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ENZYMATIC SYNTHESIS OF
d (-)-a-AMINOBENZYLPENIGILLIN

BY KLUYVERA CITROPHILA

Sir:
D(-)-a~Aminobenzylpenicillin (ampicillin)

is a chemotherapeutic drug of importance
because of its acid stability and broad-
spectrum activity. It is now industrially
manufactured by chemical synthesis from
6-aminopenicillanic acid (6-APA), as first

reported by Doyle et al.1^

Two approaches to prepare ampicillin by
microbial processes can be considered : (1)
direct fermentative production by adding

appropriate precursors to Penicillium chryso-
genum fermentations and (2) enzymatic syn-

thesis from 6-APA. As pointed out by
Mortimer and Johnson2), numerous experi-
ments to prepare biosynthetic penicillins by

the supplement of ^-substituted phenylacetic
acids to P. chrysogenum fermentations have

been unsuccessful presumably because of
steric hindrance to these precursors. In fact

all our efforts to synthesize ampicillin by
adding various phenylglycine derivatives to
P. chrysogenum cultures have also been in
vain.

Subsequently the authors tried to synthe-
size ampicillin enzymatically from 6-APA.

Our attempts for this purpose are based upon
the assumption that a microbial enzyme,
penicillin acylase (E. C. 3.5.1.ll), capable of

cleaving penicillin G into 6-APA most effi-
ciently, may also be able to most readily
synthesize ampicillin, in its reverse reaction,

from 6-APA and phenylglycine derivatives.
Indeed Kaufmann et at. first achieved enzy-
matic acylation of 6-APA by use of a peni-

cillin acylase from Escherichia coli3~5) and

Cole has very recently reported enzymic
formation of a few penicillins by E. colt
acylase.6~9)

First of all, though a number of works
on penicillin acylases have been published
by Rolinson et al.10\ Claridge et al.n\

Huang12), Huang et al.u\ Murao et al.u) and
Hamilton-Miller15), the authors searched for

a penicillin acylase adequate for ampicillin
synthesis among a variety of microorganisms.
Asa result, Kluyvera citrophila KY 3641 was

selected as one of the most potent acylase
producers.

The Gram-negative bacterium, known to
accumulate ^-keto-glutaric acid16), was found

to be very strong in penicillin acylase : that
is, about 50 mg/ml of 6-APA were formed
\rx 80~90 % of theoretical yield from peni-
cillin G by use of its intact cells. It was
furtherfound that the K. citrophila enzyme
was able to efficiently carry out the acylation
of 6-APA with phenylglycine ester leading
to ampicillin. The enzyme was cell-bound
and not leaked out into the culture liquid.
Its optimal pH for ampicillin synthesis was

6.5 in contrast with pH 4.0~6.0 optimal for
penicillin G synthesis by E. coli enzyme4).

The procedures for preparing ampicillin
by K. citrophila are as follows: a loopful
of K. citrophila stock slant was inoculated
into 30ml of a liquid growth medium in a

250 ml Erlenmeyer flask, which was then
shaken at 30°C by a rotary shaker. The
medium consisted of yeast extract 1%>

peptone 1 %y meat extract 0.5 %, NaCl 0.25 %
and Na-L-glutamic acid 0.5%. Its pH was
7.2 before autoclaving. Grown cultures were
harvested 2 days after inoculation, washed

once with deionized water, suspended in an

Table1. Ampicillin yields from various phenylglycine derivatives
P h e n y l g l y c i n e d e r iv a t iv e s

C o n c e n t r a t i o n m g V m l I n c u b a t i o n

t im e , h o u r s

A m p i c il l in

y i e l d s , m g / m l

D,L-Phenylglycine �" m e t h y l e s t e r �" H C l 25 . 0 2 0 6 . 1

D-Phenylglycine �" m e t h y l e s t e r �" H C l 25 . 0 2 0 1 0 . 7

L-Phenylglycine �" m e t h y l e s t e r �" H C l 25 . 0 2 0 2 . 0

D,L-Phenylglycine �" a m id e �" H C l 17 . 4 2 0 2 . 5

D.L-Phenylglycine �" b u t y l e s t e r �" H C l 22 . 5 4 5 . 0

D-Phenylglycine �" b u t y l e s t e r �" H C l 22 . 5 4 8 . 9

D,L-Phenylglycine-thioglycolic a c i d e s t e r - H C l 2 5. 0 4 7 . 2

A reaction mixture used was : 10mg/ml of 6-APA, phenylglycine ester indicated in the table, and about
30mg/ml of K. citrophila cells. Total volume 3ml in 1/30M phosphate buffer (pH 6.5). Incubated at 35°C for
4~20hrs.
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Table2. Enzymatic synthesis of various penicillins by K. citrophila cells

A c y l  s i d e  c h a in  p r e c u r s o r s  u s e d C o r r e s p o n d i n g  p e n ic i ll i n s R e s u lt s *

P h e n y la c e t i c  a c i d B e n z y lp e n ic i ll i n + + +
｣ - A m in o p h e n y la c e t ic  a c i d ^ - A m in o b e n z y lp e n i c i ll i n

P he n y lm a l o ni c  a c i d  m o n o e t h y l  e s t e r a - C a r b o x y b e n z y lp e n ic i l li n +
D i e t h y l p h e n y lm a l o n a t e ^ - C a r b o x y b e n z y lp e n ic i ll i n

E t h y l - 3 - p h e n y l - 5 - m e t h y li s o x a z o le - 4 - c a r b o x y l a t e M e t h y lp h e n y l is o x a z o l y l p e n i c il l in

M e t h y l - 3 - 0 - c h lo r o p h e n y l- 5 - m e t h y l is o x a z o le - 4 -

c a r b o x y l a t e

M e t h y lc h l o r o p h e n y l is o x a z o ly l p e n i c i l l in

Methyl-3-  ( 2 ,6 - d i c h l o r o p h e n y l )  - 5 -

m e t h y li s o x a z o le - 4 - c a r b o x y la t e

M e t h y ld ic h l o r o p h e n y l is o x a z o l y l p e n i c il l in

-̂Aminosulfonylphenylacetic  a c i d  m e t h y l e s t e r ^ - S u l f o a m i n o b e n z y l p e n ic i l li n 17 ^

Aminocyclohexane  c a r b o n i c  a c id  m e t h y le s t e r A m in o c y c lo h e x y lp e n i c i ll i n 1 8 ) 4 -

*Resultsshowadegreeofqualitativeformationofcorrespondingpenicillins,whichwasestimatedbythin-
layer chromtography in various solvent systems, using corresponding reference penicillins. Experimental
conditions were the same as those for ampicillin shown in Table 1.

aliquot of deionized water and then used
for enzyme reaction. A reaction mixture
used for ampicillin synthesis consisted of

10 mg/ml of 6-APA, 20-30 mg/ml of phenyl-
glycine ester, 3.18 mg/ml of KH2PO4, 1.42

mg/ml of Na2-HPO4 and 20-30mg/ml of

intactcells. Its pH was adjusted to 6.5 with
NaOHsolution. The mixture was incubated

at 35°C for 4-20 hours. Quantities of am-
picillin formed were determined by cup assay
by use of E. coli KY 8201 and Na-salt of

ampicillin (manufactured by Meiji Seika
Company) as a standard. Ampicillin formed
was also examined by bioautography of the

r

eaction mixtures.

The ampicillin yields from various phenyl-
glycine esters are given in Table 1. Maximal

yields of ampicillin, 10.7 mg/ml, were ob-

tained from D-phenylglycine methylester
and 6-APA. The conversion yield from 6-
APA was 62.6%. A racemic mixture of
the methylester and D-phenylglycine butyl-
ester also gave good yields, 6.1 and 8.9 mg/
ml, respectively.

Ampicillin formed from D, L-phenylgly-
cineà"methylester and 6-APA was isolated in

crystalline form after a procedure consisting

of Dowex 50Wx4 column chromatography,
Sephadex G-10 gel nitration, activated carbon
treatment, and freeze drying. The crystal-
line product was definitely identified as

d(-)-<#-aminobenzylpenicillin - 3H2O from its

bioautogram, paperchromatogram, thin-layer
chromatogram, bioassay, chemical assay, IR
spectrum, specific rotation and rotatory
dispersion.

It was thus shown that the penicillin

acylase of K. citrophila KY 3641 gave good
yields of ampicillin (more than 60 % of con-

version ratio) from 6-APA and D-phenyl-
glycine methylester.

The KY 3641 enzyme could form 6-APA
from penicillin G, ampicillin, ^-aminobenzyl-

penicillin and, to a much lesser extent,
penicillin V and carboxybenzylpenicillin.
The enzyme was able to liberate 7-amino-
cephalosporanic acid from semisynthetic
cephalosporins such as cephalothin, but not

from natural cephalosporin C.
Incidentally, attempts to prepare other

semisynthetic penicillins were made by the
use of the Kluyvera acylase. The experi-
mental conditions were the same as those
for ampicillin, except the supplment of vari-
ous corresponding side chains precursors
instead of phenylglycine-ester. As seen in
Table 2, syntheses of benzylpenicillin and
/>-aminobenzylpenicillin proceeded as readily
as ampicillin. Carboxybenzylpenicillin and
aminocyclohexylpenicillin appeared to be
synthesized to a much less degree than

ampicillin. These were proven by thin-layer

chromatography in various solvents, by the
use of corresponding reference penicillins.

Further detailed data on the Kluyvera
enzyme will be reported separately later.

The discovery of a good ampicillin pro-
ducer,K. citrophila KY 3641, resulted from

our attempts to search for organisms capable
of splitting penicillin G into 6-APA most
efficiently. Another approach to look for
ampicillin producers is to screen directly
organisms able to synthesize ampicillin from
6-APA and phenylglycineà"methylester.
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Studies along such lines will be reported
shortly.

Acknowledgement

The authors are very thankful to the following
people for gifts of the following reference anti-

biotics: Dr. J. Lein, Bristol Laboratories, for a-
sulfoaminobenzylpenicillin; Dr. B. H. Olson, De-

partment of Public Health in Michigan, for peni-
cillin N; Dr. T. Niida, Meiji Seika Co., for ampi-

cillin; Dr. L. Goldsmith, University of Toronto,
for ^-aminobenzylpenicillin; Dr. J. M. McGuire,
The Lilly Research Laboratories, for cephalosporin

C and 7-aminocephalosporanic acid. The authors
are also very grateful to Drs. K. Uzu, K. Nakano
andY. Moei in the authors' institute for the

synthesis of various acyl side chains shown in
Tables 1 and 2, and to Dr. Y. Mori for the
synthesis of aminocyclohexylpenicillin.

Takashi Nara
Ryo Okachi
Masanaru Misawa

Tokyo Research Laboratory,
Kyowa Hakko Kogyo Co., Ltd.
Machidashi, Tokyo

(Received January 23, 1971)

References

1) Doyle, F.P.; J.H.C. Nayler, H. Smith &

E. R. Stove: Some novel acid-stable peni-
cillins. Nature 191: 1091-1092, 1961

2) Mortimer, D.C. & J. Johnson: Relation
between precursor structure and biosyn-
thesis of penicillins. J. Am. Chem. Soc.
74 : 4098-4102, 1952

3) Kaufmann, W. & K. Bauer: Enzymatische
Spaltung und Resynthese von Penicillin.
Naturwiss. 20 : 474-475, 1960

4) Kaufmann, W.; K. Bauer & H.A. Offe:
Enzymatic cleavage and resynthesis of peni-
cillins. Antimicrobial Agents Annual-1960 :
1-5, 1960

5) Kaufmann, W.: The possible implication of
a bacterial enzyme in the biochemical mode
of action of penicillins on gram negative
bacteria. Biochem. Biophys. Res. Commns
14 : 458-462, 1964

6) Cole, M.: Hydrolysis of penicillins and
related compounds by the cell-bound peni-
cillin acylase of Escherichia coli. Biochem.
J. 115 : 733-739, 1969

7) Cole, M.: Deacylation of acylamino com-
pounds other than penicillins by the cell-
bound penicillin acylase of Escherichia coli.
Biochem. J. 115 : 741-745, 1969

8) Cole, M.: Penicillins and other acylamino
compounds synthesized by the cell-bound
penicillin acylase of Escherichia coli. Bio-
chem. J. 115 : 747-756, 1969

9) Cole, M.: Factors affecting the synthesis
of ampicillin and hydroxypenicillins by the
cell-bound penicillin acylase of Escherichia
coli. Biochem. J. 115 : 757-764, 1969

10) Rolinson, G.R.; F.R. Batchelor, D. Butter-
worth, J. Cameron-Wood, M. Cole, G. C.
Eustace, M.V. Hart, M. Richards & E.B.
Chain : Formation of 6-aminopenicillanic
acid from penicillin by enzymatic hydrolysis.
Nature 187 : 236-237, 1960

ll) Claridge, C.A.; A. Gourevitch & J. Lein:
Bacterial penicillin amidase. Nature 187 :
237-238, 1960

12) Huang, H. T.: Enzymatichydrolysis of the

side chain of penicillins. J. Am. Chem. Soc.

82 : 3790-3791, 1960
13) Huang, H.T.; T.A. Seto & G.M. Shull:

Distribution and substrate specificity of
benzylpenicillin acylase. Appl. Microbiol.
ll: 1-6, 1963

1

4) Murao, S. & Y. Kishida: Studieson peni-
cillin-amidase. V. Studies on the penicillin-
amidase producing microorganisms. J. Agr.
Chem. Soc. Jap. 35 : 610-615, 1961

15")Hamilton-Miller, J.M.T. : Penicillinacylase.

Bacteriol. Rev. 30 : 761-771, 1966

16) Asai, T.; S. Okumura& T. Tsunoda: On
the classification of the ^-ketoglutaric acid
accumulating bacteria in aerobic fermenta-

tion. J. Gen. Appl. Microbiol. 3: 13-33,
1957

17) Price, K.E.; D.R. Chisholm, F. Leitner,
M. Misiek & A. Gourevitch: Antipseu-

domonal activity of a^sulfoaminopenicillins.
Appl. Microbiol. 17 : 881-887, 1969

18) Alburn, H.E.; D.E. Clark, H. Fletcher&

H. Grant: Synthesis of new broad-spec-
trum aminoalicyclic penicillins. Antimicr.
Agents & Chemoth. -1967 : 586-589, 1968


