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ABSTRACT: The biosynthetic steps involved in the conversion of a-ketosuberate to 7-mercaptoheptanoic acid
were studied in cell-free extracts of methanogenic bacteria. The pathway was established by measuring
the incorporation of stable isotopically labeled precursors into the S-methyl ether methyl ester derivative
of the enzymatically generated 7-mercaptoheptanoic acid by using gas chromatography—mass spectrometry
(GC-MS). Quantitation of the 7-mercaptoheptanoic acid produced in the incubations with the substrates
was accomplished by using an internal standard of 6-mercaptohexanoic acid. [4,4,6,6-2H,]-2-Oxosuberic
acid, [7-*H]-7-oxoheptanoic acid, [2-2H]-2(RS)-(5-carboxypenty!)thiazolidine-4(R)-carboxylic acid, and
S-(6-carboxyhexyl)cysteine were each shown to be converted to 7-mercaptoheptanoic acid. Incubation of
cell extracts with a mixture of 2(RS)-(5-carboxypentyl)thiazolidine-4(R)-carboxylic acid and [2-2H]-2-
(RS)-(5-carboxypentyl)-[**S]thiazolidine-4( R)-carboxylic acid showed that both S and 2H are incorporated
into the 7-mercaptoheptanoic acid but only after separation of the cysteine from the [7-2H]-7-oxyheptanoic
acid portion of the molecule. Furthermore, the sulfur from the cysteine was incorporated into the thiol only
after its elimination from the cysteine and subsequent mixing with an unlabeled sulfur source which had
a molecular weight of sufficient size that it was excluded from Sephadex G-25. Hydrogen sulfide was found
to supply the sulfur for the production of the 7-mercaptoheptanoic acid in a reaction that was shown to
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obtain its reducing equivalents from hydrogen via an F,,,-dependent hydrogenase.

At present, at least three different biosynthetic mechanisms
have been described for the generation of C-S bonds in co-
enzymes, an important group of natural products with a very
high proportion of its members containing sulfur. The thiol
of coenzyme A is generated by the replacement of an acetate
group of O-acetylserine with sulfide in a standard pyridoxal
phosphate dependent, 3-replacement reaction catalyzed by
cysteine synthetase (Cook & Wedding, 1976). Decarboxyl-
ation of the resulting cysteine generates the cysteamine moiety
of coenzyme A. Biotin and lipoic acid may be generated by
a radical mechanism that allows for the direct introduction
of sulfur at saturated carbons (White, 1980; Frappier et al,,
1982), sometimes with inversion of configuration at the carbon
as in lipoic acid biosynthesis (Parry & Trainor, 1978; White,
1980) and sometimes with retention of configuration at the
site of sulfur introduction as in biotin biosynthesis (Trainor
et al., 1980). [Retention of configuration at the site of car-
bon-sulfur bond formation is also observed during the bio-
synthesis of the penicillins and appears to proceed by the same
type of mechanism as observed for the biosyntheses of biotin
and lipoic acid (Baxter et al., 1982).] The mechanism for the
introduction of sulfur into the thiazole ring of thiamin is un-
known at present, but the sulfur for the reaction originates
from cysteine (DeMoll & Shive, 1985), and the mechanism
may involve the addition of a thiohydroximic acid to a ketone
(White, 1978). The thiol group of coenzyme M (2-
mercaptoethanesulfonic acid) is generated by the conversion
of the aldehyde group of sulfoacetaldehyde to a thiol (White,
1986, 1988). The present work was undertaken to determine
the details of the formation of the thiol group of component
B, (7-mercaptoheptanoyl)threonine phosphate, which is pro-
posed to arise from a-ketosuberate by a series of reactions
analogous to that described for the production of coenzyme
M from sulfopyruvate (White, 1989).

* This material is based upon work supported by the National Science
Foundation under Grant DMB-8718216.
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MATERIALS AND METHODS

Materials. Ethyl hydrogen pimelate and ethyl hydrogen
suberate were obtained from Lancaster Synthesis Ltd.,
Windham, NH. 7-Bromoheptanoic acid was obtained from
Pfaltz & Bauer, Inc., Waterburg, CT. 6-Mercaptohexanoic
acid was prepared from ethyl pimeloyl chloride as previously
described for the synthesis of 8-mercaptooctanoic acid (White,
1980). [7,7-2H,]-7-Hydroxyheptanoic acid was prepared by
NaBZ?H, reduction of ethyl suberoyl chloride (White, 1980).

Bacterial Strains and Growth Conditions. Methanococcus
volta strain P.S. (DSM 1537) (Whitman et al., 1982) and
rumen isolate 10-16B, as described by Lovley et al. (1984),
were used for the work described herein. All bacteria were
grown in 2-L bottles pressurized to 30 psi with H,/CO, as
previously described (White, 1988). The cells were isolated
from the medium by centrifugation and stored at -20 °C.

Preparation of Cell Extracts and Enzymatic Incubations.
As previously described (White, 1988), these procedures in-
volved sonication of cell suspensions under nitrogen in an
anaerobic buffer (pH 7.5) consisting of 50 mM 2-[[tris(hy-
droxymethyl)methyl]amino]ethanesulfonic acid (TES), 10
mM MgCl,, and 2 mM mercaptoethanol. The proteins were
separated from the cell extracts, under anaerobic conditions
at 3 °C, by passing 2 mL of the cell extract through a
Sephadex G-25 (1.5 X 24.5 cm) column equilibrated with the
same anaerobic buffer that was used in the formation of the
extracts.

Preparation of a Derivative of the Enzymatically Generated
7-Mercaptoheptanoic Acid Suitable for Gas Chromatogra-
phy—Mass Spectrometry (GC-MS). After the incubation
times indicated in Tables I and II, a known amount of 6-
mercaptohexanoic acid, typically 2 ug (13.5 nmol), was added
to the enzymatic incubation mixtures, which were then heated
at 100 °C for 10 min and centrifuged to remove the insoluble
material. After washing (2X) the insoluble pellet with 1 mL
of water, the combined extracts were concentrated to 1 mL
with a stream of nitrogen gas at 90 °C. To the resulting yellow
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solution were added 1 mL of methanol, 0.3 mL of 7 M aqueous
ammonia, ~ 10 mg of NaBH,, and, at 5-min intervals, three
15-uL portions of methyl iodide. The bottles were sealed with
Teflon-lined, screw-top caps and vented at frequent intervals
to reduce the hydrogen pressure. The bottles remained capped
to prevent evaporation of the methyl iodide. After 30 min at
room temperature, the samples were evaporated to 1 mL with
a stream of nitrogen gas and processed to yield the methy! ester
of 7-methylthioheptanoic acid as previously described (White,
1988).

Quantitation of the 7-Mercaptoheptanoic Acid Generated
in the Enzymatic Incubations. Quantitation was accomplished
by adding 6-mercaptohexanoic acid to the enzymatic reaction
mixture as an internal standard at the time of derivative
formation. GC-MS data on the resulting derivatized 7-
mercaptoheptanoic acid, isolated from each enzymatic reaction
mixture, contained an additional peak for the 6-mercapto-
hexanoic acid derivative. Since the amount of 6-mercapto-
hexanoic acid added is known and since the ratio of the two
compounds can be determined from the data, the exact amount
of 7-mercaptoheptanoic acid in the sample can be readily
calculated. The ratios of the two compounds were determined
by single-ion monitoring of the areas of molecular ions in the
mass spectra of these two compounds as they eluted from the
column. For the 7-mercaptoheptanoic acid derivative, the sums
of the areas for the labeled and unlabeled ions were used. The
compounds were separated on a Hewlett-Packard HP-5 ca-
pillary column (25 m X 0.32 mm) coated with 0.17 um of
cross-linked 5% phenyl methyl silicone gum phase and pro-
grammed from 75 °C at 10 °C/min. Under these chroma-
tographic conditions, the 6-mercaptohexanoic acid and 7-
mercaptoheptanoic acid derivatives had retention times of 6.1
and 7.5 min, respectively.

Synthesis of 7-Oxoheptanoic Acid and [7-*H]-7-Oxo-
heptanoic Acid. The synthesis of ethyl 7-oxoheptanoate closely
follows the procedure described by Burgstahler et al. (1976)
for the synthesis of aldehydes from acids via their acid chlo-
rides by using a modification of the Rosenmund reduction.
Thus, ethyl hydrogen pimelate (0.94 g, 10 mmol) was dissolved
in 5 mL of benzene and 0.92 g of oxalyl chloride (7.2 mmol),
and 10 pL of dimethylformamide was added. After 30 min
at room temperature, the benzene was evaporated under
vacuum and the resulting yellow oil was dissolved in 5 mL of
tetrahydrofuran. The resulting solution of ethyl pimeloyl
chloride was then added to 40 mL of tetrahydrofuran con-
taining 230 mg of 10% Pd on carbon and 0.5 mL of 2,6-
lutidine. The suspension was stirred and degassed under a
vacuum and hydrogenated with either hydrogen or deuterium
(98 atom % 2H) for 2 h at 30 psi. After completion of the
hydrogenation, the solvent was removed in vacuo and the
resulting residue was extracted with diethyl ether and evap-
orated to yield 1.09 g of ethyl 7-oxoheptanoate. This com-
pound, determined to be >98% pure by GC, displayed an
aldehyde stretching frequency of 2745 cm™ for the protiated
aldehyde and 2080 cm™! for the deuteriated aldehyde. The
ethyl 7-oxoheptanoate was heated at 60 °C for 1.5 h with 3
g of triethyl orthoformate and 60 mg of p-toluenesulfonic acid,
and the resulting mixture was dissolved in ether, washed with
saturated sodium bicarbonate, dried with Na,CO,, and
evaporated to give 1.5 g of ethyl 7,7-diethoxyheptanoate.
Analysis, using GC-MS, showed the product to be >90% pure
with the diethyl ester of pimelic acid being the only major
contaminant.

7-Oxoheptanoic acid was prepared from this material by
saponification of the ester and subsequent acid hydrolysis of
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the diethyl acetal protecting group. Thus, ethyl 7,7-dieth-
oxyheptanoate (494 uL, 2 mM) was mixed with 4 mL of 1
M sodium hydroxide and 1 mL of ethanol and heated at 100
°C for 20 min. The solution was concentrated to one-third
the original volume and extracted with hexane to remove a
small amount of insoluble oil. The resulting solution, after
the addition of 2 mL of 3 M HCI, was heated under N, at
100 °C for 6 min, cooled to room temperature, and neutralized
by the addition of 2 M NaOH. (The conversion of the ethyl
7-oxoheptanoate to ethyl 7,7-diethoxyheptanoate before sa-
ponification of the ester was required because of the intra-
molecular aldol condensation of the ethyl 7-oxoheptanoate
during the saponification.)

Synthesis of 2(RS)-(5-Carboxypentyl)thiazolidine-4(R)-
carboxylic Acid and [2-*H]-2(RS)-(5-Carboxypentyl)[**S]-
thiazolidine-4(R)-carboxylic Acid. 1-Cysteine (242 mg) and
sodium acetate (280 mg) were dissolved in the above-described
solution of 7-oxoheptanoic acid, and the pH was adjusted to
4.0. After concentration to half its original volume, the so-
lution was cooled to 3 °C in order to induce crystallization.
The resulting white crystals were collected by filtration, washed
with cold water and ethanol, and recrystallized (2X) from hot
water. A total of 100 mg of crystals was obtained by this
procedure. The 270-MHz 'H NMR of this thiazolidine in
D,O showed the presence of an equal mixture of the cis
(2R,4R) and the trans (25,4R) thiazolidine isomers. The
chemical shifts and coupling constants were in agreement with
those previously reported for thiazolidines derived from L-
cysteine (Parthasarathy et al., 1976, Szilagyi & Gyorgydeak,
1979). The FAB mass spectrum of the material, suspended
in glycerol, showed an MH* ion at m/z 248. Reaction of a
portion of the material, which was dissolved in methanol
containing a trace of HCI with diazomethane, generated the
dimethy] ester. The mass spectrum of this dimethyl ester
showed a molecular ion at M* m/z 275 (1%), M* - 59 m/z
216 (11.5%), m/z 160 (34%), and m/z 146 (100%). Acety-
lation of the compound with acetic anhydride in pyridine gave
the N-acetyl derivative, which was converted to the dimethyl
ester by reaction with HCl in methanol. This N-acetyl di-
methyl ester derivative showed a molecular ion at M* m/z
317 (0.3%) and fragment ions at M* — 59 m/z 274 (1%), M*
- CH;00C(CH,;)s m/z 188 (20%), and m/z 146 (100%).

Performing the same synthesis, but with [7-2H]-7-oxo-
heptanoic acid and [*S]cysteine prepared as previously de-
scribed (White, 1988), yielded [2-2H]-2(RS)-(5-carboxy-
pentyl)-{34S]-thiazolidine-4(R)-carboxylic acid. This labeled
material was mixed with unlabeled material and recrystallized
from hot (100 °C) water to generate the labeled compound
used in the biosynthetic work. The final material was found
to have the following isotopic distribution as measured from
the m/z 231 ion of the acetate of the dimethyl ester derivative:
55.9% with no label, 3.3% with 2H, 11.0% with 39S, and 29.8%
with both 2H and 3S. The isotopic distribution of the MH*
measured by FAB mass spectrometry of the sample suspended
in glycerol was found to be 57.1% with no label, 2.2% with
’H, 9.9% with **S, and 30.8% with both 2H and 3‘S. The
presence of molecules containing either a single 2H or a single
33 results from an exchange between the labeled and unla-
beled 7-oxoheptanoic acid and the labeled and unlabeled
cysteine of the thiazolidine, which occurred during the re-
crystallization from hot water. This exchange was confirmed
by measuring the isotopic distribution of the labeled thiazo-
lidine which had been dissolved in water and heated at 60 °C
for 3.5 h. The resulting thiazolidine was found to be 63.5%
with no label, 11.1% with 2H, 13.9% with %S, and 11.4% with
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Table I: Production of 7-Mercaptoheptanoic Acid from Precursors by Extracts of M. volta®

nmol of
7-mercapto-
heptanoic
incubation  protein concn  acid/mg of
expt no. substrates and concns used time (h) (mg/mL) protein®
1 [7-2H]-7-oxoheptanoic acid (12.4 mM) 3 25.2 17.4¢
2 [7-2H]-7-oxoheptanoic acid (12.4 mM), L-cysteine (30 mM) 3 25.2 12.3¢
3 S-(6-carboxyhexyl)cysteine (1 mM) 3 25.2 16.3
4 7-oxoheptanoic acid (9.5 mM), H,S (9.1 mM) 4 17.0 13.4
5 [2-2H]-2(RS)-(5-carboxypentyl)thiazolidine-4( R)-carboxylic acid (10 mM) 4 25.2 4,004
6 [7,7-*H,]-7-hydroxyheptanoic acid (10 mM), cysteine (30 mM) 3 9.3 <0.03

2 All experiments were performed at 39 °C under an atmosphere of hydrogen using crude cell extracts. Experiments 1-3 were conducted simul-
taneously by using the same extract; all other experiments, except experiment 5, were conducted with an independently derived extract. All exper-
iments used 2 mL of extract except experiment 6, which used 1 mL of extract. ®The calculation of nanomoles of product formed was based on the
amount of product produced. The 7-mercaptoheptanoic acid was labeled with 2H at C-7 to the extent of >90%. ¢ This extract was the same as that
used in experiments 1-3, but the extract was exposed to air while frozen for 30 days before the analysis was performed.

both ?H and S, as measured from the m/z 231 ion of the
acetate of the dimethy! ester derivative. The decrease in the
proportion of molecules with both 2H and 34S, and the increase
in the number of molecules with 2H or S, proves that the
reaction between 7-oxoheptanoic acid and the cysteine is an
equilibrium reaction.

In order to establish if the exchange would be slow enough
so that the labeled thiazolidine could be used for the required
experiments, the labeled thiazolidine was incubated in the assay
buffer at 39 °C for 3 h followed by quenching of the exchange
by the addition of acid. (The exchange was found to be
completely blocked when the thiazolidine was placed in 0.1
M HCL) The mass spectrum of the resulting thiazolidine as
the acetate of the dimethyl ester derivative showed it to be
46.8% with no label, 12.5% with 2H, 17.5% with S, and 23.1%
with both *H and S as measured from the m/z 231 ion.
Although this labeling pattern indicated that exchange oc-
curred under the enzyme assay conditions, it was not enough
to prevent the desired experiments from being undertaken.

Synthesis of S-(6-Carboxyhexyl)cysteine. 7-Bromo-
heptanoic acid (1.05 g, 5 mmol) and L-cysteine (0.605 g, 5
mmol) were dissolved in 5 mL of 3.0 M sodium hydroxide.
The resulting clear, colorless solution was kept overnight at
65 °C and neutralized with acetic acid. The resulting pre-
cipitated, white solid was removed by filtration, washed with
water and then ethanol, dried, and dissolved in a minimal
volume of ~90 °C 6 M HCI. The addition of aqueous am-
monia precipitated the product, which was washed with water
and ethanol and dried to give 0.99 g of S-(6-carboxyhexyl)-
cysteine. Conversion of the S-(6-carboxyhexyl)cysteine to the
dibutyl N-trifluoroacetyl derivative, and subsequent mass
spectral analysis, showed the expected ions at Mt m/z 457,
M* - 73 m/z 384, and M* - 101 m/z 356.

Analysis of the Cysteine in Extracts. Cell extract (1 mL),
prepared as described above, was heated for 10 min at 100
°C under N,. After centrifugation to remove the insoluble
material, the resulting clear solution was concentrated to 0.2
mL and mixed with 0.2 mL of methanol, 0.1 mL of 7 M
ammonia, 10 mg of NaBH,, and 20 pL of methyl iodide.
After 30 min at room temperature, the sample was evaporated
to remove the methanol and ammonia, and the resulting so-
lution of S-methylcysteine was placed on a column of Dowex
50W-8X H* (2.5 X 5 mm). After washing the column with
water, the S-methylcysteine was eluted with 3 M aqueous
ammonia and, after removal of the ammonia, quantitated by
using a Beckman high-pressure liquid chromatograph equipped
with an ion-exchange column and a ninhydrin detector system.
Recoveries of known amounts of cysteine added to cell extracts
were 63% by this procedure.

Analysis of Cysteine Desulfhydrase Activity. Cell extracts,
purified by chromatography on Sephadex G-25, were mixed
with a 1.5 M solution of L-cysteine to give a final concentration
of 9 mM in L-cysteine. The resulting solutions were incubated
in sealed vials under N, at 39 °C, and the production of H,S
was assayed as described by Lovenberg et al. (1963).

RESULTS AND DISCUSSION

Previous work on the biosynthesis of the 7-mercapto-
heptanoic acid moiety of component B (White, 1988, 1989)
has indicated that this compound is produced from a-keto-
suberate. The basic steps of this conversion were postulated
to be identical with those described for the biosynthesis of
coenzyme M (2-mercaptoethanesulfonic acid) from sulfo-
pyruvate, i.e., nonoxidative decarboxylation of the a-keto acid
to an aldehyde, conversion of the aldehyde to a thiazolidine
adduct by reaction with L-cysteine, reduction of the C-N bond
of the thiazolidine, and elimination of a dehydroalanine from
the product to generate the thiol (White, 1986). For the case
of coenzyme M biosynthesis, it was postulated that the re-
duction of the C—N bond of the thiazolidine adduct [2-(sul-
fomethyl)thiazolidine-4(R)-carboxylic acid] would generate
(2-sulfoethyl)cysteine, which would undergo a 3-elimination
to produce coenzyme M. That the pathway for the biosyn-
thesis of 7-mercaptoheptanoic acid is in some ways similar to
that of coenzyme M biosynthesis is supported by the data in
Table I, which show that cell-free extracts of methanogenic
bacteria are able to catalyze the conversion of [7-2H]-7-o0xo-
heptanoic acid, [2-2H]-2(RS)-2-(5-carboxypentyl)thiazoli-
dine-4(R)-carboxylic acid, and S-(6-carboxyhexyl)cysteine to
7-mercaptoheptanoic acid. (Control experiments, using bovine
serum albumin as a protein source, showed no synthesis of
7-mercaptoheptanoic acid.) Also, as previously observed in
coenzyme M biosynthesis, the reduced substrate [7-2H,]-7-
hydroxyheptanoic acid was not found to be converted to 7-
mercaptoheptanoic acid. The thiazolidine substrate was also
shown to be converted to 7-mercaptoheptanoic acid by a
protein fraction which was separated from small, freely dis-
sociating, low molecular weight cofactors by use of Sephadex
G-25 chromatography of a cell extract of M. volta (experiment
1, Table II). 1In addition, only extracts that were incubated
under hydrogen, as opposed to nitrogen (experiments 1 and
2, Table II), produced 7-mercaptoheptanoic acid. The ability
of the extracts to convert the thiazolidine to 7-mercapto-
heptanoic acid was also reduced by exposing the frozen extracts
to air over time (experiment 5, Table I). The conversion of
[4,4,6,6-2H]-2-0oxosuberic acid to 7-mercaptoheptanoic acid
was not observed in extracts of M. volta but was observed in
extracts of strain 10-16B, where 0.1 nmol of [*H,]-7-
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Table II: Labeling Patterns of 7-Mercaptoheptanoic Acid Produced in Cell-Free Extracts from
[2-2H]-2(RS)-(5-Carboxypentyl)[*S]thiazolidine-4(R)-carboxylic Acid?
distribution of label in M* m/z 190° 7_;?:’:3‘;0_
m/z 190 m/z 194 heptanoic
protein conen  (no *H or (*H and acid/mg of
expt no. conditions (mg/mL) 345) m/z 191 ((H) m/z 192 (*S) g) protein®
Sephadex G-25 purified cell extract
1 2.4 mM thiazolidine, 3 h under H, 16.0 52.1 (100) 25.9 (61.3) 15.2 (40.6) 6.8 (19.7) 8.65
2 2.4 mM thiazolidine, 3 h under N, 16.0 100 (100) ~0.0 (~12) ~0.0(~6) ~0.0 (ND*) <0.014
non-Sephadex purified cell extract
3 3.0 mM thiazolidine, 0.5 h under H, 24.0 71.3 (100) 26.0 (48.1) 2.4 (13.3) 0.3 (3.35) 0.57
4 3.0 mM thiazolidine, 1.0 h under H, 24.0 75.4 (100) 21.3 (39.8) 2.8 (12.6) 0.2 (2.8) 34
5 3.4 mM thiazolidine, 6 h under H, 38.2 45.9 (100) 32.7 (82.8) 13.2 (42.5) 8.2 (25.7) 13.2

@ All experiments were performed at 39 °C with extracts of M. volta. Experiments 1 and 2 were performed with the same extract split in half.
Experiments 3 and 4 were each carried out with a separately prepared extract. Experiments 1 and 2 used 2.5 mL of extract, experiments 3 and 4
used 2 mL of extract, and experiment 5 used 2.4 mL of extract. The labeling pattern in the substrate was 55.9% no label, 3.3% 2H, 11.0% *S, and
29.8% both ?H and *S. ®The numbers in parentheses are the observed normalized ion intensities. The observed normalized ion intensity ratios for
the ion, ion + 1 m/z, ion + 2 m/z, and ion + 3 m/z, for unlabeled methyl 7-methylthioheptanoate, were 100, 11.6, 5.6, and 0.5, respectively, for the
M* m/z 190 ion. “The calculated amount of product formed was based on the amount of product produced. “Total of 0.14 nmol of the 7-
mercaptoheptanoic acid derivative/mg of protein was found; however, no excess of 2H or S over the natural abundance was detected. ¢Not detected.

mercaptoheptanoic acid/mg of protein was generated. All
these observations are consistent with the thiol group of the
7-mercaptoheptanoic acid being generated via a thiazolidine
adduct of an aldehyde as was proposed for the biosynthesis
of coenzyme M (White, 1986, 1988).

An unexpected finding (experiments 1 and 2, Table I)
concerns the conversion of [7-2H]-7-oxoheptanoic acid to
7-mercaptoheptanoic acid. The addition of cysteine to the
incubation mixture resulted in a decrease in the amount of
7-mercaptoheptanoic acid produced of from 17.4 to 12.3
nmol/mg of protein. If a cysteine thiazolidine derivative of
the 7-oxoheptanoic acid was an intermediate in the biosyn-
thesis, then the addition of cysteine to the incubation mixture
would be expected to stimulate the production of the product.
This was, in fact, observed during the biosynthesis of coenzyme
M, where a 5-fold increase in the amount of coenzyme pro-
duced was observed with the addition of cysteine to the reaction
(White, 1988). These observations cause one to seriously
question the involvement of a thiazolidine adduct of cysteine
in the biosynthesis.

The cleavage of S-(6-carboxyhexyl)cysteine, an expected
intermediate to 7-mercaptoheptanoic acid via a thiazolidine
adduct, to 7-mercaptoheptanoic acid is reported in Table 1
(experiment 3). This cleavage, however, could simply result
from the action of 8-cystathionase (cysteine desulfhydrase),
an enzyme with low specificity for the R group of the cysteine
(Delavier-Klutchko & Flavin, 1965; Greenberg et al., 1964).
Alternatively, the bacterial enzyme L-methionine vy-lyase is
known to catalyze 8-elimination reactions of L-cysteine de-
rivatives (Tanaka et al., 1977) and could be responsible for
the generation of 7-mercaptoheptanoic acid from this substrate.

If 2( RS)-(5-carboxypentyl)thiazolidine-4( R)-carboxylic acid
was converted to 7-mercaptoheptanoic acid as proposed for
coenzyme M biosynthesis, then the C-2 and its attached proton
and the sulfur of the thiazolidine should be incorporated as
a unit into the 7-mercaptoheptanoic acid. This was tested by
measuring the incorporation of 2(RS)-(5-carboxypentyl)-
thiazolidine-4(R)-carboxylic acid, labeled with both *4S and
2H at the C-2 of the thiazolidine, into the 7-mercaptoheptanoic
acid. Also, by performing the experiment with the thiazolidine
where only a portion of the molecules contain both the ?H and
348 label, any scrambling of the cysteine between different
7-oxoheptanoic acid molecules can be determined. This is
necessary since data indicate that the reaction between cysteine
and aldehydes is a readily reversible one in which a small
concentration of cysteine and aldehyde can be found in solu-

tion. This reversibility has been demonstrated by chemical
analysis of the cysteine generated in solutions of “pure”
thiazolidines (Ratner & Clarke, 1937) and by epimerization
of the C-2 of 2-substituted thiazolidine-4-carboxylic acids
(Nagasawa et al., 1981; Szilagyi & Gyorgydeak, 1979). The
occurrence of this scrambling is made apparent in the data
by the reduction in the mole percent of the molecules that
contain both ?H and 34S.

The isotopic pattern of the 7-mercaptoheptanoic acid de-
rivative generated from the 2H- and 34S-labeled thiazolidine
with complete exchange between the L-cysteine and the 7-
oxoheptanoic acid will be given by the intensities of the
coefficients of the expression (a + b)(c + d), where b/(a +
b) is the atom percent enrichment of 2H and d/(c + d) is the
atom percent enrichment of 3S. The product ac then equals
the mole fraction of the molecules with no label, bc the mole
fraction of the molecules with 2H, ad the mole fraction of the
molecules with S, and bd the mole fraction of the molecules
with both 2H and 34S. From the isotopic intensities measured
from the m/z 231 ion of the N-acetyl dimethyl ester of the
synthetic sample of [2-ZH]-2(RS)-(5-carboxypentyl)[**S]-
thiazolidine-4(R)-carboxylic acid, these values are calculated
tobea =0.67,b=0.33, c = 0.60, and d = 0.40. Using these
values in the above expression, one obtains 0.40, 0.20, 0.27,
and 0.13, respectively, for the expected distribution of label
in the 7-mercaptoheptanoic acid derived from the cysteine and
from the 7-oxoheptanoic acid portions of the thiazolidine, with
complete scrambling between these two components. This
pattern is clearly different from that of the experimental data
(experiment 1, Table IT). However, since the ratio of molecules
with one 2H to those with no label are about the same for both
the calculated and the observed isotope patterns, the difference
between the patterns likely results from the isotopic dilution
of the S that is incorporated into the 7-mercaptoheptanoic
acid. If we let @ = 0.67 and d = 0.33, then using the observed
isotopic distribution, one can easily calculate the values of ¢
and d that are required to generate the experimental data.
These values are found to be ¢ = 0.78 and b = 0.22. Since
the cysteine sulfur was 40% 3¢S, 0.49 part of this sulfur would
have to have mixed with 0.51 part of a sulfur source containing
the natural abundance of 3*S in order to generate the observed
distribution.

There are two possible models that can explain the observed
dilution of the sulfur label and the lack of incorporation of
48 at short incubation times, both of which allow for the rapid,
reversible dissociation of thiazolidine to cysteine and 7-oxo-
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heptanoic acid. In the first model, the cysteine generated from
the dissociation of the thiazolidine is mixed with unlabeled
cysteine in the cell extract. The resulting thiazolidine, re-
formed from this 3S-diluted cysteine, would then be used as
the substrate for the formation of 7-mercaptoheptanoic acid.
Alternatively, the thiazolidine-derived, *S-labeled cysteine
could exchange its sulfur with an unlabeled sulfur source,
catalyzed by cysteine synthetase in the cell extracts, before
re-formation of the thiazolidine.

In the second model, the thiazolidine is dissociated into
cysteine and 7-oxoheptanoic acid as in the first model, but the
resulting cysteine is cleaved over time to release its sulfur,
which mixes with an unlabeled sulfur source, which, in turn,
serves as the substrate for the synthesis of 7-mercaptoheptanoic
acid from 7-oxoheptanoic acid.

Both these models could be used to explain the observed
dilution of the sulfur; however, only the second model is
consistent with the present experimental data. The first model
would require that cysteine be present in the cell extracts at
a level equivalent to the cysteine added from the thiazolidine,
typically, 200-300 umol/mg of protein for the experiments
reported herein. The level of free cysteine in cell extracts was
found to be only 1.6 nmol/mg of protein. Furthermore, the
dilution of the sulfur label occurred to the same extent even
when a protein fraction purified by Sephadex G-25 chroma-
tography of the cell extract was used as the source of the
biosynthetic enzymes (experiment 1, Table II).

The possible exchange of the cysteine sulfur catalyzed by
cysteine synthetase was tested by incubating cell extracts (24
mg of protein/mL) with L-cysteine (10 mM) and DpL-[2,3,3-
2H,]serine (80 mM) for 6 h under the standard conditions,
isolating the cysteine, and measuring for the incorporation of
deuterium into the cysteine by using GC-MS (White, 1981).
If the cysteine had reversibly dissociated to serine and hydrogen
sulfide, then some of the labeled serine would have been in-
corporated into the cysteine. Performing the experiment
showed no label in the cysteine (<0.3%), indicating that this
is not a possible explanation for the sulfur dilution.

In addition to the above evidence, it was found that smaller
and smaller amounts of 34§ are incorporated into the 7-
mercaptoheptanoic acid from the thiazolidine with shorter and
shorter incubation times (in order of decreasing incubation
time: experiments 5, 1, 4, and 3, Table II). Extrapolation
of the 1- and 3-h S levels to zero time showed, in fact, that
no S was incorporated into the first 7-mercaptoheptanoic acid
produced, thus indicating that the cysteine-derived thiazolidine
is not an intermediate in the biosynthesis of 7-mercapto-
heptanoic acid.

Since the sulfur from the cysteine in the thiazolidine is
clearly incorporated into the 7-mercaptoheptanoic acid after
long incubation times, the most rational explanation is that
the cysteine is cleaved to either some form of sulfane sulfur
or to hydrogen sulfide over time and that the resulting released
sulfur mixes with some form of bound, unlabeled sulfur that
can supply the sulfur for the biosynthesis of the 7-mercapto-
heptanoic acid. Cell extracts of M. volta were found to readily
cleave L-cysteine when added to the protein solution at a
concentration of 8§ mM, with the generation of hydrogen sulfide
at a rate of ~7.6 nmol/(h-mg of protein). This cleavage
reaction could result from cysteine desulfhydrase, an enzyme
that is widely distributed in both the eubacteria (Ohkishi et
al., 1981) and the methanogenic archaebacteria (Mazumder
et al., 1986), and it would explain the increased incorporation
of 34S over time since the released S can increasingly label
an unlabeled sulfur source over time, which then supplies the
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sulfur for the biosynthesis. The dilution of the incorporated
sulfur, even in a Sephadex G-25 purified protein fraction from
a cell extract (experiment 1, Table II), suggests that this sulfur
source is protein bound. The sulfur source must also be present
in the cell extract since the biosynthesis occurs readily even
in the absence of an added sulfur source (experiment 1, Table
D).

One possible explanation for the source of the sulfur is that
the enzyme that catalyzed the reaction is itself the source of
the sulfur pool and is responsible for the isotope dilution. This,
however, seems very unlikely due to the large size of the ob-
served pool, at least 5 nmol of sulfur/mg of protein. Thus,
if each protein contained one sulfur atom and the enzyme had
a molecular weight of say 50K, then 25% of the cellular protein
would have to be this single protein. Since this is unrealistic,
one must then consider that a separate pool of protein-bound
sulfur may supply the sulfur for the enzymatic reaction. An
obvious choice would be the iron—sulfur proteins present in
the cells. Analysis of cell extracts of M. volta for acid-labile
sulfide, as described by Lovenberg et al. (1963), showed them
to contain 50.0 nmol of acid-labile sulfide/mg of protein,
which, if mixed with the H,S generated by the cysteine
cleavage, is more than enough to account for the observed
isotopic dilution.

This mixing could occur with all of the iron-sulfur centers
by either a slow exchange of the cysteine-released sulfur or
a rapid mixing of a subpopulation of the iron—sulfur centers
or a combination of these two processes. However, on the basis
of the tight binding of sulfide in ferredoxin (Malkin & Ra-
binowitz, 1967) and the absence of exchange of sulfide in the
clostridial ferredoxin (Lovenberg et al., 1963; Hong & Ra-
binowitz, 1970) at neutral pHs, if an exchange is occurring,
it must be enzyme mediated. The reaction involved in this
exchange could be catalyzed by rhodanese, which appears to
facilitate the construction of the iron-sulfur cluster in apo-
ferredoxin (Cerletti, 1986) and is known to transfer sulfur to
succinate dehydrogenase (Bonomi et al., 1977b) and ferredoxin
(Bonomi et al., 1977a). The exchange reaction could also
involve 3-mercaptopyruvate sulfotransferase, an enzyme be-
lieved to be involved in the biosynthesis of iron—sulfur proteins
(Taniguchi & Kimura, 1974; White, 1983), or a previously
undescribed enzymatic activity responsible for the formation
of the iron-sulfur cluster of ferredoxin in chloroplasts (Tak-
ahashi et al., 1986).

The sulfur source could also be in the form of a sulfane-
containing polysulfide. Enzyme-bound polysulfides have been
either proven or implied to be involved in the oxidative me-
tabolism of Sg in Thiobacillus (Aminuddin & Nicholas, 1973;
Moriarty & Nicholas, 1970) and in the reductive metabolism
of Sg in methanogenic bacteria (Stetter & Gaag, 1983; Daniels
et al., 1986; Fischer et al., 1983), in reducing eubacteria
(Zophel et al., 1988), and in thermophiles (Belkin et al., 1985).
The possible involvement of polysulfides in the biosynthesis
of 7-mercaptoheptanoic acid in M. volta is based on the finding
that extracts of these cells contained 20 nmol of sulfane sul-
fur/mg of protein, as assayed by the cold cyanolysis method
of Wood (1987). This sulfane sulfur could be formed by the
action of 3-mercaptopyruvate sulfotransferase, an enzyme
known to form polysulfides as well as sulfur (Hylin & Wood,
1959; Jarabak & Westley, 1980) from 3-mercaptopyruvate,
a substrate readily derived from L-cysteine. Both these
products could serve as nontoxic reserve sources of sulfur for
the generation of not only the 7-mercaptoheptanoic acid but
also the iron—sulfur proteins and other sulfur-containing me-
tabolites as well. One problem with sulfane sulfur as the sulfur
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FIGURE 1: Proposed pathway for the biosynthesis of 7-mercapto-
heptanoic acid.

source is that it must be reduced before or during its incor-
poration into the 7-oxoheptanoic acid. As shown below, this
reduction could readily occur as part of the mechanism for
the formation of the thiol, with the sulfane sulfur being in-
corporated into the enzyme as the reaction proceeds.

A general model for the biosynthesis of 7-mercaptoheptanoic
acid from 2-oxosuberate is shown in Figure 1. The figure
takes into consideration the nonoxidative decarboxylation of
the 2-oxosuberate to 7-oxoheptanoic acid, the cleavage of the
cysteine to H,S and its subsequent mixing with a pool of
unlabeled sulfur in the cells, and its subsequent reaction with
a disulfide to generate a persulfide. The combination of the
7-oxoheptanoic acid with this bound persulfide produces an
intermediate, which, upon reduction, is positioned in such a
manner that formation of the original disulfide releases the
7-mercaptoheptanoic acid. The use of Fyy, as the reductant
is supported by the fact the M. volta contains only an Fyq-
dependent hydrogenase (Muth et al., 1987), and by the recent
demonstration that F4,o can supply the electrons for the re-
quired reduction (R. H. White, unpublished results). Thus,
in some ways, the chemistry of this reaction is analogous to
the F,4yo-dependent reduction of methylenetetrahydro-
methanopterin (Hartzell et al., 1985). The proposal of a
persulfide sulfur as the nucleophile in the reaction is based
on the increased nucleophilicity of the persulfide sulfur due
to the o effect (Grekov & Veselov, 1978), and on the occur-
rence of persulfide residues in enzymes such as rhodanese,
xanthine oxidase, and aldehyde oxidase (Wood, 1982).

The enzymatic reaction described herein is not without its
organic models. Aldehydes and ketones are known to react
with H,S to generate disulfides both in the absence (Cairns
et al., 1952) and in the presence of catalysts (Cohen, 1976).
Even polysulfides react to generate thiols (Yukawa & Kishi,
1951). Reduction of aldehydes with sulfurated NaBH, also
leads to thiols, but by a mechanism that appears to involve
sulfur displacement of a borate ester of the reduced aldehyde
(Lalancette & Freche, 1969).
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Binding of Pyrimidin-2-one Ribonucleoside by Cytidine Deaminase as the
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ABSTRACT: Cytidine deaminase, purified to homogeneity from constitutive mutants of Escherichia coli,
was found to bind the competitive inhibitors pyrimidin-2-one ribonucleoside (apparent K; = 3.6 X 1077 M)
and 5-fluoropyrimidin-2-one ribonucleoside (apparent K; = 3.5 X 10 M). Enzyme binding resulted in
a change of the A, of pyrimidin-2-one ribonucleoside from 303 nm for the free species to 239 nm for the
bound species. The value for the bound species was identical with that of an oxygen adduct formed by
combination of hydroxide ion with 1,3-dimethyl-2-oxopyrimidinium (239 nm), but lower than that of a sulfur
adduct formed by combination of the thiolate anion of N-acetylcysteamine with 1,3-dimethyl-2-oxo-
pyrimidinium (259 nm). The results suggest that pyrimidin-2-one ribonucleoside is bound by cytidine
deaminase as an oxygen adduct, probably the covalent hydrate 3,4-dihydrouridine, rather than intact or
as an adduct involving a thiol group of the enzyme. In dilute solution at 25 °C, the equilibrium constant
for formation of a single diastereomer of 3,4-dihydrouridine from pyrimidin-2-one ribonucleoside was estimated
as approximately 4.7 X 1075, from equilibria of dissociation of water, protonation of 1-methylpyrimidin-2-one,
and combination of the 1,3-dimethylpyrimidinium cation with the hydroxide ion. On the basis of this
equilibrium constant and the apparent K; value observed for pyrimidin-2-one ribonucleoside, the equilibrium
constant for dissociation of a single inhibitory isomer of 3,4-dihydrouridine from the enzyme was estimated
as 1.2 X 10712 M, more than 8 orders of magnitude lower than the K, value of the substrate cytidine.
Replacement of the 4-hydroxyl group of 3,4-dihydrouridine, in 3,4-dihydropyrimidin-2-one ribonucleoside
(apparent K; = 3.0 X 1075 M), reduced its negative free energy of binding by 10.1 kcal/mol.

Cytidine deaminase catalyzes a thermodynamically favor-
able reaction whose product, uridine, can undergo phospho-
rolysis to yield pentose derivatives. Thus, the presence of this
enzyme in bacteria allows cytidine to serve as a sole carbon
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source (Hammer-Jespersson & Nygaard, 1976). The bacterial
enzyme enhances the rate of hydrolytic deamination of cytidine
by a factor of approximately 4 X 10! (Frick et al., 1987). The
activity of this enzyme is not affected by the presence of EDTA
but is inhibited reversibly by mersalyl (K; = 3 X 1075 M)
(Wolfenden et al., 1967) and irreversibly by 5-mercuriocytidine
(Ashley & Bartlett, 1984a), suggesting the presence of an
essential sulfhydryl group.
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