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Abrtmct: 6 -(L-a-AminoEl, 1,6- 
17 18 

O/ Ol-adiWI)-k-cyl)sinyl-D-voli~ was 
comertad into isopenicillin N in cell-free extracts of Cepholosporium ocremonium 
with 3 Ioe of 170/ 180 lobe1 a~ shown by 1% NMR spectnrcopy and mass spectto- 
metry. Incubation of unlabelled tripaptida in a usll-fma system containing Q/lsO 
enriched water produced isopeniciIIin N with 2 inegromtion of 170/ l8q 

The biosynthesis of,‘%$&icillin N 1 from L- 

voline, L-cyrhine and L-a-ominoadipic acid 

prou&s via the tripeptide 6 -(L-a-aninoadipyl)-L- 

cysteinyl-D-vatins (LLD-ACV , 3)‘. #-WIti 

mechanisms which hove bean proposed for the 

tmnsformotion of 2 into 1, several have included 

steps involving hyc&ation/dehybotion of intermediate 

products. 
2 

Cooper her wd a scheme involving 

thiozolines and thiuzolineatatidin eg 3,4_, as 

possible intermediates in the biosynthesis of 

cqhalosprins and penicillins. The feasibility of 

this approach hos been denuwutreted by Kishi et aI3 -- 
in “biogenetic-type” syntheses of penmn and cepham 

ring systems. 

The possible use of thiozolinesulforms eg 3 as 

potential intermediates in biomimtic syntheses of 

p-lactam antibiotics hrss been investigated by Scott 

and ciwodcen? In this scheme, nucleophilic attack 

by on anion, -ted at the ~-carbon of o cysteine- 

thiozolinesulphone, up the nitroerm of a hydroxamic 

acfd derivutive yields a @-&tom ring. 

IO61 
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In on altematiw scheme, Morin et al5 have -- 
proposed a cyclic orthothioamide, ,6, os a biogenetic 

precursor of &penicillin N, following their isolation 

of 6-oxo-pip&dine-2-corbaxylic acid from the 

fermentation broth of Penicillium cbnum. 

L -i 
8 

The pcuIbility of dehy&ation/hydmtion rhp in 

the conversion of LLD-ACV ta &penicillin N can be 

tested by conducting the biaynthris in a ‘70/‘*0 

fsotopkally eruiched medium or by employing i70/i80 

‘sotopicolly l~lled’precursars, In a cell-free 

extmctofc.oenmonium6, thap#E*woftlM 

conversion of LLD-ACV to isapeniclllin N can be 

followed directly by ‘H NMR rpec&oscopy7 and the 

fate of I70 lobelled atom (eithr from the medium 

or from labelled tuhtmtes) con be studied by 170 NMR 

17 
0 NM spectroscopy has been employed only 

rarely es a tool in organic chemistry because of the 

low mlwai abundtrnch of 170 ond also becaus 170 

rosmances are ganemlly broadened by quodrupol# 

relaxation (I = 3/2). The linewidth of 170 

resomncas incmous dmmaticaliy with molecular 

size but mat oxygen-centoining function4 *up 

con be distinguished* by 170 NM even in 

molecule8 up to molecular weight ,c= 1000. Th 

rapid relaxotian of 170 nuclei allom reliable 

inmtion of spectra and using on intemol standard, 

eg mtuml drundonw ‘0 ramonce in a solvent, 

th levels of “0 enrichment, in variou function01 

group8 eon be mtimoted. 

Synthesis and “0 Nh4R Spectm of 174/180 Enriched 

LLD-ACV . 

L-o-ominoodipic acid won isotopicoIly -i&d 

with ‘7Q”80 in both the CT ond 6 -corboxyl group; 

by dissolving it in i70/‘80 enriched aqueous 

hydrochloric acid (3M HCl in H20; H2160 : 

H2170: HZ’@0 - 10: 50:40) and allowing the 

solution to rtond for 48 hours at room temperature, 

The 170 NW spectrum of the enriched wmpound, z, 

wus a single rcaonance(255ppnfromH2 ?70 w 
‘ ?/= 

760 Hz, pH = 1) which indicated a total enrichmen ? 

of a. 1.3 moles of 170 per mole. On heating, 7 

was &h-ted to the lactam, E, where the lactam 

amide and corboxyi soups could be distinguished by 

170 NMR (377 and 253 ppm f&m H2170 respectively 

at pH3). Inwtion of the msomnces in the “0 

NMRspectrumof~, showedthat~hadbeenenriched 

inboththea-and 6-wrboxylqoupca.40:60 - 
respectively. 

t 

210% 

-hO 
1 

c& 

(7 
NH 

0 

; 

The acidz, WQI protected as its N-benzyloxy- 

carbonyl-cvbenzyl ester kivative, 0, and coupled 

with S-~yl-L-cyctdinyl-D-wli~ beiuyl esta, lj 

(S&me 1)‘O. The Ripeptide ?J, w6 &protected 

to yield isotapioolly eniched LLD-ACV, 12. 

Figure 1 shows the 170 NMR spectra of compounds 

I, 2, ?J and i_? and, aa expected, the linewidthr of 

the aces increase Q the size of the molecule4 

im. In the 170 NMR spectrum of 2, 

l nihment in both ttrs ester and avfboxyl group can 

be distinguished cIearJy. Ewt~ in 1_1, where the 

width of t4~ rrlcomncsr at half height approod~~ 

4kHz, corbonyl and alkoxy sites ore resolved, 

althou& further distinction between the amide and 

ester corbonyl functions is not pasiblo. In 12, the 

amib c&onyl and the twminol carboxyl vp are 

not -ted and in*tion of the spectrum against 

an intemal H20 mfemnce indicated a total 

enrichment of ~a, 1 mole 170 per mole of ‘2. 



Conversion of “O/% labclled d+-a-anGnoadipyl)-Lqstcinyl-c+valine 

"0 NMR 
40.7 MHz 

I 1 I I I I 1 

so0 300 loo 

FFM from Hz"0 

170 NMR spcko (40.7 MHz) of intwmodiota in tfm rynthesk of ‘7q’a0 
LLD-ACV . (A) and (0) D20 dvant, (8) and (c) CDC13 solvent. 
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m/r : 45s 
Iro~nicillin N 

w 

Scheme 2 

Mm spsctrolwtry 

LLD-ACV peptides and isopenicillin N were 

derivotisedl’ for mass spectromehy as their -N- 

sthoxycorbonyl, -S-ethoxycarbcnyl, -carboxyhwthyl 

derivatives (Scheme 2). 

The protomted molecular iorrr in the ammonia 

desorption chemical ionisoticn (DC1 ) moss spectrum 

of unlabelled derivatives 13 and 14 exhibit near - - 
theoretical intensities: 

1_3, C22H38N3010S+ , found 536: 537: 538: 

= loo: 25: 9 

calc’d 536: 537: 538: 

= 188: 27.5: 10.1 

lj, C19H3C,N308S+ I found 460: 461: 462 

= 180: 21: 13 

colc’d 460: 461: 462 

= 100: 23.9: 8.8 

Under electron impact (El) conditions, both 1_3 

and 13 fragment to ions ny’z 230, 158 and 98 (relative 

ion intensity: 13 - lo@%, 31%, 49% ; 14 - 7%, - - 
7%, 18% dz 174 = 100%) arising from cleovoge of 

the adipyl sidechoin from the mst of the molecule 

(Scheme 3). The sequential unimolecuk 

fragmentation scheme won confirmed by B/E linked 

scan measurements and the intepnediote ions wo 

identified by occurate mass measurement: n$z 230 

(found 230.1828, C18H,6N05 requires 230.1028): 

n/z 158 (found 158.0816, C7H12N03requires 

t58.8817); 42 98 (found 98.8685, C5H8N0 

require; 98.0686). 

When the lobelled tripeptide, 11, was 

cberivatised, the distribution of protcnoted molecular 

ions in its DCI mass spectrum indicated 17QI”0 

enrichment at thee sites in the molecule (MH+ , 

536: 537: 538: 539: 540: 541: 542 = 26: 65: 

1OO: 95: 69: 34: 13). In the in boom El rpechum 

of derivotised 12, the interuities of the fragment iom 

C,8H16N0,+ (n+, 230: 231: 232: 233: 234: 

235: 236 = 39: 73: 100: 88: 56: 23: 7) and 

C5H8NO’ Wx, 98: 99: 100 = 89: 108: 74) 

were consistent with the intensity of the molecular 

ions and verified that all of the labels were in the 

ominoadipyl residue in the labelled tripeptide 12, 

A least squares amlyrrir of the intensities of the 

molecular ions axl the fragment ions indicated 

enrichment in the odipyl amide bond ( 0: 
16 17& 188 

. 

= 36: 37: 27) and in each of the adipyl a-corboxyl 
16 

sites ( 0: 
17 18 

0: 0 = 51: 28: 21). 

Cpnvemion of LLD-ACV to Isopenicillin N 

Incubation of urlobelled LLD-ACV with o cell- 

free extract of C. acremanium in 
17r$8g enriched 

woter( 15&e % ‘7Qhproduced ieopenic\llin N 

quantitatively (by bioossay6 and ‘H - NMd7). 



ma ): lu) C,n,NO’ 

m/t:90 

scheme 3 

“0 NMR 

40.7 MHZ 

(Al 

PPM from Da”0 

Fieua 2 “0 NMR spectm (40.7 MHz) (A) “Q”*O rrfti UD-ACV; (B) the prod& 
isopanicillin N aftw incubion with a cdl-fm omoct d C. -km. 
(with mtuul dnmbnoll I ‘cr) from tb cdl-frw udro~). 

(8) contuh so;- 

in-1 c&xation for the lmlr of “0 uhhnunt. 
2 .O mb D20 (dvcmt) pi&d 
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The 170 NMR spectrum of the triply lyophilised 

product mixtue showed no detectable incorporation 

of 170. The DCI mass spectrum of derivatired 

isopenicillin N, isolated from the reaction mixture 

showed a molecular ion distribution (MH+ , 460: 

461: 462 = 100: 21: 13) identical to that obtained 

from derivotised iscpenicillin N arising from 

incubation of LLD-ACV in normal (i ,e. unenriched) 

water. 

Incubation of labelled LLD-ACV, 1_2, with o 

cell-free extract of C . ocrernonium produced 

isopenicillin N quantitatively. By 170 NMR 

spectroscopy~ nett loss of 170 could be detected 

(Figue 2). The ivnicillin N product was 

derivatised in situ ond isolated from the incubation -- 

mixture. The protonoted molecular ions in the 

DCI marr spectrum of the derivatised isopenicillln 

N showed on identical isotope distribution (hUi+ , 

460: 461: 462: 463: 464: 465: 466 = 26: 65: 

100; 94: 67: 33: 13) to that of the derivatised 

l&elled tripeptlde precursor. &reover, the 

17Q”a0 isotope distributions in the fmgment icns 

+ 

(‘10” 16N05 ’ 
C,HBNO+) were consistent 

with these in cbrivatised labelled LLD-ACV although 

ti absolute intensities of these fragments was too 

low to be measured occurotely in the presence of 

other products derived from the in&&ion mixtures. 

Conclusions 

During the enzymatic biosynthesis of 

isopenicillin N frcm LLD-ACV, the fact that no 

oxygen is incorporated from on isotcpically enriched 

medium and no oxygen otorm are lost from isotopically 

lobelled LLD-ACV precludes any mechanism 

involving o dehydratior/hy&ation step. The 

formation of intramolecular thiozolines, 

crthothioamides etc as intermediates in the 

biosynthesis is clearly inconsistent with our 

experimental results. The possible formation 
11 

of any intermolecular, covalently-linked 

intermedioh (eg enzyme-bound thioesters, esters, 

omidines stc) involving any of the oxygen sites of 

LLD-ACV is also excluded 
12 . 

Thcim?+J3 have reported the loss of one 

oxygen atom, frcm 0 lobelled L-voline precursor, 

in the biosynthesis of penicillin V by intact mycelio 

of Penicillium cluysogenum. Assuming that the 

biosynthesis in this organism follows the same path as 

in 0 cell-free extract of C. ocremonium, 0uI results 

suggest that this oxygen atom is lost during the 

biosynthesis of LLD-ACV from its constituent amino 

acids (or possibly during tha exchange of the 

phenoxymethyl for the ominoadipyl sidechain) and 

not during the oxidative cyclisation of LLD-ACV. 

Penicillin biosynthesis can involve the oxygen 

sites of LLD-ACV only in non-covalent interactions 

eg hydrogen bonding with the synthetase enzyme. 

We have demonstrated that 6 -(L-a-aminoodipyl)-L- 

serinyl-D-voline is neither o substrate nor o 

competitive inhibitor for the synthetase enzyme 
14 

, 

hn we believe that the SH woup of LLD-ACV may 

ploy o decisive role in binding the substrate to the 

active site during penicillin biosynthesis. 
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Experimental 

NMR spectra were recorded on o Bruker WH300 

NMR spectrometer at 2O’C. “0 NMR spectra were 

recorded ot 40.7 MHz, typically 25,ooO scans were 

occumuloted with 0 repetition rate of 0.02 sec. 

Mass spectra were obkined on o VG Microman 

ZAB 1F moss spectrometer. In beam El spectra were 

obtained using the standard DCI probe under El 

conditions. Amnonio DCI spectra were _yuxded 

ot on indicated source pressure of 6 x 10 torr. 

High resolution measurements were run ot o resolution 

of 10,OW using pe& matching ogoinst perfluro- 

tributylomine as internal standard. 

“O/“O Enriched N-benzyloxycarbonyl-L-a- 

ominoodipic acid 6 -benzyl ester 9. Dry hydrogen 
chloride was dissolved in water (1.3 ml) 

isotopically enriched io “0 and ‘b (KC% isotopes’, 

H “0. H2”O: Hzl’O= 10: 50: 40) until the 

c&e&ion of ths acid was opproximotely 3M. 

L-a-ominoadipic acid (540 mg, 3.3 nunole) was 

dissolved in the acid and allowed to stand for 48 

hours at 20°C. The solution was neutralised with 

sodium bicarbonate, the solvent was removed under 

vacuum, and ti residue was dissolved in aqueous 
sodium hyboxide (20 mls, 0.35 M) at 5OC. A 

solution of benzyl chlcroformate (860 mg, 5 mmole) 
in dioxon (20 mls) was added dropwise, concurrently 

with on aqueous solution of sodium hydroxide (20 mls, 

0.2%). The solution WOI stirred for 1 hour ot 

20°C then washed with ethyl acetate (3 x 50 mls), 

acidified (pH - 1) ond extracted with ethyl acetate 
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(3 x 50 mls) . The combined extracts were dried -COOE), 3.748 (3H, s, -COO&, 4.12 (2H, m, 

(&SO,) and the solvent removed to yield crude -Cl&Me), 4.25-4.35 (3H, m, -C_HXHs,-Clj-CH,), 

L’O/lsO isotopically enriched N-benzyloxycarbonyi- 4.46 (lH, dd, J = 4.9, 8.7H2, -C&CH&), 

L-a-aminoadipic acid (930 mg) as a white 4.76 (lH, m, CH-CHz-S-), 5.51, 6.62, 7.03 (3x 

crystalline solid which was used without further brood doublets, &N&pm; n/z 535.2202 (C,fi ,, 

purification. N,O,,S requires 535.2200). 

Cr& N-CBZ-L-a-aminoadipic acid (930 4 

was dissolved in cky DMF (5 mls) under argon, 

cyclohexylamine (350 mg, 3.3 mm&) was added 

and the solution was heated to 80°C. Benzyl 

bromide (510 mg, 3 mmole) in dry DMF (2 mls) was 

added, the solution was stirred for 10 minutes at 

80°C then poured into water (150 mls) and extracted 

with ethyl acetote (3 x 50 mls) . The extracts were 

washed successively with water (3 x 50 mls) end 

aqueous sodium bicarbonate (3 x 50 mls, O.OlN) 

then dried (MgSOr ) and the solvent rsmaved ta yield 

a crystalline solid (720 mgs). The combined aqueous 

phases were acidified (pH -. 1) and extracted with 

ethyl acetate (3 x 50 mls) . The extracts were dried 

(MgSO ,,) and removal of the solvent afforded 

urueacted N-CBZ-L-a-aminoodipic acid (400 rng) 

which was recycled throu& the estefification 

procedure (twice). The combined crude product 

(1.1 g) was pvified by flash cluonmtogophy on 

silica (30 cm x 2 cm) using chlorofonn/acetd 

acetic acid (80: 20: 1) as eluent. After a forerun 

of diesterified mahrial (120 mg) the required 

monoester, 2, (750 mg) was obtained. 

Rscrystallisation (banze~light petroleum) afforded 

pue 1 ‘o/l ‘0 eruiched N-benzyloxyc&onyl- L-a- 

aminoadipic acid a-benzyisester (5000~..1 .3 mmol, 

ags) m.p. 9+92OC; talo -14.8 (c = 0.95, 

awtone) (lit.‘,’ m.p. 92-94’C; [alzi -14O, c = 2, 

acetone). 

foll~.~l~~~d~~~~~e~ic~d LLD-ACV 

. 

Derivatisatian for Mass Spectrometry 

Synthetic L,L,P isapenicillin N ” (12.0 mg) was 

derbmtised as above to yield a crude product which 

was purified by preparative layer chramatogophy 

(ethyl acetate: dichloromethane, 1:2, x 2). N- 

ethoxycarbcnyl-L,L, D-isopenicillin N, dimethyl 

ester, E, as a foam (4.5 mg); Rf 0.50 (silk, ethyl 

dichlaronmthane, 1: 2 , x 2); v (CHC 13 

%;tNH), 1790, 1750, 1715 (C=O), 151rcm-‘; 

6 H(CDC1 ,) 1.25 (3H, t, -CH,@e), 1.501 (3H, I, 

-S-C&e), I .669 (3H, I, -S-C&e), 1.5-2.5 (6H, bin, 

-(Cyz)s-), 3.750(3H, s, -COO&), 3.782(3H, s, 

-COO&), 4.12(2H, m, -Cz,-CH,), 4.20(1H, 

bm, -Ctj-CH,-), 4.427 (lH, s, Clj-CMes-), 5.54 

(lH, d, J = 4.4H2, -Ctj-S-), 5.70 (lH, &, J = 

4.4, 9.3H2, -Cli_cH-S-), 5.3, 6.3 (2x broad 

doublets, 2 x N-gppm; Q’Z 459.1683 C ,,H,,N, 

SO B requires 459.1675. 

Conversion of LLDACV to Isopenicillin N. LLD-$CV 

(0.03 tmnole) in a total of 5 ml of cell-free extract 

plus cofuctars was reciprocally shaken at 100 cycld 

min at 2PC far 60 minutes. Protein wus pecipitated 

with ace- and the mixture wQI filtered and 

lyophilised. 

The biaynthesised isopenicillin N and unreacted 

LLD-ACV m derivatised directly in the crude 

lyophilised reaction mixture uing the prccedure above. 

Puification by prepamtive layer chromatography 

provided daivotives for mass spectrametry . 

Referem 

1 4 

Peptides and penicillins were routinely 

kivutised for mass spectrometry u&g a procedure 

analogoustothatofAbmhometal”. TypicoIly, 

the compound (~a 1 ma) was d%&ed in water 

(2 mls) and satrrmted sodium bicabonote solution 

(50 ~1). Diethylpyroc&onate (100 ul) VVOI added 

and the suspension stirred far 1 hour, adjusted to 

pH2 (2N HC 1) and extracted with ethyl acetate 

(3 x 3 ml,). The extracts were dried (No&O +), 

filtered and treated directly with freshly prepored 

diozomethane in diethyl ether at 0°C far 15 minutes. 

Evaporation of the solvents gave the crude 

derivatives which could be purified by prsporative 

layer chromatogophy on silica plates. 
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dichloromethane, 1: 2, x 2). N,S-diethyoxy- 

carbc+~yl-LLD-ACV dimethyl ester, l3, WOI obtained 
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acetote: dichloronmthone, 1 : 2); ” 
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