-leucinanilide (Curve 2), 1In both
series the conditions were those that have been desoribed
in the Exnerimental section for the general method of nre-
paring the bengzamino acld anilides. The experiment ueing
benzoylalanine was repeated as a confirmation of the

first series using benzoylalanine (Mig. 2), since different
lote of the commercial napaln were used in Mg. 2 and Pig.
3, The results using these two different lots of enzyme
were comparable within the limite of experimental error.
The optimum vH for the synthesis of bensoy11£~leuoinanilide
was about pH 6.2, while the optimum nHE for the synthesis

of benzoylglycinanilide and benzaylﬁgfalaninanillde was
about pR 5.0,

In Pg. 4 (p. 61) 18 represented the effect of pH on
the yleld of benzoylﬁg~phenylalaninanllide {Curve 1) and
banzoy1~p~methoxyf%rmhanylalaainaniliae (Curve 2). In each
case the ontlmum nH for the papain catalyzed eynthesis was
about pHE 8; the yield of anilide becoming lesgs ag the in-
cubation solution became more aclidic or more slkaline.

For waenzayiogrtyragine anilide and for O,N-dlbenzoyl-
értyrmsinanilida the pH optimum for synthesis was about pH
8 or slightly higher. The effeet of pH on the yilsld of
these anilides 1z represented by Fig. 5 (n.33). Curve 1
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renresentd the data for the monobenzoyl derivative and

Curve 2, the dibenzoyl derivative.

Effeet of Buffer Concentration

Initially these nH studlies were carried out using
cltrate buffer concentrations of 0.1 M. It was notlced
that when more concentrated buffer was emnloyed, such as
1.0 ¥, the resction frequently nroceeded more ranidly.
Thue, for a glven reaction time, the over-all yleld was
inereased, In the case of benzoylglyelnanilide, the
use of more concentrated buffer increased the yleld of
anilide sbout three-fold for a three dasy incubation
period (Fig. 1, v. 56). One of the most striking examples
of the effeet of inoressed buffer concentration is rre-
sented in Plg. 2 (p. 58); in trie exveriment the ocondi-
tiongs were such that 1.0 M buffer caused greaster than s
twenty~-fold incresse in yield of benzeylﬁé-alaninaniliﬁe
at the optimum pE., Becsuse of thlg effect of buffer
concentration, the enzymatic studies in the remainder of

this theslis were carried out using 1.0 M buffer,
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Effect of Concentration of Reactents

A& gquantitative evalustion of the effact of concen-
tration of all the resotants ig brousht out in P™g. 8 (n.
65), with the amounts of a1l the comnonents held
eonstant, the total volume of buffer was varied for
both banzoyiglyain@ and benzoylalanine. The incubation
time was three days at 40°. In esch oase the yleld was
ineressed with increaging concentration of the reactants.
In the experiments where the total volume was 40 and 20
ml., a large nart of the benzoylamino aeids 4id not go
into solution when the reection mixture was nrepared.
The nroducts ohtained from these two-phase reactions
were ildentical to those obtained from the reactions

where all the reactants were in solution initislly.
Effects of Other Exrerimental Conditions

In Table IV (v.88) are presented the effects of
varistions of a number of conditionge. The effects of
alteration of any one condition in most of this work
ssemed Yo depend upon the combinstion of other conditions
employed. In the experiment rernorted, controlled varia-

tions revealed that 6 daye' incubation gave slightly
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Table IV

Effects of conditions on yield of benzoyl~gfalan1nanilide

Buffer Ty Aniline/acid Time, 2i€1d
Concen- Aniline Molar Ratio CRZVWe p ..° Perceht
tration,
¥Molar ,
0.10 25 1:1 Commerelal 3 2.4, 2.7
0.10 25 1:1 Commercisl 6 3.0, 3.8
1.00 25 1:1 Commercial 3 44, 46
1.00 50 23 Commereinl 3 70, 71
1.00 100 4:1 Commercial 3 84, 88
1.00 25 111 Commercial 6 51, 52
1.00 25 1:1 BHydrogen Z 48, 49
v sulfide~
treated
1.00 100 4:1  Hydrogen 6 85, 86
gul fide-

trented
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larger yielde than three days! incubation, the con-
mercial samnle emnloyed (Difco papain, control no.
%84752) eatalyzed slmost se well as an hydrogen sulfide-
treated enzyme, much grester incresses in yleld resulted
from more concentrsted buffer, and from using a high
ratio of aniline to benzamino scid.

& similar experiment was set un for benzoylvhenyl-
glanine which wae, in contrast to benzoylalanine,
relatively insoluble in the buffer mixture. The results
in Table ¥V {p. 68) can be sgeen to be qualitatively

similar to those for the alanine derivative.

Effect of the Type of Bubstitution of the Amino Acld

Another faotor of imnortance in some anllide syntheses
was the tyre of subsatitution of the amino acid. Various
derivatives of rhenylalanine have been investigated;
the resulte are presented in Table VI (p. 70). Under the
experimental oonditions ueed, 1t would anpear that there
existed a sharp eveciflceity in resectivity between N-
benzoyltyrcosine and O,N-dibenzoyltyrosine. Under other-
wice identicsl exnerimental conditions, the dlvenzoyl-

tyrosine reacted ranidly but the monobenzoyltyrogine was
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Table V

Effects of conditions on yields of benzoyl-L-vhenylalanin-

anilide

Buffer  m M Aniline/asid gp,o.” Time,  Yleld,
Concen~  Aniline Molar Ratio Daye Percent
tration,
Malar
0.10 25 1:1 Commercial 3 12, 14
0.10 25 1:1  Commercial 6 17, 18
1.00 25 1:1 Commercisl 2 40, 42
1.00 B0 211 Commerelal 3 32, 57
1.00 100 411 Commercial 2 75, 78
1.00 25 131 Comuercial 6 46, 48
1.00 26 1:1 Hydrogen 3 44, 45

sul fide~

treated
1.00 100 4:1 Hydrogen 6 86, 88

sulfide~

traated
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unreactive. The comparative results showed that the
rgilura of aha’g&~eompound to reset was, in this case,
not due to combination of the Deand L antipnodes, sinoe
G,ﬁndibenzoylﬁgg~ﬁyr@aima yielded c,x~d1benzoy11%-
tyrosinanilide, as well as O,N-dibenzoyl-L-tyrosine.
It was firet suspected that the presence of the free
hydroxyl group in the monobenzoyltyroeine was respons-
ible in some manner for ite unreaotivity, sinoe both the
ibenzoyl derivative and benzoylphenylalanine gave
anilides in good yleld, Accordingly, benzoyl-p-
methoxy-L-phenylalanine was incubated with aniline in
the prasénme of papain, Agein the corresponding
snilide was obtained (Table V). Bubsequently the effect
of pH on the formation of all of these benzoylated
amino aclds was studled, as has been discusced previously.
As a matter of curiosity, the monobenzoyltyrosine was
also included in this study. It was found that at pH
5.0 the yield of anilide was virtually zero, but that
at higher pE values the anilide was obtained in good
yield (Pig. B).
Pesctivities Found Within the Monoamino-
monocarboxyliec Acid Beries

In emtrast to the arpreciable yleld of anilides

obtained from the benzoyl derivatives of glyecine,
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Table VI

Reaction of aromstic smino scid derivatives
with aniline at pH 5 under the influence of
panain

Acyl Comnoneht Yield of Anilide
Percent

ﬁwﬁenmylmg&,{pmnyl alanine 12.2, 12.3

H-Benzoyl-DL-tyrosine 0, 0
N-Benzoyl-L~tyrosine 0, 0
,Qmﬁybihanmayl~h~tyrnsin@ 6.9, 6.2

HN-Ben wvlwpumathoxy»lm
phenylslsnine 44.5, 44.7
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alanine, and leucine, Minarﬂl found that benzoyl-DL-

valine, when inocubated with aniline in the presence of
vapsin, yielded only smaell amounte of the sniligde.
Revetition of thie work showed that the yield of benzypyl-
érvalimanilide, under the usual exverimental conditions,
varied from 4 %o 7% and no srpreciable Aifference in
Yield resulted when hydrogen sulfide-tresated enzyme was
used rather than s commsrcilel preperation. It was sug-
gegted that the reseon for the relative non-reactivity
of benzeyl-DL-valine might poseibly be due to the
relatively greater solubility of benzoylﬁafvallnanilide
in cowparison to the anilides of henzoylalanine and
benzoylleucine. For this resson an attemnt was made to
determine the solubilities of benzoylvalinanilide,
benzoylalaninanilide and benzoylglycinanilide in citrate
buffer solution. Two different methods were tried; the
first involved the determination of the amount of aniline
present in the acld hydrolysate of a saturated solution
€ the enllide in cltrate buffer, while the second in-
volved Kjeldahl nitrogen determinstione on chloroform
ektracta of a eatursted anilide seolution in cltrate

buffer, Nelther method gave satisfactory results, since

1. ¥Winard, ¥. N., Synthesis of some valine derivativee
88 notential antibacterial agente. Unpublished Ph.
D. Thesis. Ames, Iowa. Iowa State College Library.
1949,
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none of the sclubllity valueg eould be dunlicated on
repetition. The values obtained Aid show that in all
probability no great Aifferences in solubility existed,
and that in each case the golubility of the snilide
was in the order of decigrame per liter of eitrate
burfer,

From these unaccentable results, 1t was concluded
thet another exnerimental arproach might show that a
reagson other than the golubility of the anilide might
he the determining factor in the relatively low ner-
cent vield of banzmylﬁ&mvalinanilide obtained under
the experimental conditione emnloyed. If 1% could be
demonstrated thet these benzoylamino acid anilides
ware formed st arpreciably different ratesg, and that
equilibrium had not been reached in the customsry three
day incubation veriod: then any differences in yield
night be due nrimarily to dlfferences in rate of re-
aection and not to Adifferences in golubility of the
snilides,

The imnortance of rates of reaection 18 1llustrated
in Pig., 7 (p. 72) which demongtrates that these
geyntheses heve not reached eocullibrinum by the third dsy.
It 1s obvious that the rete of reaction of benzoylvaline
wag the slowest of the group studled; the slone of the

ourve remains almost eongtant for the three day veriod.
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Another concelvable manner in whiech the properties
of the solid anilide could be determinant of the extent
of the reaction is that in whieh tre eolution hecomes
supergaturated with the anilide. In sueh a case, the
formation of the anilide wowld he decreased if the
equilibriun conditions were reached. In order to check
on thig, the rate exneriments of Mg. 7 were renested
with 200 mg. of anilide initlally added to enough tubes
so that dally filtration of the sname tubes wns unneces-
sary. In the event of supersaturation, precinritation
woul & he mogt facllitated when in contact with added
80l1d acting o8 eeed material. In no cesse, within the
limite of experimental error, was any enhancement of
¥ield observed during the three day veriod.

Another anoroach to the nroblem of the relative
unreactivity of benznylzak~valine in the anilide syn-
thesls wag attemnted using hydrolytic reactions rather
thon synthetioc reaetions, Penzovivalinamide, benzoyl-
leucinamide, and benzoylglycinamide were inoubated
with papain in pH 5.0, 1.0 ¥ citrate buffer and the
extent of hydrolysis determined as hae been described in
the Experimental section. The benzoyvlvalinamide was

hydrolyzed to & consgiderably lesser extent than was
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elther the benzoylleucinamide or the benzoyleglyecin-
amide. The results are tabulated in Table VII below,

Table VII

Extent of hydrolysis of benzoylated amino
_ acld amides

Amino acia Percent hydrolysis
Glyecine 59
Yaline 3.7
Leucine a2

Although benzovlivaline wag relatively unreasctive
under the ususl exnerimentsl conditions emnloyed, 1t
wag deslirsble to determine vwhether a large aquantity
of the enilide c¢ould be prenared under esneclally
favorable eonditions for synthesis. The study of the
factore sffecting snilide synthesie bad shown that a
high ratio of aniline to benzemino acld and high re-
actant concentrations incresnsed the yield of anilides,

1

Fox ané Halverson” had shown that the oH ontimum for the

synthegis of benzoylvelinanilide was between 6.0 gnd

5.5. The rate study discusged nreviously had shown

I, 7%, B. ¥. snd Falvereon, J. 8., Unpublished
exneriments.
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that nhﬁ rate of synthesis of the anilide was slow
ai:d that at the end of the third day no diminution 1in
the rate of synthesls could be observed.

Accordingly, 22.1 g. (0.1 mole) of benzoyl-DL~
valine and 20 g. (0.215 mole) of redistilled sniline
were lacubated in 500 ml. of pH 5.0, 1.0 ¥ oltrate
buffer with 3.2 g. of papain and 1.28 g. of oysteline
hydrochloride. After three daye, 7.1 g. of anilide
were flltered off and at the end of sn additlonal seven
days another 5.5 g, were ochtained, The melting nolnt
of the e¢rude nroduct was 218-220°, Thie orude material
contained a small amount of chloroform insoluble
material; in order %to obtsin a reading in the polarimeter,
the anilide was dlesolved in 200 ml., of chloroform and
treated with 4 g. of Norite-A vhile hot. The anilide
was recovered from the filtrate by evanorstion of the
solvent. The welting noint of this materisl was 219-
220%; the specific rotation was [fc{;7ngé = .78,2° 4

lfmmd

0.9% (¢ = 4% in chloreform). Fox and Halverson
the nelting noint to be 220-221°, and the rotation to

23
be [ 7~ = -00.6° 4 0.9°.

1; Fox, 8., ¥, and Halverson, J. 9., Unvublished
exveriments,
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Enzymatic Reactions of Benzovlated Amino Acids
¥With Glyecinanilide

A series of benzoylated smino aclds were incubsted
with glycinsnilide in nlace of aniline. In each case
0.001 mole &f the benzoylsted amino acid and 0.150 g.
(0.001 mole) of glycinaniiide were susnended ‘n 10 ml,
of 1.0 M, nH 5.0 oitrate buffer vhieh contained 10 me.
of commercial papaln and 10 mg. of cysteine hydro-
ehloride. The resction mixtures, in tightly stonmered
test tubes, were incubated for three deys at 400. After
inoubation, the solid material was filtered off, washed
with 50 ml., of 1 N hydrochlorie acid to remove gny un-
reacted glyecinanilide, then with 100 ml., o 1 N sodium
hydroxide, and finally =1th two 50 ml. vortions of water.
The residues were welghed after drving in alr for twelve
hours. Melting noints were taken after recrystsllization
from 504 ethanol. The results are renorted in Table
VIIX (»., 78), The melting polnts obtained were in such
good agreement with the melting noints of the corresnond-
ing benzoylamino scid snilides that mixed melting noints
were taken »ith vure gsamnles of anilides whose 1dentity had
been established. For all the benzoylated amino acids
excent glycine, the nroduet was the corresnonding

benzoylamino acid anilide. In the case of glycine, the
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product was identified by nitrogen anslysis ag bengzoyl-

glyeylglycinanilide. 8Since Behrens and Eergmannl have
Table VIIIX
Reactivity of benzoylated amino
acids with glyeinanilide
Amino  Welght of Welght of Melting Produoct Per-
acld benzoylated product, point cent
amino aecids g. yield,
uged, . 2.

Glyeine 0,179 0.212  222.223° Benzoyl- 23
glyeyliglyein-
anilide

Valine  0.221 0,050 218.220° Benzoyl-L- 8
velinaniTide

Leueine 0,236 0.111  212-213° Benzoyl-L~ 46

‘ leucin. ™

anilide

Alanine 0.193 0.127  174-176° Benzoyl-L- 34
alanin-
anilide

Phenyl-  0.269 0.034  215-218° Renzoyl-L- 20

alanine phenyl-
atanine.

anilide

ghown that glyeinanilide is not hydrolyzed in the presence
of papsin, theege reactions must follow the same mechaniem
whieh they have shoem for the reactirn of acetylphenyl-

alanylglyeine and glycinanilide. On the besis of this
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assumption, the following series of rezetions must have
occurred (benzoyl-DL-leucine will be used ss a snecific
examrle), The banzoyl:g&*leucine rescted with glyein-
anilide to yield banzoy1~égieacylglycinanil1de. This
compound wase hydrolyzed t§ give aniline and benzoylfg~
leucylglyeine, which in turn was hydrolyzed to give
benzayligfleueine and glyecine. The free sniline
liberated from the previous hydrolysis then rescted with
banzaylﬁgnleucine to give the snllide. ¥or some reason
the benzoylglyeylglycinanilide which was formed when
benzoylglycine was incubated with glyeinsnilide was
resistant to hydrolysis by napain under the exverimental

conditions used,
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DISCUBBION AND CONCLUSIONS

The results depicted in Pig. 1 through Fig. 6 indi-
cate the ef’eagt of nH on the synthesis of benzoylamine
acid anilides. The variations in nH optima with varia-
tiong in substrate are of interest in conneotion with
the findings of Northropt, who observed that the oH
optimum for the Algestion of nroteins by trypsin or nepsin
varied with different nroteins., He showed that when 1t 18
sssumed U 2t pepgin reacted with the nositive nrotein ion
and trypein with the negative ion, the nH ontimum could
be falrly well nredicted from the titration curves
of the proteins. Kunitz and ﬁorthreng demongtrated
that‘trwpsin exigts in an setive and an inactive form
which are in equilibrium »ith esch other, and that the
equilibrium 18 ghirted tovards the insstive form me the
»H becomes Yigher than 8.0. As & resuvli, the nH ontimum
of trynsin 18 denendent both on the amount of the active
form of the enzyme nregent and on the extent of the
fontzation of the nrotein, The rate of digestion is
pronertionel to the nroduet of the concentration of the

negative nrotein ions times the concentration of the

1. Worthrop J. H. Gen. Physiol., B, 263 (1922),
2. Xunitsz, . ﬁd%thrmp, . H., J:'ﬁen Physiol.,

17, 891 (19%4)
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aotive form of the engyme. There 18 a noint at which
this product becomes a maximum and the nosition of

this meximum, the optimum nH, will denend upon the tyve
of protein used,

%illetatter, Grasemann and Ambroul have shown that
the effect of nH on the action of papain and similar
enzymes can be accounted for on the assumption that papain
attacke the undissocliated protein molecule. No data is
avallable at the present time to show that papain existe
in an active and an inactive form gimilar to those of
trypsin. Related data avallable shows that papaln is
irreversibly inactivated only at the more extrene
ranges of hydrogen ion concentration, that is, below pH
2 and above pH 137,

On the basis of the a&auﬁption that papain acts on
the undiesoeiated nrotein molecule, the difference in
the pH ontimum for papain acting on benzoylated amino
acids to form snilides might be sumnosed to be based on
differences in isoelectric moints of the substrates.
However, the pH optima for the two structurally similarw
benzoyl amino aclds, benzoylleucine and benzoylalanine,
are less clocely related than are the pH optima for such

. statter, R,, CGrasgmann, ¥. and Ambros, O.,

Z. Physiol. Chem., 151, 286 and 207 (1926).

2. Tineweaver, ¥. and Schwimmer, 8., Enzymologisa, 10,
81 (1941),




relatively dissimilar comnounds ag benzoylleucine
and_b@nzoyltyrasine. It 12 of interest in this con-
nection that the nH ontimum for the synthesis of
benzoylplutamic acid anilide, ae cetalyzed by papeln,
is about pH 4.51. It would eppear that the pH optima
for the two scidic compounds, benzoylglutemie aeld and
N-benzoyltyroeine, would be falrly close, if the re-
lationshlip between isoeleatric moint and maximum re-
sctivity were assumed to be valld for these simnle
substrates.

2 have observed that the nH

Fruton and Bergmann
optimum for orysta’line vepein may vary with gimple
substrates whzch are etructurelly very closely related.
Under otherwise ldenticsl exverimental conditions, the
pH ontimunm for the sctlion of erystalline nepsin on
a&rbubenzaxyﬁggglutamylﬁgﬂtyrosine was 4.0, while the
vE optimum ror the same erystalline nensin was 4.5 for
enrbabanzoxyﬂgfglut&mylﬁgrphanylﬁlanine.

It has been suggested that the differences in oH
optimum for the svnthesis of these anilides might be

due to the v»resence of more than one enzyme in the com-

mercizl prerarations of papaln that were employed. At

1. Wax, H. and Fox, S, ¥,, Unpublished experiments.
2. Pruton, J. 8. and Bergmann, M., J. Biol. Chem.,
127, 627 (1939).
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least two different crystalline enzvmes have been re-
ported to have been 1golated from napain prenarational’g.
The immartanee of using pu?e enzyme nreparatione cannot be
discounted in any enzymatie studieg. The use of crystal-
line o»reparations was contraindicated in this work by

a conslideration of the aquantities of enzyme needed for
thege gtudles and by the consideration that crystallinity
18 not indicative of homogeneity in many oases, For
exanrle, 1P the presence of more than one pH optimum

for crude vapsaln ie Indlcative of the presence of more
than one enzyme, then similarly, more than one enzyme
must have been present in the erystalline nensin used

in the studles Just mentioned, In the event that pure
erystelline enzymes become avallable from commercial
vapaln in anprecisble quantity, the effect of vH on the
syntheslis of these anilides using these pure preparstions
shouwld be studied.

At the present time, at least three nossidble explana~
tiong for this variation in »H ontimum can be submitted.
The first of these has already been mentioned; more than
one snzyme may be nresent in the cerude prenarations used
and for each »H optimum a corresnonding enzvme 18 vresent.

Another possibllity is that more than one sctive center

1, Eeils, A. K. and Lineweaver, H., J. Bicl. Chem.,
130, 669 (1939). - T

2., Jansen, &, F. and Bells, A. XK., J. Blol. Chem.,
137, 459 (1941).
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is present in s &ingle enzyme maiaaula,'aaeh anotive
eenzér,having definite specificitiee and a definite pH
optimum., The third poesibility is that one eaaymé
having one active center is preeent, and that the dif-
substrate, such a# the isoelectrie point. The present
'aviﬁanua is too goanty to permit dlseounting completely
any of these poesibilities. What evidence does exist
on the basis of the anilide syntheses would tend to show
that the third poesibility 1e¢ more remote than the first
This Gifference ia observed nH aptx#g may well be
general for all proteolytic enzymes, =and mey be of garw-
tiocular significance in relation to specificlty reguire-
mente for nroteolytic enzymes which have been established.
The mejority of the &at&‘nsw availeble on the struetursl
reqguirements of proteclytic enzymes has been‘gbt&ineﬁ
at only one hydrogen lon concentration. A re-svsluation
of these structursal resuirements for px@%&blgtiﬁ anymés
may be necessary from at least g aquantitative point of
wview, It has already been pointed out that at pH 5.0,
even under the favorsble exverimental conditions used
(1.0 ¥ citrate buffer, eto.), relstively nigh specificity

- was observed for mono- and di-benzoyliyrosine. Yet, =t
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higher pH values both compounde were highly reactive
and formed snilides in good yleld. The snecificity of
papalin would apnear to denend in large measure on the
experimental conditions employed.

Such varistione in resctivity for these amino acid
derivatives may noesgibly explain the observations of

1 on the effect of nH on the extent and

Hoover and Kokes
rate of hydrolyels of cagein. They found ocsselin to
be hydrolyzed st a more ranid inlitial rate at pH 7.0;
at thle pH, peptide bonds involving such amino acids
a8 tyrosine, phenylalanine, and leuocine might be
hydrolyzed. The hydrolyeils of casein was observed to
be more comnlete at pH 5.0; at this vH, pentide bonds
involving such amino acids ag alanine, glveine, and
valine might be broken. The possibility 1s not remote
that studies on both the rate of syntheslis and hydrolysis
of peptide bonds in substrstes of known structure at
various nH levels might revesal information valuable in
elucidating the sctusl mechanism of engzymatic nrotein
hydrolysis.

The resction of a henzoylated amino acid with
eniline in the presence of rapaln in cltrate buffer

solution to form an insoluble anilide 1s very likely a

commlex of reactions. The reason Pfor inoreased yield of

T, Yoover, 8. and Kokes, E. L. C., J. Biol. Chem.,
167, 199 (1947).
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anilide in a glven period of time when increased huffer
concentrationg are used (Flg. 1 and Fig. 2) may be due
to one or more of the sters in the resction being acid
catalyzed. Since thm.yield of anillide is not only
dependent uron pH, but also upon huffer concentration,
or the concentration of the undlssociated molecules of
the acld, one of the reactions in the comnlex seriles

mugt be ocatalyzed by the undiscociated aold molecules

a8 well a& by hydrogen lone, Hallermanl has stressed

the imnortance of huffer concentrstion as long ago as
19%7. Little emphssis has been nlaced on this »oint
both before and after thet time. To aquote Hellerman:

In,addition to those changee in ionlc
gpeclies whieh are brought about by »E control
(e.g., by the use of buffers) the aotivity
of enzymes in genersl may be altered through
varioue "gslt effecte®, The most general
kind of galt effect would result from a
ctenge in the thermodynamie environment re-
sulting from the nresence in reaction mixtures
of ndded lons or moleculee (buffer or other
salte, amino aclds, proteins, ete.). The
magnitude of genersl salt effects may, rer-
hans, he gauged by studiee of the varistion
of enzyme sotivity with the ionic strength
¢ the medium, There 1e& needed ayetematice
work on this noint.

The ilmportance of the effect of nH and buffer concen-
tration in the development of methods of resolution of

amine acids 1g brought out in Wipg., 2, The use of 1.0 M

T, Hellerman, L., Physiol. Rev., 17, 454 (1977).
* Ref&rring‘tw énzymes'an& pro%éfﬁ'substrates.
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buffer and careful control of pH was aleo useful in

improving the yleld of benzoylﬁ&fmethianinanixlda.

1

Dekker and Fruton™ bhave renorited s method for the resolu-

tion of'ggrmethimnine whieh invelves the enzymatie
gynthesis of b&nznylﬁgrmethieninanil1@3. %hen thelir
published directions were followed exactly, only a

negligible yleld of anilide was obtained in 24 hours.
When the 0.1 M citrate buffer they rerorted using was
revlaced with 1.0 ¥ bhuffer and the pN adiusted to 5.0,

the yield of anilide obteined in 24 hours was virtually

auantitative. This not only enables a greater vield
of the L~form to be ohtained, tut also would facllitate
the senaration of the D-form, aince 1t would be lesa

contaminated with unrescted L-methionine.
The effeet of the concentration of reactsnts on

vield (Fig. 6) ean be explalned on the basis of kinetio
theory. For any order of resction except zero order,
the greed of the resction is rrovortional to the con-
centrotion of the reacting subetances. At the present
time there 18 insufficient knowledge of the actual
mechanism of the anilicde synthesis to be gble to relste
the sneed of the over-sll reaction to the ooncentrotion
of any one resctant. FHowever, kinetic studles might
lead to 2 better understarding of the mechanism of these

anllide syntheses, and thus furnieh a possible basis for

1. Dekker, ¢, A, and Fruton, J. 8., J. Biol. Chen.,
173, 471 (1948).
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understanding the mechanism of neptide bond synthesls
in living organisems.

The effeots of a number of factors on the synthesls
of benzoylalaninanilide and benzoylrnhenylalaninanilide
hove been glven in Tebles IV mnd V, resnectively. The
effect of increasing the conceentrastion of zniline in the
incubation mixture resulte in an incresassd vield of
enilide, which i& in accordance with the theoretical
considerations mentioned above. The faoct that six days!
incubation resulted in slightly greater ylelde than did
three days' incubation indicstes that equifbrium is not
reached in s three dsy neriod, although after three daye
the rzaction ie vroceeding =% s much diminished rate.
The siight differvences in yield between using a commercial
enzyme »renarntion and a hydrogen sulflde-treated papsin
demonstrates that for synthetle purposes, for methods
of resolution involving the anilides, end for studles
on the effecte of verious exrerimentsl conditions on
anilide synthesig, the commersially aveilsable vnapain is
a8 sultable ag the hydrogen sulfide-treated nreparations.
The imrortance of buffer oonsentrsztion 1e again
emnhagized,

The differences which have been found for the

varistiong in rate of formastion of the benzoylamino acld
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anilides are of interest from the peoint of view of
enzyme Specificity. The term "specificity” which has
been snrlied in commarisoneg between, Tor examnle, basle
and acidic residues in subetratee, i8 insopropriate heve,
since all of the henzoylated smino scids studied showed
at least some resctivity. In accordance with these faocte
the term "preference" 1s emnloyed instead. Preference,
in thie connotation, hae been fcund to be on a kinetic
basis, and 18 usaed in nlace of the more ambiguous
phrase, nartisl specl fiolty.

In considering thesge vrreferences 1%t ig helnful to
conslder the synthesis sg occurring in tro sters:

()} Acrlamino acid + aniline = ascylamino aold
anilide (solution)

(b) Acylemino acld anilide (solution) =
acylaminoacid anilide (vpt.)

One critical determinsnt of whether reaction {(a) will
proceed to give an annreciable vield of 2nil1de (others
are enzyme-suhstrate interaction requiremente, ate.)

is whether or not the solubility of the rarticular
anilide 1s less than that necessary to satisfy the
ecuationt

X, = (anilide)
‘ {meylemino aoid) (aniline)

When 1t ie lesg, the reaction nroceeds towards the right;

the snilide ie synthesized. It is conceivable that in
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the synthesis of an anilide of limited yleld, such ae
benzmylf%rvalinanilids, reaction {a) mey proceed until
enough aeid and sniline are used up 8o that the
80lubllity of the anilide 18 no longer less than the
concentration reagulred to maintain Ky If this were a
valid reason for the relative non-reactivity of benzoyl-
valine, the corresvonding curve of Fig. 7 would become
horigontal before the third day. Since 1t does not
do 8o, the quantitative extent of the individual re-
action for such a relatively short time neriod is
independent of the equilibrium solubility of the =znilide.
As mentioned in the Results section, snother con-
ceivable way in which a property of the sollid anilide
would be determinant is that in whiceh the solution be-
comes supersaturated with the anilide and step (b) is
rate-limiting. In order to check on this, the experi-
ments on added anilide were carried out. %hen added
anilide was ndded as seed materiasl to facilitante crystal-
lization of the anilide, no enhancement of synthesis
wag noted. For this resson, sten (b) is not rate-
limiting snd step (a) must be the rate-limiting one of
the two. It is necessary to besr in mind that sten (a)
18 very likely a comnlex seriés of reactions and that
el ther one of these sterns or a number of the steps may

be rate-limiting. Since the enzyme-controlled part of
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the over-all reaction 18 (a), the extent of the reaction
in a given period of time wmust be enzyme-controlled.

Such blologlecal significance as these studies have
needs to be considered against the knewn dynamic nature
of nrotein syntheeis, and the fact thet in a blologlesl
gystem pmsaeaalng lower concentrations of buffer, sub-
etrates, and enzyme, the arproach to eauilibrium would
theoreticslly he far slower. In the absence of data
for epecial enzymes for protein synthesis, and in the
presence of data that the ssme enzymes can catalyze both
tha synthesle and hydrelysis of neptide bonds under
essentlally similar conditions, the nroteolytic enzymes
degerve Serious considerstion ae primary catalytic agents
of protein synthkegis., This noint ie emnhasized by the
faet that the seame preference for the leucine residue
over the valine residue is shown in the hydrolysis of
the benzamine acid smides as was shown for the synthesis
of the benzemino scld anilides. The data for the rate
of hydrolyeis of the amides hss not been obtained. For
a complete commarison bhetween hydrolysis and synthesis,
guch rate studles would be necessary.

These studles on the resctivity of valine and leucine

derivatives are nlseo of interest in relstion to the
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observations of Roche and Meurguel. These workers observed
a substantial liberation of leucine from caseln during
hydrolysis with papain, with 1ittle recovery of,valino.
They suggested that the leucine residues were located

at readily sccessible portions of the neptide chaln,
whereas valine would lie, according to their explanation,
well within the peptide chein. Such an explsnation will
not, of course, explain the nreferences observed in the
synthesie of anilidee or for the hydrolysis of the
amides., For anlilide syntheeis the oriticsl fsotor seems
to be the kinetically determined enzyme nreference rather
than the rnosition in the substrates.

With resvect to the resctions where glycinanilide
was employed in nlace of aniline, the significance nf the
results cannot be evaluated at the nresent time. The
reason why benzovlglyeylglycinanilide 18 resistant to
hydrolysie under the conditions employed, while the other
benzoylamino acid derivativee of glycinanilide are
suscentible to hydrolysie 18, as yet, not known. The
need of reveating this exreriment using other amino acld
anllides in rlace of glycinenilide 1s obvious, In »2ll
nrobability the effect of exnerimental condltions upon

these reactions, ss well as kinetic studies, will revesl

1. Hoche, J. and Mourgue, M., Comnt. rend., 218, 86
(1944}




information which will be of vslue in understanding the
mechanlsm of peptide bond syntheels as well as enzyme
preferences.

The utility of the anilide synthesis has been
demonstrated in published methods for the resolution of
anino aci&sl 3*3. The effects of various experinental
conditionsg on the yleld of scylamino zcid anilides that
have been discussed cen be applied directly to the im-
provement of the exleting methods and can be utilized in
the development of additional wmethods of resolutien.

The validity of anilide syntheses as models of the
blologicel synthesls of peptide bonds becomes worthy of
more serlious considerstion since gquantitative differences
in anilide ayntheses, in a given period of time, are now
found to depend primarily upon enzymatic behavior rather
than en anilide properties. The essentisl difference be-
tween anilide syntheses and the blologlcal synthesis of
peptide bonds may well be in the manner in which energy is
suppllied. Recently, peptide bond syntheses were reported
in whilch high energy phosphate compounds, such as adenocsine

triphosphate, were utilized in the formatlon of glutamine

1, Fruton, J. 8., Irving ¥. and Bergmann, M., J. Biol.
Ghen. " 133, B (10865,
2. rens, 0. ¥,, Doherty, D. ¢. snd Bergmsnn, M., J. Blol.

C%ém., 38, 61 (1940).
3. Tekker, A. and Fruton, J. 8,, J. Blol. Chem., 173,
471 (1948).
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and gluﬁatmiunal’g. 8imilar methods of supnlying energy

may well be involved in many neptide bond syntheses in
liﬁing organisms ag »ell a8 in exveriments done in glass-
ware, No matter how the energy 18 suppllied for peptide
bond synthesis does not obviate the rossibility that
proteolytic enzymes may be the rrimary ostolysts emmloyed

in biologlcsl synthesie of veptids bonds,

2. SBpeck, J. F., 3. Biol. Ohem., 179, 1237 (1949).

3 iy
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SUMMARY

The effects of various experimental condltions upon
the napain~gatelyzed syntheses of benzoylamino acid aniliides
heve been studied., The factors have included pH, sub-

stitution in the side~chain of phenylalanins, ecitr

5]

te
uffer concentr2tion, benzoylamine acid: aniline rotio,
volume of buffer employed for‘the resction, and time of
reaction. Rates of formpation were situdied for the anilides
of the benzoyl derivatlves of glycine, alanine, valine,

and leucine. The extent of hydrolysis of the amides of
benzoyleglyeine, hensoylveline, and benzoylleucine were
determined.

1. Significent diflerences were found in the effect
of pH on the papaln catalyzed syntheses of benzoylemino
scld anilides. The ontimum »H for the syntheses of the
anilllides of henzoylglycine and benzoylalanine wse 5.0 - 0.5,
The optimum pH for the syntheses of the enilides of the
benzoyl derivetives of leucine, phenylsalanine, tyrosine,
end p-methoxyphenylalanine was between 6.0 and 6.5.

2 At pH 5,0, the »H cusitomarily ugsed for psapaln,
the differences in resctlivity between benzoylphenylalanine
and N-benzoyltyrosine virtually smounted to specificity.

Ho demonstrable yield of N~benzoyltyroeinsnilide wsae
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obteined at this pH, but gama yi&idé of benzoylphenyl-
alaninenilide resulted. Yhen cltrote buffers a2t higher

pH values such a8 8.0 and 8.5 were used, good ylelds of
benzoyltyrosinanilide as well gm ﬁenaaylphenyl&laninanilida
were obtsined. These results &emansﬁr&ted thet specificity
reculirements of nroteolytic enzymes are determined %o an
appreclsble extent by the hydrogen lon concentrztion.

3. The uge of 1,0 ¥ citrste huffer in pléce‘ef the
customarily used 0.1 M eltrete buffer resulted in in-
orecsed ylelds of benzoylamino acid snilides. The ine-
Ceresss in yileld was typleally three~ or four-fold, for
- the szperivental condltlons used in these studlies.

4., The benzoylamino acid anilices were obtained in
Increseed yleld when the ratio of aniline %o benzoylamino
acld waes incressed.

Se The volume of buffer employed in the reactlon
affects the ylelds of anllides obtained. Vhen the cone
centrotion of all the resctants was incressed by diminish-
ing the volume of cltrate buffer while lolding the amounts
of bengzoylamine acild, aniliﬁe, papain, and cystelne
hydrochloride constant, the smount of =nilide obtaired in

& thrse day gériad was lncresged.
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8. For the benzoylamino acids studied, commerclal
papain catalyzed almost as well as a treated papain pre-
paration. For methods of resolution of amino aoclds,
enzymlc syntheses, and for the studies renorted in thie
thesis, the use of commercial papain is apparently as
gultable as the treated preparations of papain.

7. 81z days' inoubation resulted in only elightly
greater ylelds of benzoylalaninanilide and benzoyl-
phenylalaninanilide than 4id three days' incubstion., The
rate studies on the formation of the anilides of the
benzoyl derivatives of glyeine, alanine, valine, and
leucine also indicsted that equilibrium wase not reached
in three days.

8. It was shown from the rate studies on the forma-
tion of the snilides of the benzoyl derivativee of
glyeine, alanine, valine and leueine that the raste of re-
action incoressed in the order: valine, glycine, alanine,
and leucine. The "seceded" rate studles indicated that
varlationg in yleld were not due to supersaturstion
~effects, On the basis of these rate studies it was con-
eluded that the varistions in yvields of anilides obtalned
were due to differences in rate of reactlon rather than

%o phyeicel provertieg of the anilides.
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9. Benzoylleucinamide was hydrolyzed to a
gignificantly greater extent than wae benzoylvallinamide
when these amides were incuhated in citrate buffer in
the nregence of napain-cysteine. This greater reactivity
of the leucine derivative in contrast to the vallne
derivative for this hydrolysis resction indicated that
in both hydrolyeis as well as synthesis an enzymio
preference existed for leucine derivatives,

10. The significance of these anilide syntheses
a8 models of »nentide bond synthesis was dlscussed.

11. Data nertinent to the develonment of methods of
resolution of amino solds such as alanine, valine,
leucine, methionine, phenylalanine, and tyrosine were
presented.

12, In the course of this work, the following com-
nounds not previously rerorted in the literature were
nrenared: g%ftyr@sine ethyl ester hydrochloride, m.p.
155°; G,deib@nzey1~§%;ﬁyrosine, m.m. g25-225°, 0,N-
d1benzoyl-L-tyrosinanilide, m.p. 243-244°; N-benzoyl-L-
tyrosinanilide, m.p. 208-208.8°; benzoyl-L-alaninanilide,
B.p. 175,173°; benzoyl-p-methoxy-L-phenylalaninanilide,
m.p. 233«224”; aaﬁbobenzaxngaalaninanilide, m.n. 164
165°; carbobenzoxy-L-phenylalaninanilide, m.p. 158-150°;
and benzoylglyoylglyeinanilide, m.p. 223-225°,
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