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Abstract: § =(L-a-Amino{1, 1,6~ 170/ 180] ~adipyl)~L-cysteinyl-D-valine was
converted into isopenicillin N in celi-free exiracts of Cephalosporium acremonium
with no loss of 170/ 180 iabel as shown by 10 NIMR speciroscopy and mass speciro-
metry. Incubation of unlabelled tripeptide in a cell-free system containing 1%,/180
enriched water produced isopenicillin N with no incorporation of 170/ 18Q

The biosynthesis of Wopenicillin N 1 from L-
valine, L-cysteine and L-a~aminoadipic acid
proceeds via the fripsptide & -(L-a-aminoadipyl)-L- oz 03
cystoinyl-D-valine (LLD-ACY , 2)'. Among the NHg g
mechanisms which have been proposed for the . s — s
transformation of 2 into 1, severcl have included 0.‘2_1 [COaH ”’I{

= -~ . N—mH o NQ/
steps involving hydration/dehydration of intermediate H F— "
products ., Coopou-2 has proposed a scheme involving L COpH A

thiazolines and thiazolineazetidinones eg 3,4, o 3 .
possible intermediates in the biosynthesis of

cephalosporins and penicillins. The feasibility of

this approach has been demonstrated by Kishi et al°

in "biogenetic-type" syntheses of penom ond cephom

ring systems. —~

The possible use of thiazolinesulfones eg 5 o coz ©0z 7
potential intermediates in biomimetic syntheses of K\AN’Q NHE
B-lactam antibiotics has baen investigated by Scott s — NAC
and eowotkon‘. In this scheme, nucleophilic attack 02_1 P ;) coM
by an anion, generated at the B-carbon of a cysteine- v?#” x;‘) -
thiazolinesulphone, upon the nitrogen of o hydroxamic - . -

acid derivative yields a B-lactam ring.
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In an alternative scheme, Morin g!lls have
proposed a cyclic orthothicamide, 6, as a biogenetic
precursor of isopenicillin N, following their isolation
of 6~oxo-piperidine~-2-carboxylic acid from the
fermentation broth of Penicillium chrysogenum.
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The possibility of dehydration/hydration steps in
the conversion of LLD-ACV to isopenicillin N can be
tested by conducting the biosynthesis in a l7()/' '80
isotopically enriched medium or by employing !70/ 180
isotopically labelled precursors. 1n a cell-free
extroct of C. m:%romtmium6 + the progress of the
conversion of LLD-ACV to isopenicillin N can be
followed directly by 1l-‘! NMR spcctroscopy7 and the

fate of 70 labelled atoms (either from the medium
17

or from iabelled subsirates) can be studied by "0 NMR

speciroscopy .

l70 NMR spectroscopy has been employed only
rarely as a tool in organic chemistry because of the
fow natural abundance of 17IO ond also because 17(1
resonances are generally broodened by quadrupolor
relaxation (| = 5/2). The linewidth of 70
resonances increcses dramatically with moleculor
size but most oxygen-containing functional groups
can be distinguished® by 170 NMR even in
molecules up to molecular weight ca 1000.  The
ropid relaxation of l70 nuclei allows reliable
integration of spectra and using an intemal standord,
eg natural abundance I:"'0 resonances in a solvent,
the levels of ]70 encichment, in various functional
groups can be estimated,

Synthesis and 70 NMR Spectra of 7o/ %0 Enriched
LLD-ACV.

L-a-amincadipic acid was isotopically enriched
with 70/1%) in both the a- and & ~carbaxyl groups
by dissolving it in 170/180 enriched aqueous
hydrochloric ocid (3M HC1 in H,0; H, "0

H,"70: H,"%0 = 10. 50. 40) and allowing the
solution to stand for 48 hours at room temperature.
The ]70 NMR spectrum of the enriched compound, 7,
was a single resonance (255 ppm from HZVO, WV -
760 Hz, pH = 1) which indicated a total enrichmen

of ¢g. 1.3 moles of ]70 por mole. On heating, 7
was dehydrated to the lactam, 8, where the locto:n
amide and carboxyl groups could be distinguished by
175 NMR (377 and 253 ppm from H, 70 respectively
at pH3). Integration of the resonances in the ]70
NMR spectrum of 8, showed that 7 had been enriched
in both the a- and &~ carboxy! groups ca. 40:60

respectively.
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cope A~ S e A
M o
k4

210°C
-Hg0

.

COpM
@S

(o]
.

The acid 7, wos protected as its N-benzyloxy-
carbonyl-a-benzyl ester derivative, 9, and coupled
with S-benzyl-L-cysteinyl-D-valine benzyl ester, 10
(Scheme 1)'0,  The tripeptide 11, was deprotected
to yield isotopically erviched LLD-ACV, 12.

Figure 1 shows the ]70 NMR spectra of compounds
7, 9, 11 and 12 and, as expected, the linewidths of
the resonances increass as the size of the molecules
incroases. In the ‘70 NMR spectrum of 9,
snrichment in both the ester and carboxyl groups can
be distinguished clearly. Even in 11, where the
width of the resonances at half height epproaches
4kHz, carbonyl and alkoxy sites are resolved,
although further distinction between the omide and
ester carbonyl functions is not possible. In 12, the
amide corbonyl and the terminal corboxyl group are
not separated and integration of the spectrum against
an internal Hzo rofmnco‘;odicahd a total
envichment of ca. 1 mole "0 per mole of 12.
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Figwe 1 70 NMR spectra (40.7 MHz) of intermediates in the synthesis of 170/ '8
riched LLD-ACY. T(A) ond (D) D,O solvent, (8) and (C) CDC1, solvent.



1064 R. M. ADLINGTON e al.

" o cooet SCO0Et
Y\/TN ! 1. HCO3 7 {ELOCOI,0 ) Y
P L
" co; u'ﬁ 2 He H 3
HRTCOH 3 CHgNy COzMe N “~COgMe
2 mir 1538
LLD-ACY
} ]
t
‘N,N n ? ? . ‘l:(m HHH
oot I-r 1. HCOj /{EXOCO},0 H " s
co; \)( -
o7 NN 2 u* CO;Me O ~\><
i 3. CHgNp o
o oo
2
m/r = 459
Isopenicillin N e
Scheme 2

Mass Spectrometry

LLD-ACYV peptides and isopenicillin N were
derivoﬁsed” for mass spectrometry as their -N-
ethoxycarbonyl, -S-ethoxycarbonyl, -carboxylmethyl
derivatives (Scheme 2).

The protonated molecular ions in the ammonia
desorption chemical ionisation (DCI) mass spectrum
of unlabelled derivatives 13 and 14 exhibit near
theoretical intensities;

13, CpHagN2O ", found 536: 537: 538:

= 100; 25 9
calc'd 536: 537, 538
= 100: 27.5; 10.1
M, C oHa NOpS™ | found 460; 461: 462
=100 21: 13
calc'd 460: 461; 462
= 100: 23.9: 8.8

Under alectron impact (El} conditions, both 13
and 14 fragment to ions my'z 230, 158 and 98 (relative
ion intensity: 13 - 100%, 31%, 49% ;: 14 - 7%,
7%, 1805 m/z 174 = 1009 ) arising from cleavage of
the adipyl sidechain from the rest of the molecule
(Scheme 3). The sequential unimolecular
fragmentation scheme was confirmed by B/E linked

soan measurements and the intermediate ions were

1930

identified by accurate mass mecsurement: my/z 230

(found 230, 1028, C|°H‘6N05 requires 230, 1028) ;
m/z 158 (found 158.0816, C7H]2NO3 requires
158.0817); nmy/z 98 (found 98.0605, C5H8NO
requires 98.0606).

When the labelled tripeptide, 12, was
derivatised, the distribution of protonated molecular
ions in its DCI moass spectrum indicated ]70/|80
enrichment ot three sites in the molscule (MH+ .
536; 537:. 538; 539: 540: 541: 542 = 26. 65,
100: 95: 69: 34: 13). In the in beam El spectrum
of derivatised 12, the intensities of the fragment ions
ot 6Nos+ (nvz, 230, 231, 232; 233, 234,
235, 236 = 39; 73; 100: 88: 56: 23: 7) and
CHgNO" (my/z, 98: 99: 100 = 89: 100: 74)
were consistent with the intersity of the molecular
ions and verified that all of the labels were in the
aminoadipyl residve in the labelled tripeptide 12,

A least squares analysis of the intensities of the
molecular ions and the fragment ions indicated
encichment in the adipyl amide bond (]60: ]70: ’80
= 36 37: 27) and in each of the adipyl a-carboxyl
sites (%0: Vo, % = 51, 28 21).

Conversion of LLD-ACV to Isopenicillin N

Incubation of unlabelled LLD-ACV with a cell-
free extract of C. acremonium in ‘70/ !80 enriched
water (15 mole % | Qhproduced isopenicillin N
quontitatively (by bioossoyé and lH - NMR7).
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0 NMR spactra (40.7 MHa) (A) 170/ "®0 enriched LLD-ACV; (B) the product ,_

isopenicillin N ofter incubation with a cell-free extroct of C. acremonium. (B) contains SO‘
{with natural abundance 170) from the cell-free extract. 2.0 mls 525 (solvent) provided
internal calibration for the levels of 170 enrichment.
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The 170 NMR spectrum of the Hriply lyophilised
product mixture showed no detectable incorporation
of 170. The DC| moss spectrum of derivatised
isopenicillin N, isolated from the reaction mixture
showed a molecular ion distribution (MH+ , #60;
461; 462 = 100: 21. 13) identical to that obtained
from derivatised isopenicillin N orising from
incubation of LLD~-ACV in normal (i.e. unenriched)
water.

Incubation of labelled LLD-ACV, 12, with a
cell-free extract of C. acremonium produced
By 70 NMR
70 could be detected
The isopenicillin N product was

isopenicillin N quantitatively.
speciroscopy no nett loss of !
(Figure 2).
derivatised in situ and isolated from the incubation
The protonated molecular ions in the
DCI mass spectrum of the derivatised isopenicillin
N showed an identical isotope distribution (MH+ ’
460; 461; 462 A63; AbA: 465, 466 = 26; 65
100; 94; 67; 33: 13) to that of the derivatised
labelled tripeptide precursor. Moreover, the
170/]80 isotope distributions in the fragment ions
(CyoH1eNO5 T/ CoHGNO™) were comsistent

with those in derivatised labelied LLD-ACV although
the absolute intensities of these fragments wos too
low to be measured accurately in the presence of
other products derived from the incubation mixtures.

Conclusions

mixture.

During the enzymatic biosynthesis of
isopenicillin N from LLD-ACV, the fact that no
oxygen is incorporated from an isotopically enriched
medium and no oxygen atoms are lost from isotopically
labelled LLD-ACV precludes any mechanism
involving a dehydratioryhydration step.  The
formation of intramolecular thiazolines,
orthothioamides etc as intermediates in the
biosynthesis is clearly inconsistent with our

The possible formtion"

experimental results.
of any intermolecular, covalently-linked
intermediate (eg enzyme-bound thicesters, esters,
amidines etc) involving any of the oxygen sites of
LLD-ACV is also excluded 2

Thomgglls have reported the loss of one
oxygen atom, from a labelled L-valine precursor,
in the biosynthesis of penicillin V by intact mycelia
of Penicillium chrysogenum. Assuming that the

biosynthesis in this organism follows the same path as
in a cell-free extract of C. acremonium, our results
suggest that this oxygen atom is lost during the
biosynthesis of LLD-ACV from its constituent amino
acids (or possibly during the exchange of the
phenoxymethyl for the aminoadipy! sidechain) and
not during the oxidative cyclisation of LLD-ACV.

Penicillin biosynthesis can involve the oxygen
sites of LLD-ACV only in non-covolent interactions
eg hydrogen bonding with the synthetase enzyme.
We have demonsirated that § -(L-a-aminoadipyl)-L-
serinyl-D-valine is neither a substrate nor a
competitive inhibitor for the synthetase enzyme14 ,
thus we believe that the SH group of LLD-ACV may
play o decisive role in binding the substrate to the
active site during penicillin biosynthesis.
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Experimental

NMR specira were recorded on a Bruker WH300
NMR spectrometer at 20°C. 170 NMR spectra were
recorded ot 40.7 MHz, typically 25,000 scans were
accumulated with a repetition rate of 0.02 sec.

Mass spectra were obtained on @ VG Micromass

ZAB IF mass spectrometer. |n beam El spectra were
obtained using the standord DCI probe under El
conditions. Ammonia DC| spectra were recofded

ot an indicated source pressure of 6 x 10 torr.
High resolution measurements were run at a resolution
of 10,000 using peak matching against perfluro-
tn'.bu:ylomme os internal standard .

170/1%0 Enriched N-benzyloxycarbonyl-L-a-
aminoadipic acid § -benzyl ester 9.  Dry hydrogen
chioride was dissolved in water (1. 00 ml)
isotopically enriched ip 70 ond %0 (KOR isotopes®,
H,'*0: H,'70: H,® O = 10: 50: 40) until the
concentrohon of the acid was approximately 3M.
L-a-aminoadipic acid (540 mg, 3.3 mmole) 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, ond the residue wos dissolved i in aqueous
sodium hydroxide (20 mls, 0.35 M) at s°c. A
solution of benzyl chloroformate (860 mg, 5 mmole)
in dioxan (20 mls) was added dropwise, concurrently
with an aqueous solution of sodium hydroxide (20 mls,
0. 25M) The solution was stirred for 1 hour at
20°C then washed with ethyl acetate (3 x 50 mls),
acidified (pH ~ 1) and extracted with ethyl acetate
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(3x50 mis). The combined extracts were dried
(MgSQ, ) and the solvent removed to yield crude
170/1%0 isotopically enriched N-benzyloxycarbonyl-
L-a-aminocadipic acid (930 mg) as a white
crystalline solid which was used without further
purification.

Crude N-CBZ~L-a-amincadipic acid (930 mg)
was dissolved in dry DMF (5 mls) under argon,
cyclohexylamine (350 mg, 3.3 mmole) was added
and the solution was heated to 80°C.  Benzyl
bromide (510 mg, 3 mmole) in dry DMF (2 mls) wos
odded the solution was stirred for 10 minutes at
80°C then poured into water (150 mls) and extracted
with ethyl acetate (3 x 50 mls). The extracts were
washed successively with water (3 x 50 mls) and
aqueous sodium bicarbonate (3 x 50 mls, 0.01N)
then dried (MgSO, ) and the solvent removed to yield
a crystalline solid (720 mgs). The combined aqueous
phases were acidified (pH ~1) and extracted with
ethyl acetate (3 x 50 mls). The exiracts were dried
(MgSO ) and removal of the solvent afforded
unreacted N-CBZ-L-a-aminoadipic acid (400 mg)
which was recycled through the esterification
procedure (twice). The combined crude product
(1.1 g) was purified by flash chromatography on
silica (30 ecm x 2 cm) using chloroform/acetone/
acetic acid (80; 20: 1) as eluent. After a forerun
of diesterified material (120 mg) the required
monoester, 9, (750 mg) was obtained.
Recrystallisation (benzene/light petroleum) afforded
pure ! 7Q/! ¥0 enriched N-benzyloxycarbonyl-L-a-
aminoadipic acid a-benzyl Bster (500m 1.3 mmol,
%) m.p. 90-92°C; [a]D -14.8° (c-—O 95,
acetone) (lit .5 m.p. 92-94°C; [aly -14°, c=2,
acetone) .

9 was converted to 1 '0/! °Qemch.d LLD-ACV
following literature procedures’

Derivatisation for Mass Spectrometry

Peptides and penicillins were routinely
derivatised for mass spectrometry using a procedure
analogous to that of Abraham et al '*.  Typically,
the compound (ca 1 mg) was dmolved in water
(2 mls) and saturated sodium bicarbonate solution
(50 ul). Diethylpyrocarbonate (100 ul) wos added
and the suspension stirred for 1 hour, adjusted to
pH2 (2N HC1) ond extracted with ethyl acetate
(3 x 3 mls). The exiracts were dried (NaSO ),
filtered and treated directly with freshly prepored
diazomethane in diethyl ether at 0°C for 15 minutes.
Evaporation of the solvents gave the crude
derivatives which could be purified by preparative
layer chromatography on silica plates.

LLD-ACYV (10.5 mg) was derivatised as above to
yield a crude product which was purified by
preparative layer chromatography (ethyl acetate:
dichloromethane, 1:2, x2). N,S-diethyoxy-
carbony|-LLD-ACV dimethyl ester, 13, was obtained
os a foam (8.0 mg, 52%), Rf 0.25 (silica, ethyl
acetate: dichloromethane, ~ 1:2); v (CHC1,)
3420 (NH), 2950 (CH), _ 1720 (C=0), “1’890(NHCO),
1500 and 1150 (C-O)em *; 'H NMR (CDC124)

§ 0.903(3H, d, J = 6. 9Hz, -CHMe), 0.952 (3H,
d, J =6.9Hz, -CHMe), 1.238 (3H, t, J = 7.2Hz,
'CHzMe), 1.320 (3H, t, J = 7.2Hz, ~-CH2Me),
1.5-2.5 (7H, broad mult -CHMe,, -(CH,),),
3.20-3.29 (2H, m, CH,5-), 3.737 (3H, s,

-COOMe), 3.748 (3H, 5, -COOMe), 4.12 (2H, m,
-CHz Me), 4.25-4.35 (3H, m, -CH.CH, ,-CH-CH,),
4.4 (1H, dd, J = 4.9, 8.7Hz, -CH-CHMe,),

4.76 (1H, m, -CH-CHz-S-), 5.51, 6.62, 7.03 (3x
broad doublets, 3x-NH)ppm; m/z 535,220 (C,,H,,
N, O, ,S requires 535.2200).

Synthetic L,L,D- isopenicillin N '© (12.0 mg) was
derivatised as above to yield a crude product which
was purified by preparative layer chromatography
(ethyl acetate; dichloromethane, 1:2, x2). N-
ethoxycarbonyl-L, L, D-isopenicillin N, dimethyl
ester, 14, as a foam (4.5 mg); Rf 0.50 (silica, ethyl
acetate: dichloromethane, 1:2°, x2); v (CHCI )
3440 (NH), 1790, 1750, 1715 (C=O), 151 ;

§ H(CDCI s) 1.25 (3H, t, -CH,Me), 1.501 (3H s,
-5-CMe), 1.669 (3H, s, -S-CMe), 1.5-2.5 (6H, bm,
-(CHz);-), 3.750 (3H, s, -COOMe), 3.782 (3H, s,
-COOMe), 4.12 (2H, m, -CH,-CH ), 4.20(1H,
bm, -CH-CH,-), 4.427 (H, s, -CH-CMe,-), 5.54
(H, d, J =4.4Hz, -CH-S-), 5. 70(H, dd, J =
4.4, 9.3Hz, -CH-CH-S-), 5.3, 6.3 (2x brood

doublets, 2 x N=H)ppm; m/z 459 1683C, H, N
SO 5 requires 459.1675.

Conversion of LLD-ACV to Isopenicillin N. LLD-ACV
{0.03 mmole) in a total of 5 ml of cell-free extract
plus cofactors was reciprocally shaken at 100 cycles/
min at 27°C for 60 minutes. Protein was precipitated
with acetone and the mixture was filtered and
lyophilised.

The bicsynthesised isopenicillin N and unreacted
LLD-ACYV were derivatised directly in the crude
lyophilised reaction mixture using the procedure above.

Purification by preparative loyer chromatography
provided derivatives for mass spectrometry.
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