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The cystine lyase (C-DES) of Synechocystis is a pyri-
doxal-5�-phosphate-dependent enzyme distantly related
to the family of NifS-like proteins. The crystal structure
of an N-terminal modified variant has recently been de-
termined. Herein, the reactivity of this enzyme variant
was investigated spectroscopically in solution and in
the crystalline state to follow the course of the reaction
and to determine the catalytic mechanism on a molecu-
lar level. Using the stopped-flow technique, the reaction
with the preferred substrate cystine was found to follow
biphasic kinetics leading to the formation of absorbing
species at 338 and 470 nm, attributed to the external
aldimine and the �-aminoacrylate; the reaction with
cysteine also exhibited biphasic behavior but only the
external aldimine accumulated. The same reaction in-
termediates were formed in crystals as seen by polar-
ized absorption microspectrophotometry, thus indicat-
ing that C-DES is catalytically competent in the
crystalline state. The three-dimensional structure of the
catalytically inactive mutant C-DESK223A in the pres-
ence of cystine showed the formation of an external
aldimine species, in which two alternate conformations
of the substrate were observed. The combined results
allow a catalytic mechanism to be proposed involving
interactions between cystine and the active site resi-
dues Arg-360, Arg-369, and Trp-251*; these residues re-
orient during the �-elimination reaction, leading to the
formation of a hydrophobic pocket that stabilizes the
enolimine tautomer of the aminoacrylate and the cys-
teine persulfide product.

Iron sulfur (Fe/S) proteins perform important biological func-
tions varying from electron transfer and catalysis to gene reg-
ulation and redox sensing (for recent reviews, see Refs. 1 and
2). The Fe/S clusters contained in Fe/S proteins are crucial for
these functions and have been characterized in considerable
detail by biochemical as well as biophysical methods (1). How-
ever, research concerning the biosynthetic assembly of these
complexes has intensified only recently. The characterization
of nif gene products besides the nitrogenase components NifH,
NifD, and NifK of Azotobacter identified NifS as a cysteine
desulfurase that provides activated sulfur for cluster assembly
in form of an enzyme-bound persulfide yielding L-alanine as the
byproduct (3). A related protein is encoded outside the nif
operon and has counterparts in non-nitrogen-fixing bacteria (4)
and yeast (5, 6). It was termed IscS or NFS1. Whereas NFS1 of
yeast is required for viability (6), iscS� mutants of Escherichia
coli can grow in medium supplemented with thiamine and
nicotinic acid (7, 8). However, poor activities of several 4Fe-4S
proteins were observed in these strains (8), and their tRNA
lacked thiouridine (7). Therefore, a variety of metabolic path-
ways, which require activated sulfur, depend on IscS, at least
in E. coli. This organism also contains two further IscS/NifS-
like proteins termed CsdB and CSD. They have been grouped
in a separate class of NifS-like proteins based on sequence
comparisons (9). CsdB has been implicated in selenocysteine
metabolism and selenophosphate synthesis (10), because it pre-
fers selenocysteine instead of cysteine, forming L-alanine and
selenium (see Ref. 11 for detailed kinetic studies of the three
NifS-like proteins of E. coli). Most recently CsdB was shown to
contribute to an isc-independent minor pathway for the assem-
bly of Fe/S clusters in E. coli (12).

The cystine lyase C-DES1 is another, but unique, member of
the family of NifS-like proteins. It was isolated from the cya-
nobacterium Synechocystis by its capacity to direct 2Fe-2S clus-
ter assembly of ferredoxin in vitro (13). The cysteinyl residue,
which is conserved in the active site of orthodox NifS-like
proteins, is lacking. In variance to the NifS-type reaction path-
way, C-DES was found to perform a usual �-elimination
reaction with L-cystine instead of L-cysteine as substrate
(Reaction 1) (14),
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Cystine�H2O3cysteine persulfide � pyruvate � NH3

REACTION 1

By solving the three-dimensional structure of an N-terminal
modified C-DES (C-DESN), it could be demonstrated that the
labile product cysteine persulfide firmly bound in a hydropho-
bic pocket in the active site of C-DES (15). In comparison to
NifS that generates a protein-based cysteinyl persulfide, C-
DES seems to use an alternative enzymatic strategy to produce
activated sulfur for biosynthetic purposes.

In this report, the interaction of C-DESN with both the pre-
ferred substrate cystine and cysteine was studied in solution by
time-resolved absorption spectroscopy and in the crystalline
state by polarized absorption microspectrophotometry (16–19).
Furthermore, a catalytically inactive mutant, in which the
PLP-binding lysine 223 was replaced by alanine (C-DESK223A),
was characterized both at the functional and the structural
level. Combining these results with previous structural data
(15), a detailed reaction sequence for �-elimination can now be
postulated. A structural comparison of C-DES with other mem-
bers of the NifS-like protein family (NifS (20) and CsdB (21)) is
presented. Specific structural features of NifS-like proteins and
implications for Fe-S cluster synthesis are discussed.

EXPERIMENTAL PROCEDURES

Chemicals and Buffers—Citric acid, L-cystine, L-cysteine, ammonium
sulfate, potassium phosphate, polyethylene glycol 8000, MOPS, sodium
dithionite, and barium chloride were of the best commercially available
quality and were used without further purification.

Strains and Expression Plasmids for C-DESN and C-DESK223A Pro-
duction—C-DES production from Escherichia coli PR745/pSA16 cells
was described previously (13). The plasmid encoding the N-terminal
variant of C-DES was a derivative of pSA16. Plasmid pSA16 was cut
with SphI and XbaI and treated with exonuclease III/S1 nuclease, so
that about 150 bp were removed. Filling in the termini, religation and
transformation created a series of E. coli PR745 strains that were
checked for C-DES activity. The manipulated region of plasmids con-
ferring overproduction was sequenced. The plasmid that was selected
for further studies (pSA15) proved to contain a fusion between
the genes coding for the �-peptide of the �-galactosidase system and
C-DES as follows: ATGACCATGATTACGCCAAGCTTGCACCAATTT,
whereby the underlined nucleotides stem from pUC19. Overproduction
relying on E. coli PR 745/pSA15 showed some tendency to fade espe-
cially during growth on a large scale. Therefore, the 1.9-kbp fragment
obtained from complete AflIII and limited EcoRI digestion of pSA15 was
ligated to the 9.1-kbp portion of vector pBT306.1, which was prepared
by PstI plus EcoRI digestion of pBT306.1 (gift from Dr. G. Schumacher;
the AflIII- and PstI-generated ends had been filled in by using Klenow
enzyme or T4 polymerase, respectively). The resultant plasmid, pBT15,
was used with E. coli MC4100 as host for large-scale production of
C-DESN (growth conditions: aerated LB-medium, 37 °C). Cells were
harvested by centrifugation about 3 h after reaching the stationary
phase.

The K223A mutation was introduced as follows. A DNA fragment of
790 bp upstream of the EcoRI site contained in the c-des gene (14) was
subcloned into pTZ18U and transformed into E. coli CJ236. Infection
with M13KO7 gave the single-stranded, uracil-containing antisense
DNA. The mutagenic strand was synthesized using the primer 5�-
CACCGGCCATGCATGGTTTGC-3�, which served to replace the lysine
codon AAA by the alanine codon GCA (changed nucleotides are under-
lined). The reaction mixture was used for transformation of E. coli
XL1Blue MRF�, and the relevant sequence stretch of a selected plasmid
was checked. From this plasmid, the 336-bp Bsp120I-EcoRI fragment
was retrieved and used to replace the respective wild type fragment of
pSA16. E. coli PR745 was used as a host for expression of C-DESK223A

as described for wild type C-DES (14).
C-DESN Purification—An optimized protocol that retained the Q-

Sepharose chromatography of the original procedure (13, 14) was de-
veloped to purify C-DESN. The protocol is equally suited to purify wild
type C-DES as well as C-DES variants. Purification of C-DESN is
described here. Frozen E. coli MC4100/pBT15 cells (45g) were thawed
and resuspended in 85 ml of 50 mM MOPS/NaOH, pH 8.0, containing 5
mM dithiothreitol and 0.5 mM phenylmethylsulfonyl fluoride, and dis-

rupted by sonication. After centrifugation (105 � g, 1 h), 6.4 ml of 10%
Polymin G-35, adjusted to pH 7.7, was added to the extract (6.4 g of
protein) with stirring, and the precipitate was removed by centrifuga-
tion (2 � 104 � g, 1 h). The protein solution (95 ml) was then heated to
60 °C in a glass flask with gentle shaking for 5 min. After cooling, 30 ml
of 50 mM MOPS/NaOH, pH 7.6, were added and the precipitate was
removed by centrifugation (1.2 � 104 � g, 20 min). The supernatant
(115 ml) was concentrated to 50 ml by ultrafiltration using a PM10
membrane and applied to Q-Sepharose FF (20 cm2 � 10 cm, 20 cm/h)
equilibrated with 50 mM Tris-HCl, pH 7.4, containing 0.3 mM dithio-
threitol and 20 �M EDTA. The protein concentration of the sample was
5 mg/ml. After washing with 200 ml of buffer, a linear gradient (2l) to
120 mM Tris-HCl, pH 7.4, containing 230 mM NaCl, 0.3 mM dithiothre-
itol, and 20 �M EDTA was applied. C-DESN-containing fractions (480
mg of protein) were adjusted to 10 mg/ml protein in 50 mM MOPS/KOH,
pH 7.3, 1.1 M ammonium sulfate, 5 mM EDTA, and 0.3 mM dithiothreitol
and immediately applied to a Sepharose CL-4B column (20 cm2 � 35
cm, 10 cm/h) equilibrated with the sample buffer. Isocratic elution gave
homogenous C-DESN (about 230 mg), which appeared after elution with
about 1.4 liter of buffer. The protein was precipitated by ammonium
sulfate (addition of 0.15 g of solid/ml), dissolved in a minimal volume of
10 mM MOPS/NaOH, pH 7.6, and transferred into this buffer via Seph-
adex G-25 gel filtration, which yielded the final preparation.

Crystallization of C-DESN and C-DESK223A—Crystals of both C-
DESN and C-DESK223A were grown at 20 °C using the sitting drop vapor
diffusion method. In the case of C-DESN, 2.55 �l of a solution containing
10.3 mg/ml protein, 10 mM MOPS, pH 7.6, were mixed with 1.55 �l of
various precipitant solutions obtained by diluting up to 1.2-fold a stock
solution containing 100 mM potassium phosphate, 50 mM citric acid, 27%
(w/v) PEG 8000, 100 mM ammonium sulfate, pH 6.5. Finally, 0.45 �l of a
solution containing 100 mM barium chloride was added to the drop. The
drops were equilibrated against 0.5 ml of the corresponding precipitant
solution. Yellow plate-like crystals appeared within 3 days in all but the
wells with the most diluted precipitant solution. Crystals belonged to
space group P212121 with cell constants a � 62.4 Å, b � 65.4 Å, and
c � 170.1 Å, containing two monomers per asymmetric unit (15). The
K223A mutant was crystallized following the same protocol using a 2-fold
dilution of the precipitant stock and a 7.7 mg/ml protein solution.

Co-crystallization of C-DESN and C-DESK223A with Cystine and Cys-
teine—Both C-DESN and the K223A mutant were co-crystallized with
cystine and cysteine. In the case of cysteine, crystals were obtained with
the same procedure as described for the crystallization of the unligan-
ded forms, adding 10 mM cysteine to the precipitant solution. The final
pH of the solution was 6.1. In the case of cystine, which is poorly soluble
in PEG solutions, a few solid grains were added to the crystallization
drops.

Spectrophotometric Measurements in Solution—The spectral
changes in the steady-state and pre-steady-state stage of reactions
catalyzed by C-DESN were recorded in the presence of the preferred
substrate L-cystine or the poor substrate (14) L-cysteine, in a solution
containing �0.5 mg/ml C-DESN, 50 mM Bicine, pH 8.0, at 20 °C. Steady-
state absorption spectra were collected with a CARY400 spectropho-
tometer. Rapid reaction studies were carried out with a temperature-
controlled stopped-flow apparatus manufactured by Applied
Photophysics. The instrumental dead time of this system was 1 ms.
Time courses were fitted with the equation describing a biphasic proc-
ess, y � yo � a(1 � e�bx) � c(1 � e�dx), where yo is the value of
absorbance at t � 0, a and c are the amplitude of the phases, and b and
d are the corresponding rate constants.

Single-crystal Polarized Absorption Microspectrophotometric Meas-
urements—Single crystals were resuspended at least six times in a
solution containing 100 mM potassium phosphate, 50 mM citric acid,
27% (w/v) PEG 8000, 100 mM ammonium sulfate at pH 6.5 and either 10
mM cysteine or solid grains of cystine for crystals grown in the presence
of cysteine or cystine, respectively. Crystals were loaded in a quartz
flow cell, and the replacement of the suspending medium for the differ-
ent experiments was carried out by flowing solutions through the cell
(22). The cell was mounted on the stage of a Zeiss MPM03 microspec-
trophotometer, equipped with a �10 ultrafluar objective and a thermo-
static apparatus. Polarized absorption spectra were recorded in the
range between 280 and 700 nm, with the electric vector of the linearly
polarized light parallel to crystal edges. All the experiments were car-
ried out at 15 °C.

Data Collection and Processing—Data from frozen single crystals
were collected at the synchrotron Beamline BW6 (DESY Hamburg)
with a MAR charge-coupled device detector. Oscillation images where
integrated using DENZO and scaled with SCALEPACK of the HKL
suite (23).
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Structure Solution and Refinement—Molecular replacement was per-
formed with MOLREP (24) using a polyalanine model of 1ELQ. Visual
inspection of the electron density with partial rebuilding was performed
with MAIN (25). Positional refinement, restrained B-factor refinement,
and simulated annealing were performed with CNS (26) followed by
additional rounds of side-chain rebuilding. Subsequently, a new water
model was built. After visual inspection and manual water deleting,
another round of simulated annealing was performed before the cofac-
tor, and covalently linked groups were built. After a final cycle of water
picking, deleting, refining of restrained individual B-factors, and posi-
tional refinement the models had final values of Rcryst � 20.1, Rfree �
24.5 (E*) and Rcryst � 19.5, Rfree � 25.7 (E*S), respectively. The struc-
tures have been deposited with the Protein Database, accession codes
1N2T and 1N31, respectively.

Analysis and Graphical Representation—Stereochemical parameters
were assessed with PROCHECK (27). Protein structures were three-
dimensionally aligned with TOP3D (24), and superimpositions were
further refined with MAIN (25). The graphics in the figures were
prepared with MOLSCRIPT, BOBSCRIPT (28, 29), and RASTER3D
(30).

RESULTS

Absorption Spectra of C-DESN—A solution of native C-DESN

was bright yellow, and its absorption spectrum was dominated
by a band centered around 427 nm (Fig. 1A), corresponding to
the protonated internal aldimine species formed between PLP
and Lys-223. The intensity of the band did not change in the pH
range between 6 and 11, indicating a pKa of the internal aldi-
mine higher than 11. The observed ratio A280 nm/A427 nm was
10. Spectra of C-DESN also showed a shoulder at 400 nm and a
minor absorption band at 495 nm.

Polarized absorption spectra of the internal aldimine of C-
DESN crystals exhibited two peaks at 427 and 495 nm (Fig.
1B), as in solution. The spectrum of lower intensity showed a
broad peak centered at 420 nm, suggesting the presence of two

or more overlapping bands. Crystals of the internal aldimine
did not exhibit any spectral change in the pH range 6.0–8.0
(data not shown) and began to dissolve above pH 8.0, prevent-
ing experiments at higher pH values. The polarization ratio, i.e.
the ratio of absorbance intensity at each wavelength, exhibited
a value of about two both for the 427- and 495-nm peaks (Fig.
1B, top panel), suggesting a common orientation of the PLP
ring and transition dipole moments for the two species.

Absorption Spectra of C-DESN in the Presence of L-cystine—
To characterize the reaction catalyzed by C-DES, steady-state
absorption spectra and stopped-flow spectroscopic studies were
recorded at pH 8.0, upon mixing the enzyme with its preferred
substrate L-cystine. The spectra (Fig. 2A) showed a decrease of
the absorbance intensity at 427 nm and a concomitant appear-
ance of a new absorbing species in the range of 310–380 nm.
The exact �max can be determined to be 338 nm based on the
crystal spectrum (Fig. 2B) and is attributed to the external
aldimine. Another species, absorbing at 470 nm, is interpreted
as the PLP-aminoacrylate species. The intensity at 338 nm
exhibited a fast biphasic increase with rate constants of 11 and
2.9 s�1 and almost equal amplitudes, 0.42 and 0.58, respec-
tively (Fig. 2, inset).

When crystals of C-DESN were suspended in a solution sat-
urated with cystine, the polarized absorption spectra exhibited
the appearance of an intense band at 337 nm and a weaker

FIG. 1. Absorption spectra of the internal aldimine of C-DESN.
A, spectrum in a solution containing 0.5 mg/ml enzyme, 50 mM Bicine
buffer, pH 8.0. B, polarized absorption spectra recorded on a single
crystal of C-DESN, suspended in a solution containing 27% PEG 8000,
50 mM citric acid, 100 mM potassium phosphate, 0.1 M ammonium
sulfate at pH 6.5. Spectra were collected with light linearly polarized
along crystal edges. Upper panel: polarization ratio.

FIG. 2. Reactivity of C-DESN with cystine in solution and in the
crystal. A, absorption spectra were recorded on a solution containing
0.5 mg/ml enzyme, 50 mM Bicine, pH 8.0, in the absence (solid line) and
presence of 0.5 mM cystine (dashed line) after about 1 min of reaction
time. Inset, time course of the reaction between 0.8 mg/ml enzyme and
5 mM cystine, 50 mM Bicine, pH 8.0. Only a limited number of data
points are shown. The solid line through data points represents the
fitting to a biexponential process (see “Experimental Procedures”). B,
polarized absorption spectra of C-DESN crystals were recorded in a
solution containing 27% PEG 8000, 50 mM citric acid, 100 mM potas-
sium phosphate, 0.1 M ammonium sulfate, pH 6.5, in the absence (solid
line) and presence of a saturated solution of cystine (dashed lines) after
4 h of reaction. Upper panel: polarization ratios of the spectra collected
in the absence (solid line) and presence (dashed line) of cystine. Inset:
time course of the reaction, monitored at 338 nm along the direction of
polarization with more intense absorbance.
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band at 470 nm, with the concomitant disappearance of the
internal aldimine (Fig. 2B). The intensity of these bands slowly
changed as a function of time (Fig. 2B, inset). The polarization
ratio at 337 and 470 nm was about two (Fig. 2B, top panel).

Absorption Spectra of C-DESN in the Presence of L-cysteine—
Steady-state spectra were recorded in the presence of L-cys-
teine (Fig. 3A), which is very slowly processed by C-DES to
sulfide, pyruvate, and ammonia (14). Although the reaction
mechanism of cysteine and cystine cleavage should be identi-
cal, the corresponding steady-state spectra exhibited striking
differences. In the presence of cysteine, the absorption bands at
427 and 495 nm decreased with the concomitant formation of
an intense band at 345 nm. The time course of the spectral
changes at 345 nm was biphasic (Fig. 3A, inset) with rate
constants of 308 and 53 s�1 and equal amplitudes. The band at
470 nm, attributed to the �-aminoacrylate, was not observed
under any experimental conditions, whereas a low intensity
band at 400 nm was present.

Crystals of C-DESN in the presence of cysteine showed the
disappearance of the peak at 427 nm and the appearance of
bands at 345 and 470 nm (Fig. 3B). A low intensity peak at 400
nm indicated the presence of a poorly populated species, as in
solution. These spectral changes occurred within the time of
the replacement of solutions, �5 min. However, on longer time
scales (hours) the absorbance intensity decreased, likely due to

a slow release of the external aldimine. Removal of cysteine,
after a short incubation, led to a partial recovery of the original
spectrum (data not shown). The band at 345 nm exhibited a
polarization ratio of about five (Fig. 3B, top panel).

Polarized Absorption Spectra of C-DESN Co-crystallized in
the Presence of Either L-cystine or L-cysteine—C-DESN crystals,
grown in a precipitant solution saturated with cystine, exhib-
ited a band at 480 nm that did not change even after removal
of cystine and prolonged incubation in a cystine-free medium
(Fig. 4A). Addition of sodium azide, a potential nucleophilic
agent, previously shown to react with the �-aminoacrylate of
O-acetylserinesulfhydrylase (18), did not affect the spectral
properties. The band at 480 nm was similar in position to the
marked shoulder observed either in C-DESN crystals grown in
a solution containing 10 mM cysteine (Fig. 4B) or C-DESN

crystals upon prolonged incubation with cysteine (data not
shown). The polarized absorption spectra did not change sig-
nificantly after removal of cysteine. The polarization ratio at
480 nm for both co-crystallized substrate-enzyme complexes
was about four (Fig. 4, top panels).

Absorption Spectra of C-DESK223A in the Presence and Ab-
sence of Cystine or Cysteine in Solution and in the Crystal—The
absorption spectrum of purified K223A mutant enzyme in so-
lution exhibited a peak at 428 nm (Fig. 5A). Due to the replace-
ment of the PLP-binding lysine by alanine, the coenzyme was
not expected to form an internal aldimine species. However, the
absorption spectrum was indicative of the formation of a Schiff
base with another amino group, because the free coenzyme
absorbs at 388 nm (31). Only subtle changes in the spectra were

FIG. 3. Reactivity of C-DESN with cysteine in solution and in
the crystal. A, absorption spectra were recorded on a solution contain-
ing 0.5 mg/ml enzyme, 50 mM Bicine, pH 8.0, in the absence (solid line)
and presence of 10 mM cysteine (dashed-dotted-dashed line) after 1 min
of reaction time. Inset, time course of the reaction between 0.8 mg/ml
enzyme and 5 mM cysteine, 50 mM Bicine, pH 8.0. Only a limited
number of data points are shown. The solid line through data points
represents the fitting to a biexponential process (see “Experimental
Procedures”). B, polarized absorption spectra of C-DESN crystals in a
solution containing 27% PEG 8000, 50 mM citric acid, 100 mM potas-
sium phosphate, 0.1 M ammonium sulfate, pH 6.5, in the absence (solid
line) and presence of 10 mM cysteine (dashed-dotted-dashed line) after
30 min of reaction time. Upper panel: polarization ratios of spectra
collected in the absence (solid line) and presence (dashed-dotted-dashed
line) of cysteine.

FIG. 4. Polarized absorption spectra of C-DESN crystals,
grown in the presence of cystine (A) and cysteine (B). Crystals
were suspended in a solution containing 27% PEG 8000, 50 mM citric
acid, 100 mM potassium phosphate, 0.1 M ammonium sulfate, pH 6.4,
and a saturating concentration of cystine and 10 mM cysteine, respec-
tively. Upper panels: polarization ratio.

Mode of Action of C-DES360
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observed when either L-cystine or L-cysteine was added to the
reaction mixture (Fig. 5A).

Polarized absorption spectra of crystals of the K223A mutant
showed a single peak at 426 nm (Fig. 5B), characterized by a
high polarization ratio (Fig. 5B, top panel), indicating a well-
defined orientation of the coenzyme within the active site. As in
solution, the spectrum was only slightly affected by the pres-
ence of either cysteine or cystine (data not shown).

Crystal Structure of the Michaelis Complex—The structures
of C-DESK223A (E*) and of the C-DESK223A/cystine (E*S) com-
plex were solved by molecular replacement. The E* form was
refined at 2.0 Å to a final crystallographic R value of 20.1
(Rfree � 24.5), the E*S complex at 2.2 Å to a final Rcryst of 19.5
(Rfree � 25.7). Both models show good stereochemical quality
with over 91% of the residues in the favored regions of the
Ramachandran diagram. Data collection and refinement
statistics are summarized in Tables I and II, respectively.

In the active sites of both E* and E*S, the electron density for
the PLP cofactor, which was omitted from the density calcula-
tion, was clearly visible (Fig. 6, A and B). In addition, in both
forms additional electron density extended from C4A toward
Arg-369. In the E* form this electron density was modeled as
an external aldimine with a captured glycine.

In E*S the positive difference electron density accounts for
the substrate cystine, which was covalently linked to the PLP,
thus representing the external aldimine of the reaction. This

extra electron density protruding from the cofactor differed
between the two subunits in the crystallographic asymmetric
unit. In subunit B it was interpreted as cystine in extended
conformation being spanned between Arg-369 and Trp-251*
(Fig. 6B). The electron density in subunit A was interpreted as
a cystine in bent conformation, bound with its two carboxylate
groups to Arg-360 and Arg-369, respectively, although the low
quality of the density in this subunit suggests that several
conformations are present in the crystal. Due to the limitation
in resolution and the quality of the electron density, no other
conformations where built. The flexibility of the substrate in

FIG. 5. Absorption spectra of C-DESK223A. A, absorption spectra
were recorded in a solution containing 0.5 mg/ml mutant enzyme, 50
mM Bicine, pH 8.0, in the absence (solid line) and presence of 0.5 mM

cystine (dashed line) or 5 mM cysteine (dashed-dotted-dashed line). B,
polarized absorption spectra collected on a single crystal of C-DESK223A

suspended in a solution containing 27% PEG 8000, 50 mM citric acid,
100 mM potassium phosphate, 0.1 M ammonium sulfate, pH 6.5. Upper
panel: polarization ratio.

TABLE I
Data collection statistics

E* E*Sa

Wavelength, Å 1.05 1.05
Resolution, Å 2.0 2.2
Completeness, % 96.5 95.3
Rsym, % 7.4 6.2

a E*, Lys-223 3 Ala mutant of C-DES; E*S, Lys-223 3 Ala mutant
with substrate (cystine).

TABLE II
Refinement statistics

E* E*Sa

Rcryst (Rfree), % 20.1 (24.5) 19.5 (25.7)
Independent reflections 47,830 35,389
r.m.s.d. bonds, Å 0.001 0.009
r.m.s.d. angles, ° 1.37 1.38
r.m.s.d. bonded B-factors, Å2 2.5 2.0
Ramachandran plot

Favoured 91.3 92.6
Allowed 8.4 8.6
Additionally allowed 0.3 0.2

Number of atoms
Protein and ligand 6,050 6,042
Water 593 734
Ions 2 2

a E*, Lys-223 3 Ala mutant; E*S, Lys-223 3 Ala mutant with sub-
strate.

FIG. 6. Electron density (2Fo � Fc) around the cofactor of
C-DESK223A (E*) and C-DESK223A/cystine (E*S). A, in E* the electron
density can be interpreted in terms of an external aldimine between
PLP and glycine. B, in the E*S structure the extended conformation in
subunit B is shown. The two arginines 360 and 369 that anchor the
carboxylate groups and Trp-251 from the neighboring subunit are also
shown. C, superposition of C-DESN structure (E) (subunit A, red; sub-
unit B, magenta) and E* (subunit A, yellow; subunit B, light green).
Differences arise in positions of residues Trp-168 and Pro115 mediated
through the binding of the “substrate” glycine to Arg-369. The positions
of atoms of Trp-251* are unchanged between the structures.
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the active site is also reflected by the rather high temperature
factors as compared with the surrounding protein. A detailed
description of side-chain movements between the native, E*S,
and product complexed (EP) forms is presented under
“Discussion.”

The benefit of E* as a model for active C-DES can be inferred
from the comparison of the unliganded C-DESN structure
(1ELQ) with the unliganded C-DESK223A model, which show an
r.m.s.d. of 0.1 Å over all C� atoms (Fig. 6C). Except for Trp-168
(which moves by about 0.5 Å) and Pro-115 (which rotates about
8°) no side-chain movements were observed in the active site
between the two structures. These small readjustments were
necessary to accommodate for the carboxylate group of the
PLP-bound glycine, which is salt-bridged to Arg-369, thereby
displacing Trp-168 and, concomitantly, Pro-115.

Comparison of C-DES, CsdB, and tmNifS—As expected from
the sequence homology, all three structures show a high degree
of similarity concerning the overall fold. C-DES was aligned to
tmNifS with an r.m.s.d. of 1.1 Å for 153 Ca atoms, to CsdB with
a deviation of 1.0 Å for 175 C� atoms. A description of differ-
ences and similarities among the three structures is given
under “Discussion.”

DISCUSSION

The net reaction of C-DES consists of the elimination of the
C� substituent of L-cystine and various cystine analogues. The
different covalent intermediates formed during PLP-dependent
catalysis exhibit characteristic UV-visible spectra. Thus, the
analyses of spectral changes that accompany substrate turn-
over contribute substantially to the mechanistic understanding
of this enzyme implicated in Fe/S-cluster biosynthesis.

In analogy to other well characterized �-lyases, the reaction
with cystine is associated with a fast disappearance of the
internal aldimine, absorbing at 427 nm, and the concomitant
formation of a species absorbing at about 340 nm, and a band
at 470 nm, attributed to the ketoenamine tautomer of the
aminoacrylate. The enolimine tautomer of the �-aminoacrylate
usually absorbs at 340–350 nm, the enolimine tautomer of
external aldimines at 330–340 nm, and the geminal diamine at
320–330 nm. Thus, all three intermediates are likely candi-
dates for the 340-nm absorbing species, with the quite unstable
and low absorbing geminal diamine being the most unlikely
one. Most probably, both enolimine tautomers contribute to the
340-nm absorption. In any case, the results suggest a clear
preference for an enolimine form. Pursuant to this, the C-DES-
catalyzed conversion of cystine should proceed as indicated in
Scheme 1. Most remarkably, the tautomerization equilibrium
of the protonated aldimines is inverted in the enzyme-sub-

strate complex with respect to the internal aldimine. The ke-
toenamine is the predominant tautomer in the absence of sub-
strate, whereas the neutral enolimine dominates upon
substrate binding. Because this tautomer prefers a non-polar
environment (32), the change in the tautomer equilibrium in-
dicates an increased hydrophobicity of the environment around
the aldimine linkage, which is essential for subsequent product
stabilization.

Steady-state spectra recorded in the presence of cystine or
cysteine reflect the rate-determining steps of the individual
reactions. Interestingly, the spectra collected in the presence of
the two closely related compounds suggest different key inter-
mediates and thus distinct rate-limiting steps. For cysteine
turnover, �-proton abstraction from the external aldimine is
rate-limiting, whereas conversion of the aminoacrylate-enzyme
intermediate is the critical step during cystine turnover. As
indicated in Scheme 1, these results can be rationalized in the
light of the recently solved crystal structure of C-DES com-
plexed with its reaction products (15). One key observation
derived from the experiments in the crystalline state is the
formation of a species absorbing at 470–480 nm after either
prolonged incubation or co-crystallization with cystine or cys-
teine. Under the crystallization conditions used, this species is
the predominant reaction intermediate and, on the basis of
x-ray crystallographic data, has been identified as the �-ami-
noacrylate (15). In contrast to aminoacrylate species formed by
other PLP-dependent enzymes catalyzing �-elimination and
�-replacement reactions (33, 34), the C-DES aminoacrylate is
remarkably stable under crystallization conditions. This is par-
tially due to the low pH of 6.5, where C-DES only displays 8%
of its maximal activity, which is observed at pH 8.5; presum-
ably this property reflects a particularly “locked” state of the
active site, which impedes reverse transaldimination and con-
comitant release of iminopropionate. Cysteine persulfide, the
product of cystine cleavage, is bound in the active site forming
several, specific interactions. It is anchored on the solvent-
accessible side of the PLP system, thereby capturing the ami-
noacrylate-enzyme intermediate and preventing further pro-
ceedings in the reaction. Obviously, the scissile “side chain” of
cysteine, H2S, is too small to fulfill a similar locking function.
In solution this “locking” is somewhat weakened, and cysteine
persulfide leaves the active site, which allows a coupled indi-
cator reaction to be used to detect pyruvate as the final product
of the C-DES reaction. Nevertheless, our results provide direct
spectroscopic evidence that C-DES stabilizes its reaction prod-
ucts. To which extent this stabilization is maintained in solu-
tion remains to be proven. The polarization ratio of the 470- to

FIG. 7. Crystallographically determined reaction cycle of C-
DES. Crucial residues are depicted as blue sticks; the cofactor is in
yellow sticks with the substrate attached. Atoms are colored as follows:
carbon, black; oxygen, red; nitrogen, blue; and phosphorus, violet.

SCHEME 1
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480-nm band is about four, significantly different from that
observed for the species absorbing at 470 nm, obtained imme-
diately upon reaction with cystine and cysteine, suggesting
that additionally a slow conformational change might have
taken place causing a PLP ring reorientation.

The experiments carried out on crystals of C-DESN provide
further evidence of the mechanism of catalysis, thus linking
function to structure. Formation of the aminoacrylate- and
external aldimine-enzyme complexes in the crystalline state
indicates that the enzyme is catalytically competent in the
reaction with cystine and cysteine. However, in the case of
cysteine, the steady-state accumulation of catalytic species ap-
pears to be different in the crystal with respect to solution. In
fact, a species absorbing at 470 nm, possibly aminoacrylate, is
present, whereas no such species was observed in solution. This
finding might be due to alteration of the rate-determining step
associated to diffusion of substrates and products in and out
the crystal channels. It is difficult to exclude that the amino-
acrylate intermediate accumulates due to a small amount of
cystine formed in the cysteine solution.

As compared with cystine cleavage showing the formation of
a band at 338 nm, the steady-state intermediate of cysteine
cleavage in the crystal exhibits a band at 345 nm, characterized
by a polarization ratio close to five, different from those ob-
served for the enolimine tautomers of L-cystine external aldi-
mine and �-aminoacrylate. This finding suggests that the enol-
imine tautomer of the external aldimine of cysteine possesses
either a coenzyme orientation different from the enolimine
tautomer of cystine, or the transition dipole moments direc-
tions of the two enolimines are significantly different. Unfor-
tunately, due to crystal morphology, it is not possible to collect
spectra in the third direction, thus preventing to obtain further
information.

As in solution, the K223A mutant exhibits a spectrum char-
acteristic of a Schiff-base linkage. As shown in Fig. 6A, in
agreement with the spectroscopic data, the electron density can
be interpreted as an external aldimine with a glycine acquired
from the surrounding medium and anchoring its carboxylate
group to Arg-360. The only subtle changes in the spectra when
the K223A mutant is incubated with cysteine or cystine can be

FIG. 8. Comparison of C-DES, NifS, and CsdB. A, stereo representation of the overlaid C� traces: NifS (yellow), C-DES (red), and CsdB (blue).
B, topology diagrams of C-DES, NifS, and CsdB with differences emphasized in red. C, comparison of the active sites of the three enzymes with
critical residues labeled

Mode of Action of C-DES 363

 by guest on July 24, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


attributed to a slow transaldimination reaction from the exter-
nal Gly-aldimine to the external substrate-aldimine. The ab-
sence of the absorption at 338 nm, which was attributed to an
enolimine species, can be explained in the light of the active
site structure of the mutant. The place available upon
Lys-223 3 Ala replacement is occupied by three water mole-
cules. Therefore the surrounding of the Schiff-base linkage in
the mutant is much more hydrophilic thus favoring the ketoe-
namine species regardless of the bound ligand.

Concerning the crystallographic results for the early and late
steps of the reaction, it is possible to draw the following picture.
We assume that the substrate cystine is pre-oriented by bind-
ing with one of its carboxylate groups to Arg-369. Initially
cystine is spanned in an extended conformation (E*S1) be-
tween Arg-369 and Trp-251*. In this binding mode, the distal
substrate carboxylate group is 5.6 Å from the guanidino group
of Arg-360. Transaldimination to the external aldimine can
take place with a concomitant rearrangement of cystine and
Arg-360, gathering the distal carboxylate group of the sub-
strate. In this way, cystine reorients into a bent conformation
similar to the subsequently formed product molecules (E*S2).
On one hand, this rearrangement causes stress in the substrate
SS bond, on the other hand, this leads to subtle side-chain
movements in the active site. Trp-168 moves by about 0.8 Å
away from the active site center. This residue forms part of the
proximal wall of the active site and is in contact to His-114, the
residue stacking to the cofactor. While moving, Trp-168 frees
space for His-114 allowing it to rotate by about 20° around the
C�-C� bond. This rotation is necessary to accommodate for the
movement of the external aldimine-PLP adduct. In turn, the
hydrophobic loop around Tyr-282* moves about 1.6 Å back-
ward, thereby increasing the total hydrophobic surface area of
the active site and, at the same time, forming the distal wall of
the hydrophobic pocket, which finally stabilizes the cysteine
persulfide product. During �-lysis His-114 moves by 1.8 Å
toward Trp-168, thereby forming the final hydrophobic pocket.
Interestingly, the substrate binding is accompanied with an
opening of the enzyme of about 3.5 Å. This breathing is only
observed in the substrate complexed form and cannot be attrib-
uted to specific movements. It is best reflected by the r.m.s.d. of
the E to E*S over all C� atoms of 1.4 Å compared with the
deviations of E to E* and E to EP of 0.2 and 0.1 Å, respectively.

Using the crystallographic results for the early (E, E*S1,
E*S2) and late steps (EP) and the spectroscopic results for the
intermediate steps, it is now possible to draw a mechanism for
the enzymatic action of C-DES (Fig. 7). The substrate cystine is
acquired by C-DES in an extended conformation being spanned
between Arg-369 and Trp-251*, permitting transaldimination
in a relaxed substrate state. Subsequent rearrangement of the
distal substrate carboxylate group toward Arg-360 positions
cystine in a conformation similar to the products, which seems
to be necessary for C-S bond cleavage. Concomitant movement
of the active site residues around Gly-260* enlarges the hydro-
phobic distal wall of the active site, which is essential for
persulfide stabilization. The increased hydrophobic nature of
the active site is also reflected by the preference for the enol-
imine tautomer of the external aldimine. Subsequent substrate
C� deprotonation and �-lysis position the product cysteine per-
sulfide in the hydrophobic pocket generated by Trp-251*, Tyr-
256*, Pro-115, and His-114 and retains the aminoacrylate of
PLP. The fact that hydrolysis of the aminoacrylate intermedi-
ate is rate-limiting points to the locking of this complex in an
unreactive state. Reverse transaldimination yielding iminopro-
pionate can only occur after cysteine persulfide is released from
the active site. This explains the unusual stability of the ter-
nary complex between enzyme, PLP-aminoacrylate, and cys-

teine persulfide thus suggesting a role of C-DES as persulfide
carrier protein.

Comparison of C-DES, CsdB, and tmNifS—According to se-
quence similarities, C-DES, NifS (20), and CsdB (21) are all
classified as NifS-like enzymes. Although the production of
activated atomic chalcogen species is common to these proteins,
they show remarkably distinct reactivities. In contrast to NifS,
CsdB shows preference for selenocysteine over cysteine. This
reactivity is not inhibited by thiol-alkylating agents, thus dem-
onstrating a deviation from the mechanism proposed for cys-
teine desulfuration by NifS, although possessing the conserved
cysteine residue in the C-terminal part of the protein. Not
surprisingly, these agents do not inhibit C-DES, in which the
active site Cys is absent. C-DES is compensating for this resi-
due by using cystine as substrate, thereby mimicking it by the
substrate itself. The most obvious structural difference is the
absence of a large loop with partial �-structure in NifS, which
forms the distal wall of the active site in C-DES and CsdB (Fig.
8). This part bears residues crucial for persulfide stabilization
in C-DES, suggesting a similar mechanism of product stabili-
zation for CsdB. Nevertheless, in the region of the distal wall,
the active site of C-DES is by far the most closed due to
Trp-251*. In CsdB the corresponding wall is constructed by
Ala-125, Gly-253*, and Gly-277* in tmNifS by Gly-228* and
Gly-237*. The preference for hydrophobic residues in this seg-
ment is evident, though the binding of the substrate in this
region can lock probably only C-DES. Another remarkable dif-
ference concerning NifS, on one hand, and CsdB and C-DES, on
the other hand, is the “Cys-324” loop. In NifS, where Cys-324 is
crucial for function, this loop is by far the longest, composed of
mainly hydrophilic and small residues (STSSACTSKDER in
tmNifS) and disordered in the crystal structure. C-DES shows
only a small turn and CsdB exhibits a short loop, composed of
large and hydrophobic residues (VRTGHHCAMPL). This fur-
ther points to the close relationship of C-DES and CsdB, whose
functions seem not to depend on this flexible loop. As it has
been suggested for NifS, this loop may act as a sulfur-delivery
arm (20). C-DES and CsdB seem to supply their reaction prod-
ucts directly from the active site.

Remarkably, CsdB has an analogue to Arg-360 of C-DES,
namely Arg-359. Both residues superimpose well, suggesting
that possibly CsdB can utilize cystine or probably selenocystine
as substrate. In the light of the finding that, at least in case of
the selenocysteine-lyase activity of CsdB Cys-364, the homo-
logue to Cys-324 in NifS, is not necessary, this similarity needs
further investigation.

In summary, the family of NifS-like enzymes, although shar-
ing remarkable sequence homologies, seems to perform catal-
ysis by quite distinct mechanisms. In this work we have shown
by combining spectroscopic and crystallographic results a pos-
sible mode of stabilization of the reaction product of C-DES, an,
albeit quite unique, NifS-like enzyme. Comparative spectro-
scopic, biochemical, and crystallographic studies of more pro-
teins of this interesting family of enzymes will surely help to
understand the evolutionary relationship of a clan of “cofactor
chaperones” required to build up the probably most ancient
cofactor, the iron-sulfur cluster.
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