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Biosynthesis of Penicillins and Cephalosporins Antibiotics

Abstract—Penicillins and cephalosporins are biocsynthesized from L-a-aminoadipic acid, L-cysteine and
L-valine. A tripeptide, LLD-8-(a-aminoadipyl)cysteinylvaline(LLD-ACV) was isolated from fermentation
broths of Cephalosporium acremonium as well as of Penicillium chrysogenum and it was proved that the
LL-4-(¢-aminoadipyl cysteine was formed first in mycelia, to which valine would be connected to give
LLD-ACV. However, several points are still unsolved; first, what mechanism is involved in the configura-
tional change from L-valine to D-valine, second, what kind of cyclization mechanism gives a g-lactam
ring and a thiazolidine ring and third, what is the pathways for the ring expansion from penicillins to
.cephalosporins. At present, it seems clear that LLD-ACV is cyclized to give isopenicillin N, which is
transformed to penicillin N and further to cephalosporin C. Other hydrophobic penicillins, including ben-
zyl penicillin and penicillin V, are formed from isopenicillin N by acyl-exchange reactions catalyzed by
penicillin transferase, rather than by acylation reaction on 6-aminogpenicillanic acid(6-APA), which was
isolated from the fermentation broth of P. chrysogenum and which would be formed by hydrolysis of -
(a~amincadipyl)amido moiety at the C-6 position in isopenicillin N or penicillin N by penicillin acylase.
Acylation of 6-APA is catalyzed also by penicillin acylase, but the reaction is proved not to be involved
in penicillin bicsynthesis. Understanding the biosynthesis of penicillins and cephalsoporins would provide
solutions to increase in fermentation yields of penicillins, especially of cephalosporins and a solution to
biological production of 7-aminocephalosporanic acid (7-ACA) which is of importance in pharmaceutical
industry. Still regulation mechanisms in penicillin and cephalosporin biosynthesis are unveiled at all.
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Fig. 1—The structures of penicillin G, penicillin N, isopenicillin N, 6-APA, cephalosporin C and 7-ACA.
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Fig. 3—Numbering on cephalosporin C and its building blocks.
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Fig. 4—A hypothetical biosynthetic pathway to penicillins.
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Fig. 5—A possible hydrogen shift during penicillin biosynthesis.
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Fig. 9—Incorporation of “C-labelled cysteine at C-3 or C-2 to penicillin and its degradation.
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A 71% 2-"H-cystinee 2 F8 A A" sy adL tritiume ZF slxlz 9l formaldehydeZ
A st 3-°H-cystineo & H8 AgAd" sy Adzlg L8144 AL formaldehydeo] = tritium
o]%ﬁﬂﬂgﬁhkmo]gqgﬂﬂgﬂﬂ,Hmm:ﬁl%@EMMM]Cﬁ%ﬁﬂ’q;ﬂ
AR FAAEE 8-S golux] @x cystined] C-3 174 Farf C29A & o) 5sx = A
o] &4z}t

R
&}
T

5,0 SO - HoN Sh
—_— .
- _ A NH-CE -
54[:rﬁ CH o
FEENG H.N -
“:"\ S ) !
| — 1—(
N=C- N-CH-
- /
o7 0”

Fig. 10—A proposed j-lactam ring formation mechanism in penicillin biosynthesis.

slvjda 442 2-methyleystine, 3, 3-dimethylcystine, S-ethyleystineo] ©]&) <] 4] 5] 9l o1k
S-methyl-L-cysteine, S-benzyl-L-cysteine, N-methyl-L-cysteine, 3-methylcystines] 2} Aji= ol
A Sk "™ o] & Lecyst(e)inexto]l g al s 4w A g4 9] precursorr} 5] 3 gl-&-S- o
A8k Slvh. =gt cysteineo] C. acremonivmel 4] penicillin Nx} cephalosporin C2| precursori %
#-§-3tvl, 8. clavuligeruso] 4] cephamycing 2] precursors} =] 3 9 -o] ula] A}, 3 3, 3/-14C-D, L-
cystines} 3, 3’-*H-D, L-cystine¢] &3] & cephamycin Ce] incorporations] 7 -% wj i o I O
o ¥l&l °F 80%7} cephamycin Cof incorporations]i= 1% x. o} cephamycin C2] 7a-methoxy?)]
& dehydrocysteine A4 xql¥lE Aoz Azbsx gri=c},

A} cephalosporing o]w] A% 8k ul9} o] cysteineo i 2E e 23 A4E A m
SA=Hl, o] cysteine] sulfur group2 Ao A sulfate reductionz}A Lo 1}, o] & 2 3t= )4
17| 5t reverse transsulfuration 548 AA AAAch, P. chrysogenums] &) A= ] A =l

W
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g 9] sulfurix F2 sulfate® L8 sulfate reduction pathwayE Az L=l wbdo], C. acre
monivmol 28 Al A = & cephalosporin C2] sulfuri methionine 2 2 3-¥] reverse transsulfuration
pathway® Az Fz A48 ™ v 8. lactamduranse] 73 o] = reverse transsulfuration
pathway & S[ubA 8 cystathione-r-lyases} w4 = ¢lc}, 7

L-methionine-*8% C. acremoniumo]| 2|8 44 cephalosporin Ce incorporations} =z, L~
methionine-3S EA 3}l 4| C. acremoniumS A 74A 7= ¥S-homocysteinex} 3S-cystathionineo]
AAE o] WA A, o]#]d Al o)A o} cephalosporin Ce] sulfuri= methionineo] 4] 1tE] =
Q=] 3 9188 o 4 9lvl, D, L-serine-34Cs} D, L-methionine-*S% S. clavuligerusel feedingA]
)= 7-methoxycephalosporine] incorporation&]»‘f— Zlo® »ol transsulfuration pathwayz} S.
clavuligerusol] A £ A w] A 0] 2 o 7 e}t o, methionine?] *C-methylr) = 7-methoxycephalo-
sporin®] 7-methoxy>] 2 incorporations] ¢lt}. 39 Sulfate$] methionineo] cysteineo = W3ls =
A o] AAF C. acremoniume] T o] o] 4] cysteine ] 31| cephalosporin C 4 2.2

- methio-
ninee] & Z7}=l9lt}.  Alanylmethioninex cystine&x]}e]l 4] methioninest 7o A=

=
cephalosporin C9] 4 4] & activationA] 7] 3=#]®, o]« alanine® cephalosporin C*B Aol ol of
2 v X = ¢owl alanylmethionine-& methlomne»‘r e FHE JehE slowg Ry -
olck., o}#]d A x}E 3XE] methionineo] cephalosporin C&] AL FA 7= Fsl= 434
regulation mechanismof] < 8% w]x7] W Fo]t}. Methionines} F=- $418 non-sulfurs}at

9l norleucinex methioninexs} 7+o] cephalporin C& A AL &= A7},

Morecombe2} Young™™ 8] 3 Aberhart™ >} C-3 $¢] x] of tritiume 2 labellingz] cysteined-
LC-cyst(e)inex} 87 P. chrysogenumo feedingA}# benzypenicilline] incorporation ] 7 & i
{3R-*H)cyst(e}ine?] tritium-$ =)Ao incorporations]q] o1} (38-*H)-cyst(e)ines’ tritium
L A9 BF AgAFel AASAE. ol & cysteines] C-3 §122] JAlT2E R

.
2] p-lactamz el 7 847 ) vlet gle}. Cephalosporin Co| A4 @FelAx Q4 F27

labelling=] cystein® incorporation A7 & w] 78 A z7} odof g}, 80

S

H, S H,N SH
H —— | — — . L 1%

" 2, , F v HOOC™ 3#  =p#

0 4000 i CH,00C i #;
g = 4, wx = 34, or u' = JH, ur =

CeBI0LC, o H(\ E o H,N sé—2

H; HOQC i ? H >_-—=4H

B, i 3 { HOOC 3
H SCH,CgH g

Fig. 11—Synthetic methods to obtain tritiated chiral cysteines.

Young®l Ao A szl Al 14%%3k cysteine?] 3S-3Hr} incorporationx]i= Ziof
95 9], o] AL myceliac] 4] @ojvte & A} dbGol 28t tritiume] A R-sb A A
=N )
=

1A T
Ak Q1A 3e] BolAo] thi AAFHE Aow A ZAzlt}, E3] transamination ¥F-3-of 2]

o
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cysteineo] a-keto acidz W3lzlo] C-3 9X9 45 93 enolizations = Ao 23l
tritiumeo] AHAI=E 4 9l}
¢. a-Aminoadipic Acid

C. acremoniums] 2]¥] A= cephalosporin C$l penicillin N& a-aminoadipyl 72 7} & 7}
A gEd o] ofu]k4h-& higher fungio] 9lold& lysined 42 Fxkalleo]w] prokaryoteql
Streptomycesel] 9l o] A= lysineo] ¥d) AbE-oltv}, L-lysine-U-"C-g C. acremoniumo] feedingA] 7
metabolism$ ZAbslw] lysine pathwaye] w8 Aol do]i}r] ket ®Y D, L-a-aminoadipic
acid-2-%“C-% feedingA] 71 C. acremoniume] myceliao] 4] 2232 lysine2- radioactivity® 7} 52 9l
9}, D, L-a-aminoadipic acid-2-"“C 22 L-a-aminoadipic acid-6-“4C3= cephalosporin C9] a-
amino-adipyl”] I incorporation=| ¢l v}, *® L-a-aminoadipic acid-6-“4Ce] D form®x.c} &z W]
myceliaof 2} &) 43 ¢l 0w}, cephalosporin Ci} penicillin Ne] A 346 4 D-a-aminoadipic
acid2] 7% L-formidr 14Co] radioacitivityy} &4 3 Mo} wo] =4 =4, o]l L-a-aminoadipic
acids} D-form® .t} cephalosporin Ci} penicillin Noj A &Ao] o] Sa3lA olexg oujstzm
ltt. C. acremonium=} wra] cephamycin CE A A stE= S. clavuligeruso] 4= D,L-lysine-1-*C

St-Tlaminopimelate pathway d-Aminoadipate pathway
Aspartate d-Ketoglutarate Acetyl CoA
@-Pnosphoaspartate J/

Homocitrate
Azrartate- F—semialdehyde

Homo-cig-aconitate
Dihydrodipicolinate

1 Homoisocitrate
4 -Fiverideine-2,6-dicartexylate v
| Oxalglutarate

N-ica<wl-g-keto- N-succinyl- -keto-

A~z vopimelate  obaminopimelate o-Ketoadipate
A-N-zacetyl-n,E~ N-Succinyl-&, g- A~-Aminocadipate
diarinopimelate diaminopimealate J’

L |

ol~-Aminoadipate-§-

1,.-¥,€-Diaminopimelate semialdehyde

1

meso-of, E~Diaminopimelate Saccharopine

o-Aninoadipate
Fig. 12—Biosynthesis and metabolism of lysine,
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o] cephamycin Coj incorporation® ¢} 2=}, t}& cephamycing B A8l S. lipmaniio] J = F A+
3 AAs Aol ul, ol Streptomyces sp.o| 93l X a, e-diaminopimelate?] decarboxylation
uk2o| oa) lysino] 4 Azle o] lysine® a-aminoadipic acid2 o} A% 7] wjj o] o},

Streptomyces sp.©] 3F lysine mutante] LA423& diaminopimelate decarboxylaser}l o= o &
] derepressedsl Aol 4] diaminopimelate® 2 A 71t} =38l L-asparatic acid-U-*Co] LA423
mutanto] ¢]3] diaminopimelate® incorporations] =] L-lysine-U-"Ce] cephalosporinef incorpora-
tions| ¢ t}, o214t A3+ ® a-aminoadipic acids} Streptomyces sp.o] Lol 4l lysineo] o AHE<lo]
T4 2o,

HU AT NIIRAZEISFR] BK
a. Tripetide

olu] 1= 4k9] precursorEo] oW d AR Agstel oAwd FzAE AF Aoy
cephalosporine. . Al @45 =xE oA 5 A3 el A= ¢z vk 196013 Arnsteinz Morris
71 P. chrysogenumol ] 8-{a-aminoadipyl)cysteinylvaline& 2] A7} ol B-lactam FAA g
A9 E7kA el 3] “Tripeptide theory” 7} = ull & 0. 2 o F5) ¢l o}, 8580 7. %0 Loderﬁ} Abraham
5 C. acremonium®) T iz 58 SulfurE 3-%% 3719 peptided F3] W ged I
peptide P, 8-/{L-a-aminoadipyl)-L-cysteinyl-D-valine (LLD-ACV) 2l Ao 2 w3 1:} 84) Peptide
P,ol D-valineo] Za]3lcii 712 tripeptider} B A sl7] Aot & FAHE F¢ L-valineol
D-oj4a) 2 wisldchis A2 gAsta gleh. o] tripeptide =& §-(L-a-aminoadipyl)-L-
cysteines} L-valine© 2 3-¥] broken cell systemol] &3} A A 5 g}, 8

Arnstein® Morrisz} @4 ¢t L-cystinyl-1-"4C-L-valine®- 5] 1] 4 2 © 2 incorporations] = ut=i L-

cystinyl-D-valinee A1} =hwl ko] o]- &% x| ¢rgke}, 887 o]2] 3} isotopically labelled L, L-
dipeptide} proteine] 4] .t} sl ale] ©] wo] incorporation® = 71-& incorporation® ] o
bt s 7 gErhE AL ovstaz vk zEu A YA radioactiviyi: 3 74xl dipeptide
Hoh Age] cka, = P chrysogenum.ﬂ A2l A4 cultureo] A cysteinylvalineo] 7 %] =] ¢k
= Ao mFe] wol o] dipeptidert VA AFA FaF FAE obd A Aok ® o
dipeptidel= myceliad] 4] 2+w35] 74 Ea 5 vk ACV-tripeptide= 7}+E-8] 51 =] ¢gkch. Penicillin
N negative mutant®3 < +% culture brothe] & (L-a-aminoadipyl)-L-cysteinyl-D-valine?] dimer
, deacetoxycephalosporin C negative mutant No 20-55 9§ 4] culture broths] ¢]
o] tripeptide F-m= A& =443 ],

Cephalosporium sp. 2 sonication’| 7} = fractionationA] 7 o A4 A& A=, o
v} L-a-aminoadipyl-L-cysteineo] == 4% Fof L-valinest A sz valined] ofA-Fa7}
LLD-ACV 7 35 ¢lt}, 899 L-valinee] LLD-ACVi A 34 = ], L-configuratione] D-con-
figuration© i =] = uk C-3 14 9] configurationo & ¥ 3t7} gl-2o] *C NMR spectroscopy & A&
L A de| olgle] Zus otk Zvlel P. chrysogenumol] A -2 ACV-tripeptide® Cephalosporium
sp.o| tripeptide Pyo} 722 LLD-q Al 72% 71Xz 9y Ao wa zoh

Abrahams)} 2.9 T %A TAEL P, chrysogenum?] protoplast == cell free systemg o] &3t
o] LLD-ACV & 3-8 slyAae AFgdstgdet. 714 “C-L-valinee = ¥ penicillin No]
A5 71 5t} radiochemical yieldst @4 o} tripeptiderl Fai= A gz 2z slYA=le

& HA A7 2
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incorporation® o] Zwd = ¢l c}. 9 w3l C. acremonium®] cell free extractd o] &3t LLD-ACV
- isopenicillin No & & A7) % ¢}, 929 Lenkes} Nashi= cephalospoiin Ci} penicillin N-g- A
A8t EekE C. acremonium tripeptide-negative ¥ o] 3} trpeptide-positive # o] &S genetic
recombinationA] # ¢1-2 heterokaryon 2 npenicillin N3} cephalosporin C2 A g4 519 =5 %,
o]i= LLD-tripeptides} cephalosporin Ci} sl de] AaAe) F74d-% onjstz goh &
of tripeptide &-(L-aminoadipyl)-L-cysteinyl-D-valineo] C. acremoniume] cell free systemo] 4]
isopenicillin No 2 w3 = 529,% o] isopeniicillin No] L-a-aminoadiphyl”] 7} epimerases] £]3)
epimerization® ¢} penicillin No.z W3lsls Aoz gzA=z 9l 9% Ly (L-g-amino-4-
adipyl)-L-cysteinyl-D-valineo] C. acremonium2] cell free systemol ] isopenicillin No & w35
b= A& BC NMR spectroscopy & ¢] £3}o] =9 5193}, 9 & (L-a-amino-8-adipyl)-L-[3-1°C]-
cysteinyl-D-valine-8- C. acremonium] cell free extracte} &} n.m.r. probeoe] 4] incubationd}=
BC num.r. spectrumo]] A] tripeptides] labelling®l <1 =}o) <& hebyt 26.7ppm. 9| X 2] signal-2-
A stz A2 signale] 67.7ppme] A el A Zkell whe} F7bs 9lch 67, 7ppm. o] signal
o] off-resonance proton decoupled spectrumof 4] doubletz }e}yfor} o] 7-2 isopenicillin N&J
C-50] 7lelgte Aeg s At w3 f49 Afew (L-e-amino-d-adipyl)-L-(3-*CI-
cyteinyl—D~[3—13C]—valine9— incubations} = %E¢l 13C n.m.r.2] signalo] 26,7z} 31.8ppmoj }E}

whor] Al zke] whet intensityr} b4l dts 67. 7ppm3 65. Gppmol 4] isopenicillin N¢& C-5,
C-20] s1<lehiz signalo] e} A 7lel e} intensitysh 2% 9k,

S.  clavuligerus2] cell free extracte] ©]#] 4] % 6-(L-a-aminoadipyl)-L-cysteinyl-D-valineo]
cyclization® o] penicillin-type antibiotice. 2 wW &=}z zlo] Zwxglon], o]a cyclization
activitye]] dithiothreitols} 0,7} At)A o2 1 g 3ln] ascorbates) Fe?o] o]3] #4¢] A5 e
o ATP:= Pa3x = oz uwalgeh 0 LLD-ACVe]A isopenicillin Nol 44% wE
aminoadipyl] ] A AFol & Aand whEol o] iz F o sl o

# <ol cephalosporin Co] A4 organism<l Cephalosporium acremonium C-919) cell free
systemo] LLD-ACV¢] tripeptide® feedingA] 7] w], isopenicillin No] ¢dojxi=w], LLD-ACVS

AA -
valine 3¢]7} J& ethyl =& dimethyl LLD-ACV § 53 & feedingA 7 wix JA3gHo s
AAdal G528 AFgFete Aol whe] zlch 2 o]o] wa Aol Fig. 13¢] Fo1A] Ak o)
‘l{ HoN - ,
~3 H . v i Nt 1
5 ,.n(\A/ oFy , H w1 B
COOH NH R, 00H O ob——. -
H ‘ZCOOH ' COOH
A P.1=R2= CH3
B+ Ry= CHy, Rp= CHOCH,
. - = H
C ¢ Rq= CHCH,, Rp= CHy
D : Rq= H, Rp= Ciy

Fig. 13—Biosynthesis of penicillin analogs with an~ethyl group or a hydrogen atom instead of
the methyl groups at C-2 position from LLD-ACV tripeptide analogs.
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AR o)A C. acremoniume] | A= ring cyclization enzyme2- substrateo] g Eo]Ao] okgt
Ao ® el yh=d o] & modified substrate®-2 =3} ring formation F Ao die] A3 H-Er)
zsigeh o AW E@ Azd AUt FEden
P
s)

93l wel Sdtel AL 4 L' ATAE ATAI F

AL afrsts gle Aoz ¥
modify# cephalosporin&-2- 4 g4
23
noifk
Arnsteins} Crawhall’®, Birche} Smith'¥ = ol =7 s A ge] p-lactamza]y (A) & (B)
pathway@ w4 A} A= s (Fig 147 dehydrovaline 717 349 Za3dr 43} &3 db-go] Aot
FHL AL o) &AL L7 5] penicillamine fragment2] C-3 ¢| ] o D-centre® 7} = thiazolidine

23 F4aeha Al eyl

H,N /S HZT:\ 7 .
2 H(CH,) »
‘ NH o (CH ), _A A& 32
NH - CH} 32— L x-cul_

N

o/ NCooH g COOH
H H,N SH
mat ~ |Lr ~ 2N\
C“"r-»u br{(c}{ )A a /CH(CH3/2
wi-ce” ’ RN
G CO0H e COOH
H H.N
HoN 2.
2N\ E‘S-/[“ o 2 S :F )
/L—l K / :‘; L
e ¢ E00H
0CH

Fig. 14—Hypothetical mechanisms for the formation of the g-lactam ring.

Arnstein®} Crawhall tritium © & incorporation®| cysteine®] a-hydrogens} B-hydrogen® 3}
= GxEhE AL S9agied, o]k S-lactamie] ¥ A A dehydrocysteine F7bdE E T
A oreg omalz 9rh. mal C. acremoniumo) 2]st¢] L-a-aminoadipyl-L-cysteinyl-D-(2-
3H)-valineo} incorpartion® % w1 Alel Neoj| tritiumo] 27 S~ ;
ol A Z7le] A otE Q1w Fig. 149] pathway Co] Folx S \<
dehydropeptide 714 s Ade AFgARA) A Z7ky s \E\T/ :
ZetE] A g8 Wyste] b Y m B FA R “cyclic 07 n k

cysteinylvaline” %% 2|7} B-lactanze] #HAA 71 A5 =

wt

Fig. 15—A proposed cyclic cysteine
7VeAel A A ook, el cyclic cysteinylvaline?) intermediate.

r_”i

AR
o2 WEE A gk}, 107,198 o] cyclic dipeptider} myceliume ifﬁ&]bz] sl 3
o1} o] dipeptider} Zzkdl® FA&8 AEAL w9 Fuker A 2ok w sV ELE] &1 A
pathway = Fig. 16¢] Fo]=x] ul2Eo] A ot ¢lw]™, cysteinylvaline dipeptider} At3lE o] =

UC %29 sterecisomerS-& P. chrysogenum2] whole myceliume] feeding~j7] ¢l Iﬂ\/] A
il 1

»C
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ﬂZN SH H2N SH
[—NH _—2H \El‘\l/
7 = 7
CO0H O0OH
-2H
H,N H.N

COOH

Fig. 16—A proposed biosynthetic route to penicillin.

B-lactam 2] % ¥4 3sE pathwayt thioaldehyde %7127t ¥4 %o amided 4o o]
2 Wb mechanismE obd A¥AQl FAE gk dFv AF4A  thioaldehyde F 713
Aol A A=A ¢gkch Z12] 1} azetidin-2-onex}t thiazolidinex ] 3] 4 Ao cysteineX- ¢
01__110.] L\l.];]__\‘-fl](‘w}]?,),%) 7}\

=g

el

i =

1o

Fig. 17—A hypothetical g-lactam ring formation reaction proposed.
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thiazolidine = 2] & A w=A] 7} radical processol oste] Yol A A ks gz oo o}
o zaE g e, Azt BAgA| P e o radical mechanism-& model systeme] 4] 4
5] 9l o] mechanismoj 4] azetidinoneszz] A A2 % g8 isothiazolidine (Fig. 17)3
g 7b A @A E 205108 ha] el sb Al A thioaldehyde 2 & A3lw 4 p-lactam z2]7F ¢
o] 2] 3= radical mechanismeld] o] & ZAR3L AR o)A o] radicalo] E£FE kgl A B-lactamiL#]
s} Slolx x| eFopo® o] radical mechanism®= A3E H-7 Ao t} #H o=

C-3 ¢ Ao radicalo] FAH 2 g C-5 Aol FA

H
Hoha A ks oloh ¢ m Fig. 18] Foizl monocyclic HZN%/W‘VH
T @ 1 |
T l I !

tripeptide & P. Chroysogenum?] protoplast lysated A}-& COOH 0

rr, valine 9]¢

o 5-(L-a-aminoadipyl)-L-cysteinyl-D-valineo] 4| - C u',.,'

H Qdvw FHaded FEAe A4 ool e
Fig. 18—An intermediate clzimed to be

o) z ] 117} . .

ek Eed3tgleth isolated from the fermentation

Cephalosporing] dihydrothiazinez 2] %4 of Fa}ed broth of C. acremonium.
vl 7} pathwayr} ) ¢t gledl, tripeptideo] 4] «, f-dehydrovaline Sxa =i olst A F

A2 AA AN ez YFAR Fol g7} &4 e]l®  3-cephem A A 7} oj A =
pathways} o] 445z ek M 121) o] pathwayy 53] C. acremoniumi o] ol penicillin
N 23 4 sk} cephalosporin C& A4 Al Fole Fol gelA U=, cephalosporin C4- 4! -4 &}

¥ vj4gFe =5 penicillin N& 4 A 3tv] cephalosporin C+& positiveo] 1} penicillin N} negative
o WolEe AT BAH o] ggol vl Retx penicillin Noj cephalosporin Cﬂ precursor
Qg siurds Fxogleh Ty A No] cephalosporin Ciz. Wd 5= F0ewdx2 A 23
%= 78-(5-D-aminoadipamido)-35- hydroxy-3a-methylcephem-{a- carboxylic ac1d7} C. acremonium
o] ull oF brothel] 4] -] 5 ¢l o}, 122

Penicillin N3} cephalosporin C& 414 3t& C. acremoniums) cell free extractol] 4] cephalosporin
Ce] 4} 4to] penicilhin Nej ojal Al o= vh penicillin Gi} 6-APAe] a4 FH5+ &<
t}, utal penicillinasez} mediume] % 7}l w] cephalosporin C7} A 445 A gd=Hl ol endogenous
CE A A8 7} penicillin Nghg o A AstE C. acremonium®] W o]F 9] enzyme system
o o] §-3le] penicillin N& 2] & o4 deacetoxycephalosporin C= B 3} A] 7 v}, 121 0]
W #rlete faE ATPS 2-oxoglutarated B8 2 s} dioxygenasest ul&d J1%E AL
9l AL R oleky] Hrh HTdE wdl o] C. acremonium H0]%2] enzyme system-2- isope-
nicillin N<& penicillin No 232 m+ isopenicillin NxX. deacetoxycephalin Co.2 #W3kA A F 4l
2] h.p.l.c. analysisol] 4 Febsiet. 126,126) 7 2] 5. S. clavuligerus®} cell free extract Ab-4-3}of
5-L-a-(aminoadipyl) -L-cysteinyl-D-valine(ACV)<- penicillinf =4 = w8 A 7] Fof| ring expansion
enzymeol 2|3} cephalosporin C2 W& A7 2 gex yzz gk C acremoniums} S.
clavuligerus?) cell free extracto] 4] ring expansion enzymeo| Fet2¢} ascorbates TEHoZ §
s 2AEHE wgert o F organisms] H&E AololE BE WA AelAEE b
o}, 128 Z C. acremoniumol] 9)o1 A ATP: aagdAE:AEAY oled, a-ketoglutaratex= ¥
F7 9goene S clavaligeruso] Ax ATPE 038 dAEFAE 2927 a-ketoglutarate
= ut= 2] 23} cofactor® Aastgch =3 C. acremoniumol] ¢l o} A= sonicationz} Triton X-

= exogenous penicillin No] cephalosporin C2 W52 &8 okAl & 4 9)th. Cephalosporin
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100 # =] % ring expansion enzyme?] &io] A5 7 o0 u] Fo] membrane-bound enzyme
ol Ao HFHGor, S davaligeruso] 9olAE oz @ Ao A W) 22 high speed
centrifugeo] o)e A=A = Ao w u] o] soluble enzymeo] 7 © & 1}e}lytc), 128
¢. Penicillin Acylase

Ay AL G sp42a A 6- aminopenicillanic acid (6-APA) & wl=i= F7} 19501 Sakaguchi
o} Muraoe| 9|8] P. chrysogenume| mycelial extracto] 4 A& By =glch B ww o 9s} 9]
A =k penicillin acylase] 7} ¥3] a&.e pH7. 5~0. Ol 4l 72 =e Wil A F4Le pH
5.0~6.001 41 7} =1}, Penicillin acylases) A) 2y 914 % w) AEol EEo wit X
Folel els] 4 4t = penicillin acylase?] o) 232 A4 Zuyo) FAFEF, 13 S Bo] A

rii

2

o},g“
oo fr 2 ap

A1+ penicillin G acylasex= 1] 2 22 ot gl ofe] olml:ate] N-acyl§ 35S 7424
T ZldFol o] M2 ¢lor}, penicillin V acylasex= penicillin&-#}o ul A L3l= o =
ZFA] 5. oleh. Penicillin acylasel: |2 ¢ At g EBEolA4S 1A} penicillin Noj
isopenicillin N-& 7428 A7) 2] Za}e] w3 Cephalosporium sp.2] rEo| 4 7-ACAY: LA =~
el oh.

6-APA®} phenoxyacetic acid &2 phenylacetic acid= H-E] peniicllin V &2 G7} A @dAS =
EoolEe duleE oot oz a3 9o}, acylaser} isopenicillin N-& 7}<=33] A 7] %]
W Aoz g ¢, 18]35 6-APAZ} initial precursor® Z+g-8}o] acylatione A 3

HARez MaE s A €A webSolr ojzg o

Brevibacterium, Achromocacter2} Flavobacterium Zro] 1= cephalosporin C acylaseo] <] 3]
deacetyl-7-ACA7} WA=tz ¥ 35 Ror}, AA cephalosporin C& 7-ACA9} D-a-aminoadipic
acid® 7} 33 A 7] = acylase= o} W7 52 @%9tr}. Brannons] 2] cephamycin CZ A4
St S, clavuligeruso) A cephalosporin-g- deacylation] 7] 3= cephalporin C acetyl esterses} ®tA

Ao, o) Za Azolo FARE Aoz v g,

196713 Pruess9} Johnson-& transacylase 2 penicillin acyltransferasey} &3l pH 8ol 4]
penicillin V,G,K9} X =22z dihydropenicillin F] acyly] & 6-APASl A2 FFAAI = wres
sulthydryls} 48 ZAsle] 4] Zel @tz 23 shgoh 22 ze)u o4 o] Zao] 3|4 % pen-
icillin N9| acyl7]+= 6-APAS} w35 %) @9teh. Penicilling of 2 A ST WolFel A o] Ha
ol #4o]l =L Aoz o] &4} penicillin A 34 o] FoddlE Ao g F2x52 9l Spencer:=
o] enzymeo] penicillin G9] acyls] S 6-APAste] w3 wroo Zo g B ozl 6-APAg}
phenylacetyl coenzyme AE %-¥ penicillin GE Q34 A7 vhxz vz 5l 9 o}, 1% =3t Brunner
= side chain$g 34314 )= side chain coenzyme A ligased ¥ w3}9l on], 6-APAr} phenyl-,
@ phenoxyacetic acidl CoA$-x 3 & acylation ® &= 712 w walgel. = penicillin A A
o] =pA] el wiA o 4 phenylacetyl CoA ligasee] 2]3 acetyl radicals} CoA=E HH ZAr}=x2 pre-
cursor7} CoA-activated side chain precursorz = o] o] 7 o] 6-APAE =4 N-acylation A7tz
A 2 o},

Acytransferase= 4] Z v (intracellular) el $] 7 1} penicillin acylase¢} 72 33} 3 e (particle bound
form) 2 ZEAstEd & o] s} glct, Cephalosporing- 4} 4513 Cephalosporium sp.oj] A= o] &
a7b A gkokeh, Isopenicillin N-& penicillin acyase®] substrates. 243l ¢te} peni-
cillin transferase®] substralez & F4at Ao g ursl gl 120 2] Zoll P. chrysogenum®} 1]
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A7 Ve vg brothol 6-oxopiperidine-2-carboxylic acid7} sl yAlal V& 20 mole %=+E £4)
e AR uAE ol olw izlzl Ea O racemateq ), 139

Cephalosporin C&] w}xju} A4 A& deacetoxycephalosporin C7}- 3 A4 5] 52 deacetylcepha-
losporin C2- 7171 4 cephalosporin CZ A A== Ao zm AMzrgch 30 C. acremonium?] wild
type £2- wlo]E 819 cell free extract= pH 7.00] 4] Mg?*, acetyl CoA¢} deacetylcephalosporin
C ZA 8}oll 4] cephalosporin C7} A A= ol&dl, o]w o] ¥l&& Fujzle &4 S acetyl CoA:
-deacetylcephalosporin C acetyltransferases} v gpgdch, 136,137 o] g9 Aol Aold Wo|Fo
4] deacetylcephalosporin C7} &4 5}t 28] 72 3] o] Queeners} Capone, =12 51 Liersche} 9]
55 AT 52 deacetoxycephalosporic C# deacetylcephalosporin C# hydroxylationA] 7] = &4
2 3 3lg o}, 138,13 3 Deacetoxycephalosporin C2] 3-methylene o] 3= 43 N& cep-
halOSporln CE WM7AA7 % &9 748 inhibitorz 2-gstgl ot 22 E uha)A] Xapglch 10

JI"J oL

B W

[
B
=3
£
n2
K.Lu‘
rlo

Ul g gl o) ale] wi-% A ] A As 5 9l A A o) 9k, cephalosporin
H vEo] AA] FE AT wol H A
E35) =@ JAle s cephalosporm?«ﬂ 59 FYAEL Fo

AelES v agAer AAsy AdAE fFATTEAHA ATE Siekd
gene-enzyme IA| & &3 3lolof w1 oo ] oz v] B JFr Ao gz vk 5
Yoyt cephalosporinAl §9 FAAEL] AAAH L Fdets AL A AAR LB AT
A A & =4 JHAE AR Aol THAT dF v ofAx A 23 AR Ak =s)
regulation mechanismo] o]3) 5 #] £33}z 2l
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