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L-Cysteine Desulfidase: An [4Fe-4S] Enzyme Isolated fidethanocaldococcus
jJannaschiiThat Catalyzes the Breakdown piCysteine into Pyruvate, Ammonia,
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ABSTRACT: A [4Fe-4S] enzyme that decomposesysteine to hydrogen sulfide, ammonia, and pyruvate

has been isolated and characterized fidethanocaldococcus jannaschiihe sequence of the isolated
enzyme demonstrated that the protein was the product ofthannaschiiMJ1025 gene. The protein
product of this gene was recombinantly produce&atherichia coliand purified to homogeneity. Both

the isolated and recombinant enzymes are devoid of pyridoxal phosphate (PLP) and are rapidly inactivated
upon exposure to air. The air-inactivated enzyme is activated by reaction véitraRe dithiothreitol in

the absence of air. The air-inactivated enzyme contains 3 mol of iron per subunit (43 kDa, SDS gel
electrophoresis), and the native enzyme has a measured molecular mass of 135 kDa (gel filtration),
indicating it is a trimer. The enzyme is very specific focysteine, with no activity being detected with
D-cysteine,L-homocysteine, 3-mercaptopropionic acid (cysteine without the amino group), cysteamine
(cysteine without the carboxylic acid), or mercaptolactate (the hydroxyl analogue of cysteine). The activity
of the enzyme was stimulated by 40% when the enzyme was assayed in the presence of methyl viologen
(4 mM) and inhibited by 70% when the enzyme was assayed in the presence of EDTA (7.1 mM).
Preincubation of the enzyme with iodoacetamide (17 mM) completely abolishes activity. The enzymatic
activity has a half-life of 8 or 12 min when the enzyme is treated at room temperature with 0.42 mM
N-ethylmaleimide (NEM) or 0.42 mM iodoacetamide, respectively. MALDI analysis of the NEM-
inactivated enzyme showed Cys25 as the site of alkylation. Site-directed mutagenesis of each of four of
the cysteines conserved in the orthologues of the enzyme reduced the catalytic efficiency and thermal
stability of the enzyme. The enzyme was found to catalyze exchange of the C-2 hydrogen-oysieine

with solvent. These results are consistent with three of the conserved cysteines being involved in the
formation of the [4Fe-4S] center and the thiolate of Cys25 serving as a base to abstradtytiogen

in the first step of the elimination. Although the enzyme has no sequence homology to any known enzymes,
including the non-PLP-dependent serine/threonine dehydratases or aconitases, the mechanisms of action
of all of these enzymes are similar, in that each catalyzes Arelimination reaction adjacent to a
carboxylate group. It is proposed that the enzyme may be responsible for the production of sulfide required
for the biosynthesis of iroasulfur centers in this archaea. A mechanism of action of the enzyme is proposed.

Several enzymes that catalyze the removal of sulfur from phate (PLP) based chemistry. Here we report a previously
cysteine and its analogues have been described. Among thesencharacterized enzyme, cysteine desulfidase, that uses a
are L-cysteine desulfurase (EC 2.8.1.7), which converts [4Fe-4S] center instead of PLP to catalyze the decomposition
cysteine to alanine and sulfane sulfur—@3), p-cysteine of cysteine to sulfide, ammonia, and pyruvate. The name of
desulfhydrase (EC 4.4.1.15))( L-cyst(e)ineC—Slyase (C- this enzyme was specifically selected to indicate its funda-
DES) (EC 4.4.1.10)5, 6), L-cysteineS-conjugatef-lyase mental difference from the other enzymes that remove sulfur
(EC 4.4.1.13) 7), selenocysteine lyase (EC 4.4.1.18)-(  from cysteine.

10), allinase (EC 4.4.1.4)1Q), S-alkylcysteine lyase (EC The activity of this enzyme was first observed in cell
4.4.1.6) (2), and cystathioning-lyase (EC 4.4.1.8)1Q3). extracts oMethanocaldococcus jannascfiiormally Metha-
Although several of these enzymes use slightly different nococcus jannasch)ii during experiments conducted to
strategies to carry out their specific reactions, each mediates
its respective enzymatic mechanism using pyridoxal phos- 1 apbreviations: PLP, pyridoxal phosphate; MBB, 9, 10-dicyar
(bromomethyl,methyl)-(methyl,methyl)bimane; TMS, trimethylsilyl;
DTT, dithiothreitol; coenzyme M, 2-mercaptoethanesulfonic acid;
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Ficure 1: Phylogenetic tree based on MJ1025 gene sequence, showing the relationships betjgaaaschiiand its other relatives. The

tree was constructed using the neighbor-joining method and the Kimura two-parameter calculation model. The numbers (expressed as

percentages) represent the confidence levels from 1000-replicate bootstrap samplings.KRar, Thé numbers in parentheses are the

gene numbers for the respective organisms.

establish the routes for the biosynthesis of cysteine andcontrolled by a Biologic HR workstation (Bio-Rad). Bound

homocysteine in this organisrii4). On the basis of sequence
comparisons, the protein is found to be widely distributed

protein was eluted with a 45-mL linear gradient from O to 1
M NaCl in buffer A at a flow rate of 1.0 mL/min. Both

among anaerobic bacteria (Figure 1). The mechanism of thebuffers were continuously degassed with argon, and each

enzyme may proceed like that observed in aconitasg (
the serine and threonine dehydratasé$),(and serine
deaminasel(7), with a [4Fe-4S] center serving as the Lewis
acid in the reaction. The enzyme may be identical to a
“cysteine desulfhydrase” presentethanosarcina barkeri
that was described, but not isolated, by Mazumde).(

MATERIALS AND METHODS

Materials All reagents and enzymes were purchased from
Sigma-Aldrich unless otherwise specifi€i(2-Sulfoethyl)-
L-cysteine was prepared as previously descrilig). EL-
3-Mercaptolactate was prepared by sodium borohydride
reduction of 3-mercaptopyruvat@). o-Cysteine and cys-
teamine were produced by reduction ofcystine and
cystamine with excess {9 dithiothreitol (DTT). The
p-cystine used had an?% +212 (c= 1, 1 N HCI). Since
pure p-cystine has ¢]*%5 +223 (c = 1, 1 N HCI), this
indicates an anomeric purity of 94.9%.

Preparation of Cell ExtractsM. jannaschiiwere grown
as previously describe@7), and frozen cells were purchased
from the University of lllinois Fermentation Facility (Ur-
bana). A cell extract oM. jannaschiiwas prepared by
sonication of 4.67 g of frozen cells suspended in 10 mL of
TES buffer (50 mM TES/NaOH, 10 mM MgglpH 7.5)
under Ar for 5 min at 3°C. The resulting mixture was
centrifuged under Ar (10 min, 270@Pand stored frozen at
—20 °C until use. The protein concentration of tihé
jannaschiiextract used was 38 mg/mL. Protein concentra-

fraction was manually collected in a septated, sealed vial
flushed with argon. Using the measurement of the sulfide
released from cysteine as the activity assay, a single peak
of activity was observed when elution was done-&t3 M
NaCl. The most active fraction was assayed for PLP as
previously described?@). Fractions containing activity were
pooled and concentrated in a-Nressurized stirred cell with

a YM10 ultrafiltration membrane (Millipore). Size exclusion
chromatography of the concentrated sample (ABPwas
performed on a Superose 12HR column (1 &30 cm;
Amersham Biosciences) equilibrated with a buffer containing
50 mM HEPES/NaOH, 0.15 M NaCl, 2 mM DTT, pH 7.2,
degassed with argon, and eluted at a flow rate of 0.4 mL/
min. Each fraction was manually collected in a septated,
sealed vial flushed with argon and assayed for activity under
anaerobic conditions. After analysis, each fraction was
concentrated to 1@L using a Microcon YM-3 centrifugal
filter device. The proteins contained in each concentrated
fraction were solublized in the filter device with 20 of

2x SDS loading buffer (0.125 M Tris, pH 6.8, containing
20% glycerol, 4% SDS, 10% mercaptoethanol, and 0.0025%
bromophenyl blue), and the entire sample from each fraction
was separated by sodium dodecyl sulfgtelyacrylamide

gel electrophoresis (SBSPAGE). The resulting gel was
stained with Coomassie blue, and after destaining, the
proteins contained in a single selected stained band were
sequenced by mass spectrometry at the W. M. Keck
Biomedical Mass Spectrometry Laboratory, University of

tions were measured using the BCA total protein assay Virginia Health System. Briefly, the procedure involved

(Pierce) with bovine serum albumin as a standard.

Isolation and Identification of the Nat Enzyme from M.
jannaschii. M. jannaschicell extract (1.0 mL) was applied
to a Mono Q HR anion-exchange column (1 cm8 cm;
Amersham Biosciences) equilibrated with buffer A (20 mM
Tris/HCI, pH 7.5). Pumps attached to the column were

removal of the band from the gel and reductive alkylation
of the proteins contained therein with iodoacetamide (I1AA),
followed by in-gel tryptic digestion. The resulting peptides
were then analyzed by LEMS and MS/MS analysis using

a Finnigan LCQ ion trap mass spectrometer with a Protana
nanospray ion source interfaced to a self-packed 8<cns-
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um-i.d. Phenomenex Jupiter 1@n C18 reverse-phase capil- GAGATG-3), C322A-C329A-Fwd (5-CCAGGAATCGT-
lary column. TGCTGACGGAGGAAAAATTGGCGCTGCTTTAAAGA-
Cloning and Expression of the M. jannaschii MJ1025- TAG-3'), C322A-C329A-Rev (SCTATCTTTAAAGCAG-
Derived Protein The M. jannaschiigene at locus MJ1025 CGCCAATTTTTCCTCCGTCAGCAACGATTCCTGG-}
(Swiss-Prot accession numbers Q58431) was amplified from C322S-Fwd (5CTTCCAGGAATCGTTAGTGACGGAG-
genomic DNA by polymerase chain reaction (PCR). The GAAAAATTG-3'), C322S-Rev (BCAATTTTTCCTCCGT-
primers used (Invitrogen) were MJ1025-Fwd-GGTG- CACTAACGATTCCTGGAAG-3), C329S-Fwd (BGAG-
GATCCATGAACAAAAATG-3") and MJ1025-Rev (5 GAAAAATTGGCAGTGCTTTAAAGATAG-3'), C329S-
GCTCTGCAGTTATTTCTTGTTTTTC-3. PCR amplifi- Rev (B-CTATCTTTAAAGCACTGCCAATTTTTCCTC-
cation was performed as describ&8)(using 50°C as the 3), H139N-Fwd (5-GAAACAAAAGGGAGTAATTCT-
annealing temperature. The PCR product was purified by GGAAAATCTC-3), H139N-Rev (5GAGATTTTCCA-
using a QIlAquick spin column (Qiagen, Valencia, CA), GAATTACTCCCTTTTGTTTC-3), D323N-Fwd (5CC-
digested wittBanHI andpstl restriction enzymes, and then AGGAATCGTTTGTAACGGAGGAAAAATTGG-3), and
ligated into compatible sites in plasmid pT7-7 to make the D323N-Rev (5CCAATTTTTCCTCCGTTACAAACGAT-
recombinant plasmid pMJ1025. DNA sequence was verified TCCTGG-3). DNA sequences of the mutated genes were
by dye-terminator sequencing at DAVIS Sequencing, LLC confirmed by dye-terminator sequencing at DAVIS Sequenc-
(Davis, CA). The resulting plasmid was transformed into ing, LLC.
Escherichia colistrain BL21-Codon Plus (DE3)-PIL (Strat- Assay of Enzymatic Aetty with L-Cysteine as Substrate.
agene). The recombinant protein production was induced by Two different methods were used to follow the decomposi-
addition of lactose to a final concentration of 28 mM. After tion of L-cysteine. The first involved a spectroscopic method
an additional culture of 2 h, the cells were harvested by measuring the loss of cysteine using a ninhydrin color
centrifugation (4009, 5 min) and frozen at—20 °C. reaction which is specific for cystein€). The second
Induction of the desired protein was confirmed by SPS  involved the measurement of sulfide produced using a micro
PAGE (12% T, 4% C acrylamide, using a Tris/glycine buffer gas diffusion cell similar to that previously described but at
system) analysis of total cellular proteins. a smaller scale27). This diffusion chamber consisted of a
Purification of the Recombinant Enzynsaluble cell-free 1.5-mL screw-top glass vial containing a»®-10-mm glass
extracts ofE. coli containing the recombinant enzyme were collection test tube and fitted with a Teflon rubber-backed
prepared by sonication and centrifugation as describedseptum. Before incubation, the vial was flushed with argon,
previously @4). The apparent masses of the expressed, and 10uL of anaerobt 1 M NaOH was added through the
denatured proteins were determined by comparing proteinseptum into the collection test tube, in such a manner that
migration to the migration of low-molecular-weight protein the inside wall of the collection tube was coated with the
standards (Bio-Rad) separated by SEFAGE. Purification NaOH solution. Samples were added under anaerobic condi-
of the MJ1025 protein was performed by standard methods,tions with a syringe through the septum to the bottom of the
which involved extraction of the protein from the cells by glass vial. Vials were always maintained in the upright
sonication and a heat treatment of the extract at@dor position so the contents did not mix. The standard assay
10 min to precipitate theE. coli proteins, followed by consisted of adding 56L of anaerobic 25 mM TES/K, 10
purification of the soluble protein by chromatography on a mM MgCl,, 20 mM DTT buffer, pH 7.2, to the sealed vial,
Mono Q column 23, 25). Since the air-inactivated enzyme followed by 5uL of 0.1 M anaerobic cysteine,/d_ of 1 M
can be readily activated, this purification was undertaken in anaerobic DTT, kL of 0.1 M anaerobic ferrous ammonium
air since this was a simpler procedure. sulfate, and the desired amount of enzyme contained in 10
Protein purity was evaluated by silver staining (Bio-Rad) uL of solution. The final concentrations of cysteine, DTT,
of the SDS-PAGE separated proteins. The size of the and ferrous ion in the standard assay were 7.0, 70, and 1.4
denatured proteins was determined by comparison to low- mM, respectively. The measured pH of the solution was 6.60
molecular-weight protein standards (Bio-Rad). Protein con- at 65°C and 6.56 at 70C. The pH’s of the other buffers
centrations were determined using the Bio-Rad Protein Assayreported were measured at room temperature. The samples
with bovine serum albumin as the standard. were then incubated in an oven at 85 for 10—60 min, at
Site-Directed Mutagenesigo test the possible function  which time 25uL of anaerobe 1 M HCl was added through
of conserved Cys25, Cys282, Cys322, and Cys329 residueghe septum to the incubation mixture and the samples were
of MJ1025, Cys25 was replaced by Ala (C25A), Cys282 was incubated an additional 30 min at 6% to allow the
replaced by Ala (C282A), Cys322 and Cys329 were replaced hydrogen sulfide to diffuse into the center tube. A syringe
simultaneously by Ala (C322AC329A), Cys329 was  containing 8QuL of anaerobic water was then used to flush
replaced by Ser (C329S), and Cys329 was replaced by Sewout and remove the NaOH absorption solution containing
(C329S). In addition to these residues, the following changesthe sulfide, and the resulting solution was mixed with 420
were made in other selected conserved residues: H139N angiL of anaerobic water. The resulting sulfide-containing
D323N. The Quick-Change TM site-directed mutagenesis solution was assayed for sulfide by the addition of 1400
kit (Stratagene) was used according to the manufacturer’'sof 0.5% dimethylphenylenediamina 6 M HCI, followed
instructions with template pMJ1025 (pT7-7 as the vector). by 200uL of 0.023 M ferric chloridem 6 M HCI. After 1
The oligonucleotide primers (Invitrogen) used were C25A- h at room temperature, the sulfide was quantitated by
Fwd (B-GGCGTTAGGTGCCACAGAAGTTGG-3, C25A- measuring the absorbance at 560 nm from the produced
Rev (B-CCAACTTCTGTGGCACCTAACGCC-3, C282A- methylene blue. The extinction coefficient for sulfide was
Fwd (B-CATCTCAGCAATGGCTGGATGTGTAAATAG- 2.4 x 10* M~t cm*. For determination oK, and product
3), C282A-Rev (5CTATTTACACATCCAGCCATTGCT- formation with time, the assay bottles were contained in
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a water bath at 65- 0.2 °C during the enzymatic reac-
tion.
Substrate Specificitysubstrate specificity of the enzyme

Tchong et al.

material was mixed with 10@L of 10% hydroxylamine
solution and 125«L of 20 mM 2,2-dipyridyl solution.
Samples were incubated at room temperature for 30 min,

was investigated using analogues of cysteine at concentra-and absorbances were measured at 520 nm. Forty nanomoles

tions of 78 mM and testing for the production of sulfide
in the standard diffusion assay.

of ferrous ammonium sulfate had an absorbance of 0.556 in
this assay. The assay was patterned after that described by

For substrates not producing sulfide, products were assayed-ortune and Mellon but with the substitution of dipyridyl

using a thin-layer chromatography (TLC) analysis of the
monobromobimane (MBB) adducts of the produc28)(
Incubations were conducted in Q- volumes using the

for o-phenanthroline 30).
Measurement of the Nag Molecular Weight of MJ1025
Size exclusion chromatography was performed on a Superose

substrate concentrations and conditions listed in Table 212HR column (1 cmx 30 cm; Amersham Biosciences)

(below). At the end of the incubation, 5@ of a buffer
consisting of 50 mM HEPPS and 5 mM DTPA, pH 8.0, was
added followed by 1@L of 0.083 M MBB in acetonitrile.

equilibrated with a buffer containing 50 mM HEPES/NaOH,
0.15 M NaCl, 2 mM DTT, pH 7.2. The Mono-Q-purified
native enzyme or recombinant enzyme in a volume of 160

After 15 min at room temperature, the MBB adducts were uL was applied to the column and eluted at a flow rate of
assayed by TLC separation using the TLC solvent consisting 0.4 mL/min. Protein standards were used to calibrate the

of acetonitrile-water—formic acid (88%), 19:2:1 v/v/v. In
this solvent system, the MBB adducts of the following
compounds had thed®'s: cysteine, 0.084; homocysteine,
0.12; coenzyme M, 0.34; DTT, 0.48. MBB had Byof 0.69.

sizing column as described previousigs). Elution was
monitored at 280 nm.

Heat Stability and pH Optimum of the Enzymé&s test
the heat stability of the air-inactivated enzymes, 20-

The MBB derivatives were detected as fluorescent spots uponsolutions of the purified enzymes-{® mg/mL) were heated

exposure of the TLC plates to UV light.

Analysis of Pyruate, Serine, and Alanind.o 50 uL of
M. jannaschiiextracts were added /4 of 0.1 M cysteine
and 5uL of 0.2 M DTT, and the mixture was incubated
under argon for 30 min at 78C. For the analysis of serine

in air at temperatures from 70 to 160G for 10 min, and the
activity remaining after the heating was assayed afG0
after activation of the enzymes with ferrous iron and DTT.
To test the heat stability of the reactivated purified enzymes,
the enzymes were mixed with ferrous iron in the assay buffer

and alanine, the sample was acidified by the addition of 5 and heated for 10 min at the indicated temperatures under

uL of 6 M HCI, and the precipitated proteins were removed
by centrifugation. The amino acids were isolated from the
sample, converted into their trifluoroacetyl methyl ester
derivatives, and analyzed by gas chromatographgss
spectrometry (GEMS) as previously described)( Pyruvate
was analyzed in the incubation mixtures using lactate
dehydrogenase-catalyzed reduction with NAIX9)(and by
GC—MS of the (TMS) hydroxylamine derivative. For the
GC—MS analysis|-cysteine was incubated with the enzyme
as stated in Table 2, and after the incubationgubf 0.1

argon, and the remaining activity was assayed &.0rhe
remaining enzymatic activity was established by measuring
L-cysteine loss using the ninhydrin color assay. The effect
of pH on activity was studied by using a three-component
buffer system in the pH range 6-0.0. Buffer mixtures
contained 120 mM Bis-Tris, 61 mM HEPPS, and 60 mM
CHES adjusted to pH 5:09.0 with sodium hydroxide or
HCI.

Hydrogen Exchange at C-2 of Cysteinko 50 uL of
anaerobic 25 mM TES/Kand 10 mM MgC} buffer, pH

M hydroxylamine was added and the reaction mixture was 7.2, in a sealed vial with an argon atmosphere was added

heated at 60°C for 30 min to form the hydroxylamine

derivative. The sample was acidified by the addition of 5
uL of 6 M HCI, and the precipitated proteins were removed
by centrifugation (1400§) 10 min). The separated clear

80 uL of anaerobic?H,0 (98%2H,0), followed by 1ulL of
0.1 M anaerobic ferrous ammonium sulfateyl50f 0.1 M
anaerobic cysteine, &L of 1 M anaerobic DTT, and &L
of a solution of the Mono-Q-purified enzyme. The calculated

liquid was saturated with sodium chloride and extracted three concentration of deuterium in the incubation mixture was
times with 100uL of ethyl acetate. After evaporation of the 53.4%. The samples were then incubated in an oven at 67
ethyl acetate, the sample was converted into the (EMS) °C. Two separate experiments were conducted, one with 0.28
derivative by reaction with 2@L of a mixture of pyridine, ug of enzyme incubated for 20 min and the other with 0.56
hexamethyldisilazane, and chlorotrimethylsilane (9:3:1 v/v/ ug of enzyme incubated for 30 min. Analysis of a sample
v) for 2 min at 100°C and then analyzed by GEMS. The incubated for 20 min showed that 50% of the cysteine had
control was treated in the same manner without the addition decomposed. After the incubation, 100 of methanol, 5
of cysteine. uL of 6 M ammonia, and L of methyl iodide were added
Iron Analysis The standard assay consisted of the addition to the incubation mixture, and the sample was briefly shaken
of 100 uL of 5% HCI, 100 uL of 10% hydroxylamine, to dissolve the methyl iodide. After 30 min at room
prepared by neutralization of the hydrochloride with 5 M temperature, the solvents were evaporated with a stream of
sodium hydroxide, and 12GL of 20 mM 2,2-dipyridyl nitrogen. The resultingSmethylated amino acids were
solution to the sample contained in a total volume of 300 converted into their methyl ester derivatives by reaction
uL. Standards consisted of solutions of ferrous ammonium overnight at room temperature Wwitt M HCI in methanol
sulfate of known concentration. For the analysis of the protein (0.5 mL). Following evaporation of the methanol/HCI, the
sample, the Mono-Q-purified recombinant protein, contained Smethylated amino acid hydrochlorides were converted into
in 150 uL of elution buffer, was incubated at 8€ for 10 their N-trifluoroacetyl derivatives by reactionifd h atroom
min after the addition of 10@L of 5% HCI. The precipitated  temperature with 0.2 mL of 50% trifluoroacetic anhydride
proteins were removed by centrifugation, the pellet was in methylene chloride. After evaporation of the trifluoroacetic
washed with 15QuL of water, and the combined soluble anhydride and methylene chloride, the sample was dissolved



L-Cysteine Desulfidase Biochemistry, Vol. 44, No. 5, 2005.663

in methylene Chlori_de and_ aS_Sayed by €@S. The mass Table 1: Effect of Various Substances and Inhibitors on the
spectra of the cysteine derivatives were used to measure botictivity of Cysteine Desulfidase Isolated froM. jannaschii
the position and the extent of the deuterium incorporation.
The fragment ions amvz 186 (M" — COOCH;), m/z 132

incubation relative activity

trol 100

(M* — CRCONH), andm/z 61 (CH;SCH;*) were used to ggﬂt{gh no enzyme 0.00
measure the extent of incorporation of deuterium into the methyl viologen (4 mM) 140
different parts of the molecule. The/z 186 ions measured EDTA (7.1 mM) 31
the total carbon-bonded deuterium at both C-2 and C-3, i*;)&dofgéggmg (g‘;?n TM?A) g%o
Wheregs then/z 61 (CHSCH,") fragment ion measured the iodoacetamide (0.42 m¥l) o5
deuterium incorporated at C-3. Th#z 132 ion (M" — CFs- N-ethylmaleimide (0.42 mM) 20
CONH,), resulting from the elimination of GEONH, from L-serine (0.031 M) 120
C-2 and C-3, removed one of the hydrogens from C-3. Since ;'Szf(lenrs (0.28 M) 201

: Xy .
the m/z 132 and themy/z 186 ions both showed the same oxygen, then F& and DTT 100

amount of deuterium and the/z 61 showed no deuterium,
this indicated that deuterium was incorporated exclusively 65
at C-2 of the cysteine.

Gas ChromatographyMass Spectrometric Analys€3C—
MS analysis of the samples was obtained using a VG-70-
70EHF gas chromatographynass spectrometer operating

aThe incubations were conducted under anaerobic conditions at
°C for 10 min using 36 mM TES/K buffer, pH 7.2, 14.2 mM
MgCl,, 7.1 mM cysteine, 143 mM DTT, and 0.28y of Mono-Q-
purified native enzyme. In each case, the hydrogen sulfide was measured
using the microdiffusion cell. The hydrogen sulfide produced in the
control represented the decomposition of 36% of the cysteine, corre-
sponding to a specific activity of 55/8mol of sulfide min' mg* of

at 70 eV and equipped with an HP-5 column (0.32 mm

30 m), programmed from 95 to 28C at 10°C/min. Under
these conditions, the derivatives of the following compounds
had the following retention times (min:sec) and mass spectral
data [molecular weighthase peakthe most abundant ions
listed in order of decreasing intensities]: ditrifluoroacetyl

protein.? The enzyme was incubated under anaerobic conditions for
10 min at room temperature in a buffer of 70 mM Tris/HCI, pH 7.28,
and 17 mM iodoacetamide prior to activation and incubation with the
cysteinef The enzyme had a half-life of inactivation of 12 min when
incubated at room temperature in 25 mM TES/KLO mM MgCh
buffer, pH 7.3, containing 0.42 mM iodoacetamide. The activity
reported was that remaining after 260 min of incubation with iodoac-

etamide d The enzyme had a half-life of inactivation of 8 min when
incubated at room temperature in 25 mM TES/KLO mM MgCh
buffer, pH 7.3, containing 0.42 mM NEM. The activity reported was
that remaining after 260 min of incubation with NEM. The inactivation
studies with 0.42 mM NEM and iodoacetamide were done only with
the recombinant enzyméThe protein (0.28g) in a 10uL volume

in a 0.5-mL centrifuge tube was exposed to air for 25 min at room
temperature prior to analysiSAfter exposure of the sample to the air
for 25 min, the sample was made anaerobic by the addition of
Fe(NH,)SO, and DTT, and the sample was assayed for activity using
the diffusion assay.

methyl ester of serine (1:58) [31139, 140, 252]; trifluo-

roacetyl methyl ester of alanine (3:10) [19B40, 69, 92,

102]; trifluoroacetyl methyl ester @& methylcysteine (5:58)
[245, 61, 132, 186, 117]; (TMS) derivative of oxime
derivative of pyruvate (6:10) [2473, 147, 232, 130, 204,
247].

RESULTS AND DISCUSSION

Isolation and ldentification of the Enzym&Ve have
previously shown 14) that cell extracts oM. jannaschii
readily catalyze the decomposition of cysteine. -@@S The active fractions did not contain pyridoxal-P (PLP)
analysis showed that the product of the reaction was (22). Separation of the native protein on a Superose 12
pyruvate, not alanine. Separation ofMa jannaschiicell column under anaerobic conditions showed one peak of
extract on a Mono-Q column under anaerobic conditions in activity eluting with an apparent molecular mass of 130 kDa.
the presence of DTT produced one peak of activity decom- Correlation of the observed enzymatic activity of the
posing cysteine to sulfide when the diffusion assay was usedcollected fractions with the proteins contained in the fractions
to monitor the production of sulfide. This activity eluted at by SDS-PAGE analysis showed only one Coomassie
0.3 M NaCl and corresponded with a peak in absorbance atstaining band, with a molecular weight of 43 000, whose
405 nm. An identical separation under aerobic conditions in intensity was proportional with the measured activities in
the absence of DTT produced no fractions with activity. The the fractions. The enzyme is therefore probably trimeric. The
enzyme contained in the active fractions produced sulfide proteins contained in this band were sequenced and 22
from cysteine (10 mM) in a linear fashion for up 2 h at proteins were identified, each corresponding to a known gene
70 °C, at which time more that 50% of the cysteine was in the genome oM. jannaschii Of these 22 proteins, eight
decomposed. This activity was completely lost by incubating were identified from only one or two peptide sequences and
the native protein solution in air for 15 min prior to the as a result were eliminated from consideration because of
incubation. Including 7.1 mM EDTA in the incubation their expected low abundances. The remaining proteins were
mixture inhibited the enzymatic activity by 70%, and 4 mM identified from five or more tryptic peptides. Seven of these
oxidized methyl viologen stimulated the activity by 40%, peptides were from proteins annotated with expected known
whereas 34.5 mM hydroxylamine inhibited the reaction by functions and included MJ0113, acetyl-CoA decarboxylase;
only 12% (Table 1). These observations are similar to those MJ0203, phosphoribosylformyl-glycinamide cyclo-ligase;
reported Mazumder for an activity observed in crude extracts MJ0399, phosphomannomutase; MJ0785, biotin synthase;
of Methanosarcina barkeiffusaro (DSM 804)18). We have MJ1596, isocitrate dehydrogenase; and MJ1662, methyl-

no explanation for the stimulation of the reaction by methyl
viologen or the weak inhibition by the hydroxylamine.
Inhibition by IAA was a result of the alkylation of C25 (see
below).

coenzyme M reductase component A2, and were not
considered further. The remaining peptides were derived
from expression of theM. jannaschii genes MJ1025,

MJ1678, MJ0785, MJ0981, MJ1313, and MJ1678 and were
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25 59 139 218 232

ra
wn
o

1 i 1 1 { 1
MJ1025 20 KALGCTEV 28 TFKNAFSVGVENT 67 GSHS 75 YNRMIGI 8 GSGNMGL 16 EEK
MMP1468 18 EALGCTEV 28 SFKNAYAVGVENT 69 DNHL 80 NTRMIGE 8 KSGNMGI 16 QEK
TTEOZ69 17 PALGCTEP 28 ILKNGMFVSIBGT 74 DAHD 99 EARMSGY 8 GSGNHGL 16 REK
CTC02309 42 PALGCTEF 2B IFENGKEVGIPGT 74 NNHL 99 EARMSGY 8 GSGNHGL 16 EEK
GSU1527 13 PALGCTEP 28 VFENGFAVTVPKT 75 GGHT 103 DARMAGL 8 GSGNQGI 16 EET
CPE0B0OG 14 PSEGCTEFP 28 VIKNALGVGIPGT 74 DTHT 102 DARMDGC 8 GSGNQGI 16 EEE
FN1147 1 AAFRGCTEP 28 TIENVKSWTIBNS 75 HTHT 105 DARMSGC 8 GSGNQGM 16 EEE
TDEZ2144 20 PALGCTEP 28 IIKNAKSWIVENT 75 HQHT 105 DARMCGC 8 GSGNQOGL 16 EEK
Desu(731 22 ARMGCTEP 28 IIKNVKSWVVENT 75 DYHT 99 DARMSGC 8 GSGNQGM 16 EEK
PGO209 18 PATGCTEP 28 ILKNAMGVGIBGT 75 KIHT 108 DARMDGA 8 GSGNQGI 16 HER
BTZ2080 18 PAIGCTEP 28 ILKNAMGVGIBGT 75 GGHT 102 DARMAGA 8 GSGNQGI 16 EEE
Ddesleds 18 PALGCTEP 28 LLKNGMGVGVEBGT 74 HEHS 103 DARMAGV 8 GSGNQGI 16 DEE
501403 17 PALGCTEP 28 LYKNSMGVYVEBGT 74 GGHT 104 DARMGGA 8 GSGNQGI 16 EEK
VP2173 17 PALGCTEFP 29 LFENSMGNWFVEGT 74 GGHT 104 DARMGGA 8 GSGNQGI 16 EEQ
cv1gz4 21 PALGCTEF 28 LMENGMGVTVEGT 74 DAHT 103 DARMGGA 8 GSGNQGI 16 RET
YHAM 22 PRALGCTEP 28 LMENGLGVTVEGT 75 GGHT 106 DARMGGA 8 GSGNQGI 16 DER

282 322323 329 377
i 1

MJ1025 6 LSALT 13 MCG 17 FG 15 PGIVEDGGKIGECALKIA 17 NGIV 20 VBDE 9
MMP1468 6 LSVLV 13 MCG 17 NG 17 PGIICDGGKVGCALKLA 17 NGIV 20 LDSD 10
TTEOZ69 6 LSHLL 13 ICG 17 GG 16 SGMICDGAKIGCAYKLS 22 NGIL 21 ADDV 9
CTC0Z230% 6 LSHLV 13 V€G 17 DG 16 SGMICDGAKLGCAYKLC 22 DGIL 21 TDEV 10
GsU1527 6 LSHLV 13 ICG 17 AG 17 GBMLCDGAKGGCALKVV 22 EGFV 21 VBDT 13
CPE0806 6 LSNLV 13 LCG 17 GG 16 SGMICDGAKETCALKIA 22 DGIV 21 VBDT 13
FN1147 6 VSHLI 13 YCG 16 GG 16 SGVICDGAKASCAMKIS 22 DGIV 21 TBET 7
TDE2144 6 VSNLL 13 YCG 16 GG 16 SGILCDGAKQSCAAKIA 22 DBIV 21 TDEV 8
Desu(0731 6 VSNLI 13 FCG 16 GG 16 SGIVCDGRAKPSCAGKIA 22 DGIV 21 TDKE 11
PGOS09 6 LSNLM 13 ILCG 16 GG 16 TGMLCDGAKPSCSMKVS 22 EGIV 21 TDTL 9
BT2080 6 LSHLT 13 ILCG 16 GG 16 TGMICDGAKPSCALKVT 22 EGII 21 TDKM 11
Ddesléd6 6 MSHLT 13 LCG 16 GG 16 AGMICDGAKTGCAMKVA 22 EGIV 21 ADRV 10
501403 6 MSHLG 13 FCG 16 GG 16 SGMVCDGAKASCAMKVS 21 QGII 21 TDVT 7
VE2] 13 6 MSHLG 13 FCG 16 GG 16 SGMVCDGAKSSCAMKVC 21 QGIV 21 TDKS 7
Ccvlg24 6 LSHLI 13 LCA 16 NG 16 AGMICDGASNSCAMKVS 22 EGIV 21 TBTC 9
YHAM 6 LSHLS 13 LCA 16 DG 16 SGMICDGASNSCAMKVS 22 EGIV 21 TBRQ 10

Ficure 2: Conserved residues amount the orthologues of MJ1025. Proteins (and their gene numbers and database accession humbers) are
Methanocaldococcus jannasciiJ1025, ghAAB99029), Methanococcus maripalud{®MP1468, ghCAF31024),Thermoanaerobacter
tengecongensigTTE0269, ghAAM23565), Clostridium tetani (CTC02309, ghPAAO36786), Geobacter sulfurreducen§GSU1527,
gh|AAR34901), Clostridium perfringeng CPE0806, giBAB80512), Fusobacterium nucleaturtFN1147, ghAAL95343), Treponema
denticola(TDE2144, ghAAS12664), Desulfitobacterium hafniens@®esu0731, glZzP_00097637)Porphyromonas gingalis (PG0909,
gh|AAQ66048), Bacteroides thetaiotaomicro(BT2080, ghAAOQ77187), Desulfaibrio desulfuricans(Ddes1646, gizP_00130024),
Shewanella oneideng{S01403, glAAN54468),Vibrio parahaemolyticugvP2173, ghBAC60436),Chromaobacteriumnaiolaceum(CV1824,
ghlAAQ59498), andEscherichia coli(YHAM, gh|BAB37413). The numbers within the alignment represent poorly conserved inserts that

are not shown. A total of 29 conserved residues are indicated.

annotated with unknown or suspect function. Of these (NEM) and 0.42 mM IAA, respectively. The recombinant
proteins, the MJ1025-derived protein was the strongest hit, enzyme produced sulfide from cysteine in a linear manner
with 13 peptides representing 90% coverage of the protein (Figure 3) as long as the cysteine concentrate was 3-fold
being identified. This protein, despite being apparently a above theK,, indicating that product inhibition of the
major protein in the band, would not appear to be a major reaction is not significant. The enzyme showed a sharp pH
protein in the cell extracts since it was not detected in a optimum with a maximum at pH 7.6. Activities at pH 6.5
“simple” proteome analysis dfl. jannaschii(31). The genes  and 8.5 were less than 20% of that observed at pH 7.6. The
for each these six proteins were cloned, and each of theirmeasured, of the purified recombinant enzyme for cysteine
respective proteins was heterologously produceH.igoli was 1.78+ 0.14 mM. The specific activity of the pure
and tested for its ability to decompose cysteine. Only the recombinant enzyme was 5980l of sulfide min! mg
MJ1025-derived protein was observed to decompose cys-of protein at 65°C. This corresponds to a turnover number
teine, so only the information for its expression is presented of 39.6 s*. Thek:/Kn, for the enzyme was 22.2 mMis ™.
here. The recombinant protein was purified to homogeneity Analysis of Reaction Productisicubation of cell extracts
under aerobic conditions for subsequent analysis. Purificationwith cysteine readily led to its decomposition into sulfide
under aerobic conditions was preformed since this procedureand pyruvate. The sulfide was confirmed by the methylene
is easier than anaerobic separation. SPAGE analysis of blue assay, and the pyruvate was confirmed by-®{S

the final enzyme showed a single protein band eluting with analysis and oxidation of NADH catalyzed by lactate
a molecular mass of 43 kDa. After activation with ferrous dehydrogenase. GEMS analysis showed that no alanine
ions in the presence of DTT, the activity of the recombinant or serine was produced from the cysteine. An incubation of
enzyme was found to be identical to that reported in Table M. jannaschiicell extract with 10 mM.-cysteine for 30 min

1 for the native enzyme isolated from the cell extract. The at 60°C resulted in the production of 5 mM pyruvate in the
recombinant enzyme had a half-life of 8 and 12 min when incubation mixture, consistent with at least 50% of the
treated at room temperature with 0.42 nilvethylmaleimide cysteine being decomposed. Pyruvate was also detected when
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Production of hydrogen sulfide vs time
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Ficure 3: Production of sulfideM) with a fixed amount of enzyme.

The incubation was done with 08$6f enzyme and assayed by

the standard diffusion method. The initial cysteine concentration was 7 mM. No decomposition of the cysteine was observed unless the

enzyme was added (level line).

Table 2: Testing Alternate Substrates for the Recombinant Cysteine
Desulfidase fromM. jannaschii

incubation relative activify

L-cysteine 100
D-cystein@ 6.7
L-homocysteine <0.1
3-mercaptopropionic acid (7.1 mM) <0.1
cysteamine (2-amino-1-ethanethiol) (7.1 mM) <0.1
p/L-3-mercaptolactate (4.1 mM) <0.1
p/L-selenocysteine (4.1 mM) r2
S methylcysteine (7.7 mM) rfd
S-sulfoethylt -cysteine (3.1 mM) nd
L-cystathionine (3.1 mM) rfd

presence of a small amount pfcysteine in the sample of
D-cysteine prepared from the commercial 95% mioystine.

No activity was observed with-homocysteine, the homo-
logue of L-cysteine; 3-mercaptopropionic acid, cysteine
without the amino group; cysteamine, cysteine without the
carboxylic acid; op/L-mercaptolactate, the oxygen analogue
of cysteine. The enzyme failed to cleaS8anethylcysteine,
Ssulfoethylcysteine, and-cystathionine (Table 2). The latter
two metabolites are involved iNl. jannaschiimetabolism
(14, 19). o/L-Selenocysteine was a poor substrate.

Evidence for a [4Fe-4S] Centeil.he aerobically purified
recombinant enzyme had an absorbance spectrum with

2 Enzymatic activities were established by the measurement of maxima at 365 and 425 nm, similar to that reported for the

hydrogen sulfide production in a diffusion cell standard assay with 0.56
ug of Mono-Q-purified enzyme (specific activity 55@8nol of sulfide
min~* mg* of protein).® The b-cysteine contained about 5% of the

[3Fe-4S] center in-serine dehydratas82) but distinct from
that of the [3Fe-4S] center in inactive aconita3®) (Analysis

L-isomer.¢ The cleavage was detected by pyruvate formation, and 5.6 Of the pure inactive enzyme showed 2.7 mol of Fe per

ug of Mono-Q-purified activated enzyme was used. On the basis of
the amount of pyruvate detected, only 12% of the-selenocysteine

was cleaved? The last three samples were assayed for cleavage using

the MBB adduct of their expected thiol product as described in the
text. SMethylcysteine was expected to produce methanettsol,

subunit. Incubation of the enzyme with¥Feestored activity.
Three of the four cysteines conserved among the orthologues
of MJ1025 in other organisms, C25, C282, C322, and C329
(Figure 2), are likely the ligands for the [3Fe-4S] center.

sulfoethyl+.-cysteine was expected to produce 2-mercaptoethanesulfonic The loss of enzymatic activity by exposure to air is a
acid, and.-cystathionine was expected to produce homocysteine. The common characteristic of several [4Fe-4S]-containing de-

following concentrations of buffer and substrates were used in the

incubations which were conducted at 70 for 30 min under Ar: 38
mM TES/K', pH 7.0; 7.7 mM Mg*; 0.7 mM Smethylcysteine; 7.7
mM S-sulfoethyl+-cysteine; or 3.1 mM.-cystathionine. In each case,
less than 0.02% of substrate was converted into product(nbt
detected).

L-cysteine was incubated with the purified activated recom-

binant enzyme.
Alternate SubstratesThe data presented in Table 2,

hydratases, such as aconita3®)(L-serine dehydratasé®),

and dihydroxy acid dehydratas@j, each of which contains

a [4Fe-4S] center in the active enzyme which is converted
into a [3Fe-4S] upon exposure to a8y 36). In each case,
this inactivation is reversed after exposure of the enzymes,
under anaerobic conditions, to ferrous ions, with re-formation
of the [4Fe-4S] clusterdy).

Site-Directed Mutation The MJ1025-derived enzyme
contains seven cysteines, four of which are conserved among

obtained using the pure activated recombinant enzyme,all orthologs of MJ1025 C25, C282, C322, and C329 (Figure

showed that the enzyme is very specific fecysteine, with
only b-cysteine showing any measurable activity. Nearly all
of this activity, however, could be accounted for by the

2). It is expected that three of these cysteines are ligands for
the [4Fe-4S] center, with the other cysteine possibly serving
as a base in the catalytic mechanism. Conversion of Cys329
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Table 3: Relative Activities of Site-Directed Mutants of Cysteine of the modified tryptic peptide ALGC(NEM)TEVGLIGYT-

Desulfidase VAK (MH * calculated 1718.89, observed 1718.90 MALDI,
specific activity observed 1718.85 electrospray) by both MALDI and elec-
mutant (umol of sulfide mint mg- of protein) trospray mass spectrometry only in the NEM-inactivated
wild-type MJ1025 558 enzyme. The reaction of t_h|s cysteine with NE_M anql IAA
C329S 6.8 also indicates that Cys25 is not coordinated with an iron. If
C322s 6.5 this cysteine is the base in the reaction mechanism, it may
C282A 2.8 exist in the enzyme largely as the anion, which would explain
C25A 0.22 it tivity to both NEM and IAA
C322A and C329A 0.00 Its reactivity 1o bo an - y
H139N 49 In addition to these conserved cysteines, 29 additional
D323N 30 amino acids are conserved among all the orthologues. Of

aThe specific activities were measured under conditions where the these conserved amino acids, the following residues were
wild-type enzyme has decomposed 50% of the cysteine using standardconsidered to possibly be involved in the catalytic mechanism
conditions of the sulfide assay. or binding of the substrate on the basis of their charge and/
or side-chain structure: K59, H139, R218, S232, E255, S264,
or Cys322 into serine resulted in a protein still maintaining D323, K332, and D377 (Figure 2). Of these residues, H139
about 10% of the wild-type catalytic activity (Table 3). Itis and D323 were considered most likely to be involved in the
proposed that these are two of the three cysteines that arecatalytic mechanisms, with the histidine serving as a general
ligands for the [4Fe-4S] center. As expected, converting both acid to protonate the sulfur leaving group and the aspartate,
of these cysteines to alanine completely eliminated enzymaticbecause of its closeness to C322, serving as the acid to
activity, presumably due to the inability of the protein to protonate the cysteine carboxylate. Each of these residues
either form or maintain the [4Fe-4S] center. The loss of the was changed to an asparagine residue, and the H139N
[4Fe-4S] center in this double cysteine mutant protein was substitution reduced the enzymatic activity by 12% and
confirmed by the lack of a brown color associated with cell D323N by 50% (Table 3). As a result of this low reduction
extracts containing this mutant enzyme. in catalytic efficiency, we concluded that H139 and D323
There are several examples in the literat8& @9—41) were not directly involved in the reaction mechanism.
where the cysteine ligand of an [Fe-S] center has been Exchange of C-2 of Cystein@cubation of_-cysteine with
substituted with serine, producing active proteins. Many enzyme in the presence of deuterated water, under conditions
times this substitution has little effect on enzymatic activity where only partial decomposition of the cysteine occurred,
but causes clear changes in the redox and spectroscopicesulted in the exchange of a portion of the cysteine
properties of the [Fe-S] center. These include the high- a-hydrogen for solvent deuterium. This was established by
potential [4Fe-4S] protein fror@hromatiumevinosum where GC—MS analysis of the recovered cysteine derivatized as
a C77S mutation had minimal effect of the function of the its S-methyl derivative. After correction for the deuterium
protein @8). Likewise, substitution of each of the cysteines content of the water used in the incubations, samples
for serine in the [4Fe-4S] d?Pyrococcus furiosugerredoxin incubated for 20 min with 0.2&g of enzyme exchanged
(Fd) had little effect on the interaction and the electron 5.2% of thea-hydrogen and samples incubated with 0.56
transfer between Fd and FNOR9j. Cysteine-to-serine  ug of enzyme for 30 min exchanged 17.6% of tdydro-
changes have also been observed in rubredoxin fromgen. These results demonstrate that the enzyme can catalyze
Clostridium pasteurianiun40). Cysteine-to-serine mutants the exchange of thew-hydrogen without elimination of
in the Anabaend2Fe-2S] ferredoxin caused little change in  sulfide.
the cluster, and the resulting ferredoxin was still competent Temperature Stability of the Na& and Mutant Enzymes.
in electron transfer with ferredoxins:NADReductase41). In the wild-type enzyme as well as the site-directed mutants
The C282A substitution of the enzyme produced an involving the conserved cysteines C278, C318, and C325
enzyme with only 5% of the activity of the native enzyme. that we proposed to bind to the [4Fe-4S] center, the formation
Again, a few examples exist where the mutation of a cysteine of the [4Fe-4S] cluster was found to significantly increase
for an alanine in an [Fe-S] protein still generated an active the thermal stability of each cluster and/or enzyme over the
enzyme. Martin and Dead®) showed that the mutation of inactivated enzyme. Each of these activated enzymes with
Cys20 to alanine iM\zotobactewinelandiiferredoxin | still the [4Fe-4S] centers retained their activity after heating at
produced an active protein, likely a result of the enzyme 80 °C for 10 min but started to lose activity after 10 min at
rearranging so that Cys25 could serve as the fourth ligand.90 °C. The extent of activity lost at 90C was 0% for the
Ligand swapping has also been observed in the [2Fe-2S]wt enzyme, 22% for C278A, 65% for C318S, and 80% for
ferredoxin fromClostridium pasteurianunf43). Since the C325S. The activated wild-type enzyme did not start to lose
M. jannaschiienzyme has a Cys284, it is possible that this activity until it was heated at 100C for 10 min, and this
cysteine could substitute in a similar manner to produce aresulted in the loss of 80% of the activity. The extent of
partially active enzyme. activity lost at 90°C for the air-inactivated enzymes, with
The C25A mutant enzyme was the least active enzyme ofthe [3Fe-4S] centers, was 50% for the wild-type enzyme,
all the mutants generated and showed only 0.4% of the 55% for C278A, 100% for C318S, and 100% for C325S.
activity of the wild-type protein. We propose that this These data are consistent with the idea that the enzymes with
cysteine serves as the base responsible for the removal ofthe catalytically active [4Fe-4S] centers are the most
the C-2 hydrogen of the cysteine substrate (Figure 3). This thermally stable and the mutant enzymes are each less stable
cysteine is the one alkylated by NEM, resulting in inactiva- that the wild-type enzyme. The D323Q mutation, both in
tion of the enzyme. This was confirmed by the identification the inactive form and in the active form, lost only about 20%
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Ficure 4: Proposed mechanism for cysteine desulfidase.

of its activity when it was heated for 10 min at 9G. This formation of the enol/enolate intermediaté7( 48). As
would indicate that this mutation simply reduces the protein depicted in Figure 4, the-proton and the sulfur would be
stability and is unrelated to the [Fe-S] center. In contrast, antiperiplanar, which is most favorable for the elimination.
the inactive oxidized H139Q mutant lost only 20% of its The other of the two conserved E27 or E255 residues could
activity after 10 min at 90C, whereas the activated form possibly function as the acid to protonate the bound thiol
of the enzyme lost 40% of its activity after 10 min at 8D anion of the cysteine. If this should be the case, the active
and 90% of its activity after 10 min at 9CC. This result glutamate residues must be in a hydrophobic environment
may indicate that this histidine in the native enzyme may be so that it would have a high enouglKpto function as a
a ligand for the fourth iron when no substrate is present. hydrogen donor.
This ligation would help stabilize the active enzyme. Its A group of enzymes containing a [4Fe-4S] cluster
substitution with asparagine blocks this ligation and thus coordinated by three cysteinate ligands from the protein are
greatly reduced its stability in the reduced state. The oxidized the members of th&adenosyl--methionine (SAM) radical
form of the enzyme does not have this iron, and thus the superfamily. Recent spectroscopic evidence indicates that the
mutation has little effect. Having the final X-ray structure non-cysteine-coordinated iron in these enzymes interacts with
of the enzyme will provide insight into these observations. both the carboxylate and amino groups of the SAM substrate
Enzymatic Mechanisniigure 4 shows a proposed mech- (49, 50). Although this type of binding could be occurring
anism for this enzyme that is consistent with the current here with the carboxylate and amino groups of the cysteine,
information. The net outcome of the reaction is the same asthis would not promote the elimination reaction with its

that observed for serine/threonine dehydratd$e44—46) antiperiplanar structure of the bound substrate and was not
and serine deaminasg7j, where a [4Fe-4S] center catalyzed considered further.
the elimination of water from-serine or-threonine to form The use of a thiolate anion to abstracteahydrogen from

pyruvate ora-ketobutyrate and ammonia. Upon binding to an amino acid is the norm in PLP-independent amino acid
the enzyme, the thiol of the cysteine would coordinate to racemases, including proline racemasé&s),( glutamate
the non-cysteine-liganded iron, the carboxylate anion of the racemases?), aspartate racemasés3), and diaminopimelate
cysteine would interact directly with a conserved cationic epimerased4). A histidine and thiol group pair would not,
amino acid, which could be either K59, R218 or K332, and however, be like the thiolatemidazolium ion pair, as seen
the protonated amino group of the cysteine could interact in the cys/his/asn catalytic site mot8%) present in cysteine
with the conserved residue D323. The iron would serve as proteinases, since this would require the cysteine to have a
a Lewis acid, facilitating the elimination of sulfide. Concerted pK, of around 4 §6) and thus would not be a strong enough
general acig-general base catalysis, with either of the base to remove the-hydrogen. Also mutation of the only
conserved residues E27 or E225 functioning as the acid andconserved histidine, H139, had little effect on the enzymatic
the cysteine C25 anion acting as a general base, will allow activity. Our mechanism is analogous to the elimination of
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water from citrate by aconitase but with a cysteine serving enzyme responsible for the fourth peak of activity (YHAM
as a base instead of serirk/{-59). The immediate product in Figure 1) was a cysteine desulfidase.

of the reaction would be 2-aminoacrylate, which would

decompose in the aqueous medium to pyruvate and ammonigf® CKNOWLEDGMENT
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One of the lines of evidence for its possible involvement in REFERENCES

iron—sulfur center biosynthesis is the absence of genes
known to be involved in the biosynthesis of [Fe-S] proteins
in this archaea as well most other archa&.(These include

the absence of ISCirbn—sulfur cluster), NIF (itrogen
fixation), and SUFgufur) machinery §1). Since this archaea
contains only the SufC (MJO0035) and SufB (MJ0034)

homologues §1), it is possible that the MJ1025 protein 3.

catalyzed the first reaction in yet another system for the
formation of iron-sulfur centers. 4

As discussed previousiyL 4, 62), an important consider-
ation involving sulfur metabolism and Fe-S cluster formation
in particular is that the sulfur is transferred from protein to
protein in a bound form in order that free sulfide not be
present in the cell. In the case of NifS or IscU, the sulfur is
bound as a persulfide to the NifS or IscU protein after its
release from the cysteine and is then transferred to NifU or

IscU, where the formation of the Fe-S cluster is proposedto 7.

first occur €2—64). For cysteine desulfidase we see the
development of a similar story, where the sulfur is bound as
a sulfide to the Fe-S center after its release from cysteine.
On the basis of the observation of rapid exchange of thiol
ligands in synthetic cluster§%) and the fact that the cysteine
desulfidase produces sulfide, it is expected that the bound
sulfide would be readily displaced by the cysteine substrate.
Reaction of this sulfide with a disulfide in an anchoring and
receiving protein would then generate a persulfide that could
then be used to form F€S clusters. In this manner the sulfur
can be effectively oxidized to sulfane sulfur and perhaps
metabolized as with the NifU and IscU systems.

An important question related to [Fe-S] biosynthesis is
why an organism, which grows in an environment rich in
hydrogen sulfide, should require that sulfide be incorporated
into cysteine before it is used for [Fe-S] protein biosynthesis.
The explanation for this observation would appear to be that
the cysteine here, as well as in other cells, serves as a specific
sulfide carrier. By incorporating sulfide into cysteine, the

cells put a handle on the sulfide so that the enzymes can 14

recognize it, and toxic free sulfide is not present at high
concentrations in the cells. An interesting question is how
the sulfide is first sequestered by the cells, transported, and ,
used for the biosynthesis of homocysteine, the precursor to
the cysteine in these cell§4).

It is interesting to note that Flint established tatcoli
extracts contained several different activities that mobilized
the sulfur of cysteine for the synthesis of the [4Fe-4S] cluster
of the E. coli dehydroxy acid dehydratas6€). Four peaks
of activity were observed, and the enzymes responsible for
three of the peaks were identified. It is possible that the
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