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Abstract: Cell free extracts from Cephalosporium acremonium containing deacetoxy/-
deacetyl cephalosporin C Synthetase acqivities have been shown to convert Exomethylene
cephaloaporin C directly to deacetyl cephalosporin C. Labelling experiments in the

presence of “0,, indicated the source of the 3-methylene-oxygen of the latter was
dioxygen.!®

Until recently mechaniatic inveatigations into the bicsynthesis of cephalosporina have been
hampered by the lack of reliable cell free extracts. Despite this it has been demonstrated that
the immediate biosynthetic precursor of the cephalosporins is penicillin N (1).2:® Ring expansion
of 1 to give deacetoxy cephalosporin C (DAOC)?:? (2) is followed by hydroxylation to give deacetyl
cephalosporin C (DAC) (3)* which ie then acetylated to give cephalosporin C (4) (Scheme 1).°
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Intact cell experiments have demonstrated that 2S,3R,-'’C-valine (5a) gave 4-'’C-cephalosporin C
(6a)* whilst 28,38-''C-valine (5b) gave 3-methylene-'’C-Cephalosporin C (6b).”
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Townsend®»® and Abraham et al’® have independently demonstrated by feeding chiral methyl valines to
intact cell-systems, that the resultant cephalosporin C showed complete tritium scrambling at the
C-2 position, to give 9a (presumably via 7) (a substantial primary isotope effect was noted)® and
that the allylic hydroxylation occurred with complete retention of sterecchemistry to give 23’
(presumably via §) (Scheme 2). We have also investigated several putative intermediates for the
ring expansion process,’! including the 3g-methylene hydroxypenam (11). However incubation of n
with a freshly prepared extract of DAOC/DAC Synthetase gave no cephalosporin products.
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R =4-(D-a -aminoadipoyl)

In our laboratories we have demonstrated, in accord with the results of Scheidigger et gi.“
using purified extracts from-C.acremonium CO 728,that the biosynthetic oonversicns 1+2and 2 +3
are catalysed by a single bifunctional non haem iron coxygenase (termed DAOC/DAC Synthetase).!! The
enzyme was shown to require oxygen and a-ketoglutarate as. co-substrates and needed asoorbate for
optimal activity, (In contrast using prokaryotic systems Wolfe et al have reported the
separation of the DAOC Synthetase and DAC Synthetase activities'?).
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A mechaniam involving the intermediacy of exomethylene cephalcsporin C (10) may be considered
for the ring expansion of 1 to 2. To investigate this possibility we have synthesised 10 and
incubated it with purified extracts of DAOE/DAC Synthetase, from C.acremonium CO 728.

Thus the sulphoxide (12) (obtained from Eli Lilly & Co.) was deoxygenated (acetyl bromide/
cyclchexene) to give the sulphide (13). Cleavage of the phenoxyacetyl side chain of 13 gave the
ester (14), which was coupled with protected D-a-aminocadipic acid (15)!" to yield the triprotected
exomethylene cephem (16). Partial hydrogenation followed by purification (preparative
electrophoresis at pH 3.5) gave 10.

When 10 was incubated with purified extracts of DAOC/DAC Synthetase, in the presence of the
appropriate cofactors,'' a single beta-lactam product was observed in the 'H n.m.r. (500 MHz) of
the crude incubation mixture (10-100% conversion of 10). This new product was ldentical (by 'H
n.m.r., h.p.l.c. retention time, and bioassay) after isolation, by reverse phase h.p.l.c., to an
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authentic sample of DAC (3). We did not observe any 2, either by 4 n.m,r. or by h.p.l.c.
analysis, thus 10 is not a free intermediate in the ring expansion process (l hd g). Treatment of
the blosynthetic (3) with formic acid gave the lactone (17), identical to an authentic sample (by
'H n.m.r. and h.p.l.c. retention time), which was converted into the derivative (18)!'* (M* found
481,1206, C, H,,N,;0,5 requires 441,1206).
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Recently, we have reported that the related enzyme isopenicillin N synthetase, is capable of
producing hydroxylated g-lactam products from suitably unsaturated substrates'®,!? and shown that
the source of the oxygen atom of the hydroxyl molety was molecular oxygen'® (for example Scheme 4).
As we believed the conversion of 10 toc 3, may arise from a similar mode of
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action by DAOC/DAC Synthetase, we have observed this conversion in an atmosphere of '®0,. We also
observed the cell free conversion of 2 to 3 in the presence of !*0,. Stevens et al’® have reported
that the origin of the C3-methylene hydroxyl group-of 3 from 2 was molecular oxygen, when an intact
cell experiment in the presence of '®0, was performed. However, the level of incorporation was not
reported.

Thus incubation of 2 and 10 independently with DAOC/DAC synthetase under an atmosphere of ''0,
gas (99%) gave labelled (3a, b) which were purified and lactonised as before, Owing to the low
levels of conversion (10 + 3, and 2 + 3), under the conditions of the labelling experiment, we were
unable to obtain the lactone (17) cleanly as before. However, direct analysis of the underivatised
lactone {17) was achieved by positive fon thermospray h.p.l.c. mass spectrometry, using a reverse
phase octadecylsilane column. The resultas (Tables 1,2) indicate a significant (30-40%)
Aincorporation of %G into the lactone (17), from both 10 and 3. The most probable explanation for
the less than stochiometric levels of incorporation results from !*0, present in the enzyme
preparation. We found that degassing of the enzyme solution led to loass of activity. However, we
cannot eliminate the alternative explanation that the source of the hydroxylated oxygen atom was at
least partly derived from water.

Experinent Conditiona 17 Mi'* lon/relative intensity ($) Fragment 19 lon/relative intensity (%)
1 teg, /e 35% 355 356 357 358 359 360

Found 0 12 100 28 12 3 1

ca1d, - -~ 100 18 7 1 -
2 t*o, m/e 354 355 356 357 358 359 36¢ 36t ale 154 155 156 157 158 159 1
round 4 1 100 23 S8 13 8 2 round 1 1 W 11 53 5 3
car9(®) - - jo0 8 5 - -
Tabls § {10 to 17, via 3}
a) for CH,R'*0,8
Experiment  Conditions 17 Ki'* lon/relative intensity (%) Fragaent 19 lon/relative intensity (%)

1 g, w/e 355 356 357 338 359 360 /s 155 156 157 158 159 160
Found 2 106 30 1% T % found 1 100 13 8 3 2
caad - w0 8 7T 1 - cd - 1008 5§ - -

2 '*0, n/e 355 356 357 358 359 360 nie 155 156 157 158 159 160
Found &% 100 25 T2 21 22 Found X 100 14 70 10 6

Table 2 (2 to 17, via 3)

We have proposed a mechanism for the enzymatic ring expansion of 1 involving an enzyme bound
{Fe IV) ferryl oxo moiety,2?® in analogy with mechanisms proposed for the mode of action of other
non haem oxygenases,?! and believe the conversion of 19 to 3 may involve such a specles., 1Iron,
dioxygen and a-ketoglutarate can combine at the active site of DAOC/DAC synthetase to form the
ferryl speclies, with the production of CO, and succinic acid. In the normal hydroxylation pathway
from 2 this species can insert into a C-H bond of the 3-C-methyl group of 2 {(Scheme 5, a) to give
an enzyme bound intermediate (20), which can then collapse with retention® to give 3. 1In the case
of 10 the enzyme bound ferryl species may insert into the 2-C-H bond to give 21, which may
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rearrange (possibly via a radical process) to give 20 (Scheme 5, b). An alternative proposal is
that an oxy-ene type reaction pathway (Scheme 5, c), such has been considered for cytochrome
P-4502%, may give rise to the same intermediate.

If a ferryl-oxo (Fe=0) complex is indeed the enzymatic oxidant, then it is possible that the
isotopic exchange of oxygen occurs at the active site. Groves et al have reported evidence for
exchange processes of this type in oxidations utilising an oxoporphinate chromium (V) complex??® or
the complex resulting from the reaction of chloro-5,10,15,20-tetrames{itylporphinatoiron (III) with
m-chloroperoxybenzoic acid.2**+2®, There is, however, no precedent for an exchange of this type in
a non-haem oxygenase and in the case of the decarboxylation coupled oxygenase, L-prolyl
hydroxylase, Fujimotc et al?* and Prockop et al®’ have independently demonstrated that 1%0,, but
not H,0'* was incorporated into collagen hydroxyproline.
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GENERAL EXPERIMENTAL

Standard chemical procedures as previously reported were-used.!! Melting points were recorded
on a Bﬁqhi 510 apparatus and are uncorrected. Infra red spectra were recorded on a Perkin Elmer 681
spectrophotometer. 'H n.m.r. were recorded at 300 MHz on a Bruker WH300 spectrometer or at 500 MHz
on a Bruker AM500 spectrometer. !*C n.m.r. were recorded at 62.85 MHz on a Bruker AM250
spectrometer. Mass spectra in the electron impact or chemical ionisation modes were recorded on a
VG Micromass 16F spectrometer. Samples requiring desorption chemical ionisation or fast atom
bombardment were run on VG Micromass 30F or ZAB 1F spectrometers, The h.p.l.c./mass spectrometry
was carried out using a VG Micromass 2250 spectrometer coupled to VG Thermospray interface Rheodyne
TRS injector, two Water 510 pumps and 3 Phase Sep S5 0DS2 column (150 x 4.6 mm internal diameter).

H.p.l.c. of crude incubation mixtures was carried out using a Waters M-6000 A pump, Rheodyne
7RS injector, PYE Unicam LC3 UV detector or Waters 441 Absordbance Detector and columns packed with
Hypersil ODS (250 x 4.6 mn internal diameter).

pPaper electropﬁoreais (analytical and preparative) was carried out at pH3.5 on Whatman No.1
filter paper at T0 volts cm™® using a Locarte power pack. The buffer consisted of water, acetic
acid and pyridine (135:10:1 v/v). Cadeium/ninhydrin reagent was used to locate amino acids.?®



648 J. E. BALDWIN et al,

(2R,6R,7R)-1-Aza-3-methylene-7-[SR-5-p-nitrobenzyloxycarbonylamino-5-p-nitrobenzyloxycarbonyl-
pentanamido J- .2.0]octane-2-carboxylic acid p-nitrobenzyl ester

A solution of 14%* (73 mg, 0.21 mmol), SR-5-p-nitrobenzyloxycarbonylamino-5-p-nitrobenzyloxy—
carbonylpentanoic acid (15)** (100 mg, 0.21 mmol) and 1-ethoxycarbonyl-2-ethoxy-dihydroquinoline
(52 mg, 0.21 mmol) in dichloromethane (6 ml) was stirred at room temperature for 15 hours., The
solvent was removed in vacuo, the residue dissolved in ethyl acetate (25 ml), washed with 2N
hydrochloric acid (25 mi¥, aquecus sodium bicarbonate (25 ml) and brine (25 ml), dried (magnesium
sulphate) and evaporated tc dryness. Chromatography [preparative layer chromatography
(dichloromethane/ethyl acetate, 7:3) Rf 0.25] gave 16 (75 mg, 45%). &y (300 MHz, CDC1,)
1.67-2.00(4H, m, CH,CH,CH C0), 2.24-2,.41(2H, m, CH CO), 3.21, 3.63(2H, ABq, J 14 Hz, 4-H),
4,39-4,%9(1H, m, HHCHCO ), 5.18-5.34(8H, m, 3 x CH,Ar, C«CH, ). 5.41(14, d, “U 5 Hz, 6~H), 5.54(1H,
d, J 8 Hz, NH), 5. 68T1H dd, J 10, 4.5 Hz, T-H), 3 31(1H d, J 10 Hz, NH). .38~7.58(6H, m, Arﬁ).
8.15-8.30(6H, m, ArH).  wpax TCHC,) 3800 m, 1770 », 1740 s, 1710 8, 1680 s, 1525 m, 1350 & ca-
n/e (Field desorptxon) 806 (M*); Fcund C, 54,06; H, 4.31; N, 27.63%., C,.H,.N,0,.5 requires C,
54.00; H, 4.24; N, 27.78%.

Exomethylene Cephalosporin C-(2R,6R,7R)-1-Aza-3-methylene-7-[5R-5-amino-5-carboxypentanamido]}-8-
oxo~5-thiabicyclol i.2.0jootane~2-carboxylic acid (10)

The protected cepham (16) {50 mg, 6.2 x 10”2 mmol) was hydrogenated over 10% P4 on charcosl
(100 mg) in the presence of sodium bicarbonate (6 mg, 7.1 x 1072 mmol) in tetrahydrofuran/water (15
ml, 1:1) at 20°C and atmospheric pressure (hydrogen uptake = 8 ml). The sclution was then filltered
(celite), washed with water {10 ml) and evaporated tc dryness. The residue was then partitioned
between water (25 ml) and ethyl acetate (25 ml), the agueous layer was separated, washed {2 x ethyl
acetate (25 ml)) and evaporated to dryness., The residue was then purified by electrophoresis (pH
3.5, 4 KV, 1 hour) and the ninhydrin active band 15-20 cm from the origin extracted to give 10 (18
mg, 81%). &y (300 MHz, D,0) 1.35-1,.80(4, m, CH,CH,CH, C0), 2.32-2.52(2H, m, CH,C0), 3.18, 3w38(2H,
ABq, J 13 Hz, 2 x "“H), 3 70-3.73(1H, m, HNCHCO Y, “h, 81(1H, s, 2-H), 5.08, 5. 19(2H. 2 x 8, C=CH,),
5.39, 5.47(2H, 2 x d, J 4.5 Hz, 6&H, T-H). m/e (positive argon fast atom bombardment) 358 (MH*).
Alternative purification was obtained by h.p.l.c. (25 mM ammonjum bicarbonate, retention time ca 11
min.).

Incubation of 10 with DAC/DOAC Synthetase

Partially purified DAC/DAOC Synthetase (2 mi, ¢a 1.0 International Unit) in TRIS-HCl buffer
(pH 7.4, 50mM)!?! was preincubated for 2 minutes at 27°C and 250 r.p.m. with 200 pl of pH 7.4
co-factor golution prepared from o« ketoglutarate (i14.6 mg), L-ascorbate (17.6 mg), dithiothreitol
(30.8 mg), ferrous sulphate (1.4 mg) and ammonium sulphate (1.32 g) in water (10 ml). 10 (1 mg) in
TRIS-HC1 (pH 7.4, 1.8 ml, 50 mM) was added and the pH adjusted to 7.4 (c. NaOH). The resulting
solution was incubated at 27°C and 250 r.p.m. for 2 hours, after which protein was precipitated by
the addition of acetone to 70% v/v. After centrffugation (10 K r.p.m., 2 minutes at 0°C) the
supernatent was evaporated to dryness. The resultant solid was suspended in D,0 (1.0 ml),
re-evaporated and re-suspended in D,0 (ca 0.6 ml), filtered (ACRO LC13 disposable filter assembly,
Product No. 4450, Gelman Sclences) and examined by 'H n.m.r. (500 MHz). A single g-lactam product
was observed in the region § 4.9-5.5. Purification by h.p.r.c. (25 mM ammonium bicarbonate) gave
DAC (3), identical with an authentic sample, by '‘H n.m.r. (500 MHz, D,0) 1.48-1.79(uH, m,
CH,CH,CH,C0), 2.22-2. 28(2H, m, CH, 2CO), 3.28, 3.58(2H, ABg, d 18Hz, 2 x §~H), 4,07, 4.12(2H, ABq, J
15 Hz, CH,OR), 4.96; 5.46(2H, 2 x 4d, J 4.5 Hz, 6-H, 7-H), H.p.l.c. [retention time ¢a 8 min.],
electrophoresis (pH 3.5, & KV, thour, ca 21 om from the origin) and blo-asssy against E.coli ESS.
In a bolled control experiment, the DAOC!DAC Synthetase was refluxed in TRIS-HC1l for 10 minutes
before incubation. After work-up as befgre, only starting material (10) was observed in the 'H
n.m.r. (500 MHz) of the crude incubation mixture.

Derivatisation of Bicsynthetic 3 (Method a)

Biosynthetic 3 (ca 500 ng) was dissolved in formic acid (0.5 ml) and allowed to stand for 10
minutes, after whioh 1t was evaporated to dryness. The crude lactone (17) was dissolved in 1,5 ml
(water), then diethyl pyrocarbonate (100 ul) was added to the solution. The reaction mixture waa
basified to pH 9-10 (aqueous sodium bicarbonate) and vigorously stirred for 50 minutes, when it was
acidified to pH2. The aqueous solution was extracted with ethyl acetate (3 x 5 ml) and dried
briefly {scdium sulphate). Excess diazomethane in ether was then added to the stirred solution.
After stirring for 15 minutes, the sclution was evaporated to dryneas to give the crude derivative
{(18). Chromatography £preparat1ve layer chromatography (ethyl acetate) Rf 0.35] gave 18, identical
with an authentic sample. &y (500 MHz, CDCl;) 1.24(3H, t, J 7 Hz, CH,CH,), 1.72-1.89(TH, m,
CH,CH,CH,C0), 2.29-2. tzo(aﬁ, m, CH,CH,CO}, 3. 50, 3.76(2H, ABg, J 18 Hz, TH), 3.77(3H, s, CH,)
470874, 12{24, m, CH,CH Y, 4.9, &, 93(23 ABq, J 17 Hz, CH 20J, 5. 05{1H, 4, d 5 Hz, 6-H), 5. 3&(1& 4,
Jd 7 ¥z, NH), 5.94(7H, dd, J 8.5, 5 Hz, T-H), €.62(1H, J 8.5 Kz, NH); w/e (neeorptlon chemical
Tonisation) u&2 (HH‘). (electron impact, accurate mass measurement), found UU41.1206, C,,H,;,N,0,S
requires 441,1206.
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Derivatisation of Blosynthetic 3 (Method b)

The crude lactone (17), obtained as in Method a, was purified by h.p.l.c. (ODS column, mobile
phase = 5% acetonitrile/water) to give the purified lactone (17) (retention time = ca 14 minutes).
sy (300 MHz, D,0) 1.47-1.80(MH, m, CH,CH,CH,CO), 2.22-2.29(2H, m, CH,CH,C0), 3.55, 3.72(2H, ABq, J
18 Hz, 4-H), 4.92, 4.95(2H, ABgq, J 15 Hz, CM,0), 5.06, 5.63(2H, 2 x d, J 4,5 Hz, 6-H, 7-H). m/e
(positive argon fast atom bombardment) 356 (MH*).

Incubation 2 or 10 with DAC/DAOC Synthetase under an atmoasphere of '*0.

A solution of 20 mmolar TRIS-HC1l, pH 7.6 (15 ml), in a 2-necked 100 ml round bottomed flask
was thoroughly degassed, after which the vessel was returned to atmospheric pressure with argon.
This procedure was repeated three times. A sample of '*Q, (99.8%, 40 ml) was then transferred to
the incubation vessel by means of a gas tight syringe and introduced into the TRIS-HC1l soclution
through a rubber spectrum. The solution was then stirred vigorously by means of an efficient
magnetic stirrer for 3 hours. 5 ml of the oxygenated TRIS-HCl solution was then withdrawn from the
vessel and was used to make up the cofactors solution, under an atmaosphere of argon. The RE enzyme
(ca 1 I.U.) in 4 m)l of TRIS-HCl was then injected into the reaction flask. After stirring for 5
minutes, the cofactors (0.5 ml) were introduced and the vessel briefly degassed and returned to
atmospheric pressure with argon., '°0, (40 ml) was then injected intc the incubation solution, which
was then stirred for 2 min., after which 10 or 2 (0.4 mg) in degassed TRIS HC1l (0.25 ml) were added
via a syringe. The incubation mixture was then shaken at 250 r.p.m. and 27°C for 2 hours, after
which the protein was precipitated by injection of acetone and the incubation worked up as above to
give 3, which was purified by h.p.l.c. as before and lactonised to give 17, which was analysed by
h.p.l.c./mass spectrometry (see Tables 1 and 2).
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