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Yi-Jan Lin,§,| Felician Dancea,§,| Frank Löhr,§ Oliver Klimmek,⊥ Stefania Pfeiffer-Marek,§,@ Michael Nilges,#
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ABSTRACT: The periplasmic polysulfide-sulfur transferase (Sud) protein encoded byWolinella succinogenes
is involved in oxidative phosphorylation with polysulfide-sulfur as a terminal electron acceptor. The
polysulfide-sulfur is covalently bound to the catalytic Cys residue of the Sud protein and transferred to
the active site of the membranous polysulfide reductase. The solution structure of the homodimeric Sud
protein has been determined using heteronuclear multidimensional NMR techniques. The structure is based
on NOE-derived distance restraints, backbone hydrogen bonds, and torsion angle restraints as well as
residual dipolar coupling restraints for a refinement of the relative orientation of the monomer units. The
monomer structure consists of a five-stranded parallelâ-sheet enclosing a hydrophobic core, a two-stranded
antiparallelâ-sheet, and sixR-helices. The dimer fold is stabilized by hydrophobic residues and ion pairs
found in the contact area between the two monomers. Similar to rhodanese enzymes, Sud catalyzes the
transfer of the polysulfide-sulfur to the artificial acceptor cyanide. Despite their similar functions and
active sites, the amino acid sequences and structures of these proteins are quite different.

The periplasmic polysulfide-sulfur transferase (Sud)1 pro-
tein is induced in the anaerobic Gram-negative bacterium
Wolinella succinogeneswhen it grows with formate and
polysulfide as catabolic substrates (1, 2) and has been pre-

viously proposed to serve as a polysulfide binding and
transferase protein (3), allowing rapid polysulfide-sulfur re-
duction at low polysulfide concentrations. The Sud protein
is comprised of two identical subunits of∼15 kDa and does
not contain prosthetic groups or heavy metal ions. Each
monomer contains a single cysteine residue, which was found
to be essential for the protein function.In Vitro, it appears
that each cysteine covalently binds up to 10 polysulfide-
sulfur (Sn

2-) atoms, when incubated in a polysulfide solution
(4). Sud is thought to transfer polysulfide-sulfur to the
catalytic molybdenum ion located at the periplasmic active
site of the membrane protein polysulfide reductase (5). The
transfer of the polysulfide-sulfur from Sud to polysulfide
reductase probably occurs in a complex of the two proteins,
when a sulfur atom is reductively cleaved from the polysul-
fide chain (4).

A BLAST search (6) pointed out that the primary sequence
of Sud is only slightly homologous to those of other proteins
with known three-dimensional structure (Figure 1). The ho-
mologous partners are sulfur transferase or rhodanese en-
zymes that catalyze the transfer of a sulfur atom from suitable
donors to nucleophilic acceptors (e.g., from thiosulfate to
cyanide). Their three-dimensional structures display a typical
R/â topology and have a similar environment in the active
site primarily with respect to the main chain conformation
of the Cys-located active site loop. The highest level of pri-
mary sequence similarity (30% identical residues) is observed
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between Sud andEscherichia coliGlpE, a protein that has
been proposed to have the prototype structure for the ubiqui-
tous single-domain rhodanese module (7). With regard to
the amino acid composition and the location of charged resi-
dues in the active site region, the best match is observed be-
tween Sud and rhodanese ofAzobacterVinelandii (8), despite
a lower level of sequence homology (23% identical residues).

In this paper, we present the solution structure determi-
nation of the Sud homodimer fromW. succinogenes. The
backbone chemical shift assignment was previously reported
(9). Within the NMR spectra of homodimers, all symmetry-
related nuclei have equivalent magnetic environments and
therefore are degenerated in chemical shift. The symmetry
degeneracy simplifies the resonance assignment problem
(only half of the nuclei must be assigned), but hampers
considerably the NOESY assignment and structure calcula-
tions, mainly because it is not possiblea priori to distinguish
between the intramonomer, intermonomer, and comonomer
(mixed) NOE cross-peaks. There are two ways to overcome
the symmetry degeneracy problem of the NOESY data: the
use of asymmetric labeling experiments to distinguish be-
tween intra- and intermolecular NOEs and/or special structure
calculation methods that are able to deal with the inherent
ambiguity of the NOE-derived distance restraints. For the
structure calculations presented here, we used the symmetry
ADR method (10) in combination with data from asymmetric
labeling experiments.

MATERIALS AND METHODS

Sample Preparation and NMR Experiments. The expres-
sion and purification of the Sud protein were carried out
using a protocol similar to that previously described (3),
including a C-terminal His tag of six residues. Uniform15N
or 15N and13C labeling was performed by growing bacteria
on isotope-enriched minimal medium using [15N]ammonium
chloride (Martek) and13C3-enriched glycerol (Martek) as the
main nitrogen and carbon sources, respectively. For protein
samples labeled with2H, 15N, and 13C, the bacteria were
grown on Celtone-dCN (Martek, deuteration degree of 97%).
NMR samples of the purified protein (0.6-1.2 mM dimer)
were prepared in 50 mM sodium phosphate (pH 7.6), 1 mM
polysulfide (Sn

2-), 13 mM sulfide, and 5% (v/v) D2O. The
protein was loaded with sulfur before being transferred to
the buffer solution described above. To exclude oxygen from

the NMR probes, the sample tubes were flushed with nitrogen
while being filled and tightly sealed afterward. Under these
conditions, it can be assumed that the protein remains sulfur-
loaded during the NMR experiments.

Unless stated otherwise, the NMR data were acquired at
300 K using Bruker DMX-600 and DRX-800 NMR spec-
trometers equipped with xyz-gradient1H, 15N, 13C triple-
resonance probe heads. The sensitivity and resolution of the
triple-resonance experiments were improved by employing
the TROSY technology (11, 12). The software packages
XWINNMR, AURELIA (Bruker Analytische Messtechnik
GmbH, Karlsruhe, Germany), and NMRPipe (13) were used
for data processing and data analysis. The1H chemical shifts
were referenced to internal DSS (2,2-dimethyl-2-silapentane-
5-sulfonate sodium salt), while the15N and 13C chemical
shifts were calibrated indirectly using the appropriate gyro-
magnetic ratios (14).

The 13C side chain assignments for2H-, 13C-, and15N-
labeled Sud were based on three-dimensional (3D) CC(CO)-
NH (15) and CC(CA)NH (16) experiments with13C spin
lock times of 21 and 17 ms, respectively. The1HR chemical
shifts were obtained from a 3D HCACO experiment, and
the 1H side chain resonances were assigned using 3D
H(C)CH-COSY and H(C)CH-TOCSY experiments with a
13C spin lock time of 17 ms on a uniformly15N- and 13C-
labeled protein. The aromatic proton resonances were
obtained via a two-dimensional (2D) NOESY experiment
with a mixing time of 70 ms, a 2D TOCSY experiment with
an unlabeled sample in D2O with a 1H spin lock time of 44
ms, and a 3D13C-separated NOESY-HSQC experiment with
a mixing time of 70 ms employing a constant time13C-1H
TROSY evolution period (17) optimized for aromatic carbons
on a15N- and13C-labeled sample in H2O.

The stereospecific assignments for the isopropyl groups
of Val and Leu residues were determined using a biosynthetic
approach (18) on the basis of the13C-13C one-bond
couplings within 2D13C HSQC and 2D constant time13C
HSQC experiments on a 10%13C-labeled sample.

The NOE assignments and distance restraints for NH-
NH correlations were obtained from a four-dimensional (4D)
15N/15N-separated NOESY experiment (19, 20) with a mixing
time of 300 ms on uniformly2H- and15N-labeled protein in
H2O. Further NOE data were collected from a 3D13C-sep-
arated NOESY-HSQC with a mixing time of 80 ms using a

FIGURE 1: Multiple-amino acid sequence alignment of rhodanese-like proteins with known three-dimensional structures: Sud,E. coli GlpE
(7), bovine liver rhodanese (37), andA. Vinelandii rhodanese (8). The primary sequence of Sud was taken to be the reference, and the pair
alignments were obtained with BLAST. The active site loop residues are shown in red and the additional charged residues in the active site
of Sud in blue. Invariant residues are marked with asterisks.
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uniformly 13C- and15N-labeled protein in D2O, a 3D15N-sep-
arated NOESY-HSQC experiment with a mixing time of 75
ms recorded with a uniformly15N-labeled protein in H2O, a
3D constant time methyl13C-separated NOESY-HSQC ex-
periment with a mixing time of 100 ms on a uniformly13C-
and 15N-labeled protein in H2O, and a 2D NOESY experi-
ment with a mixing time of 70 ms on an unlabeled sample
in D2O.

The asymmetrically labeled samples used for the measure-
ment of the intermonomer NOEs were prepared from
unlabeled and2H- and 15N(13C)-labeled Sud-His6 dimers.
They were mixed in equal amounts at a very low concentra-
tion (each species at 10 nM) in an anaerobic buffer containing
50 mM potassium phosphate and 10% (v/v) glycerol (pH
8.0). To induce the monomerization of the isolated dimers,
0.02% (w/v) sodium dodecyl sulfate was added. The mixture
was stirred for 48 h at room temperature under anaerobic
conditions. For the dimerization initiation and protein
recovery, the whole mixture was applied to a 10 mL Ni-
nitrilotriacetic agarose (Qiagen) column equilibrated with 50
mM potassium phosphate and 10% (v/v) glycerol (pH 8.0).
The column was extensively rinsed with the same buffer (0.5
L) for removal of the SDS, and then the protein was eluted
with this buffer containing 0.2 M imidazole. The eluted Sud
protein was concentrated up to 30 g/L by pressure dialysis
using a 10 kDa filter, and the imidazole was removed by
repeated dilution and concentration (five times) of the protein
with a buffer containing 50 mM potassium phosphate (pH
7.65).

To determine NOEs across the dimer interface, a 3D15N-
separated NOESY-HSQC experiment with a mixing time of
120 ms on a heterodimer sample containing one2H- and
15N-labeled monomer and one unlabeled monomer (21) and
a 4D constant timeJ-resolved13C-separated NOESY experi-
ment (22) with a mixing time of 150 ms on a sample
containing one13C-labeled monomer and one unlabeled
monomer were carried out. The former experiment yields
intermonomer NOEs between the amide protons of the2H-
and 15N-labeled and the carbon-bound protons of the
unlabeled species. The latter one allows the separation of
inter- and intramolecular NOEs along theJ-resolved dimen-
sion in which the intramolecular NOEs between13C-bound
protons appear at(JCH/2 Hz, while intermolecular NOEs
between13C- and12C-bound protons appear at a frequency
offset of zero because they are notJ-modulated.

The slowly exchanging amide protons were identified by
recording 2D1H-15N HSQC experiments, 1 day and 5 days
after the transfer of the protein into a D2O solution. This
information combined with the strong HN-HR connectivities
within and between differentâ-strands allows the identifica-
tion of the â-strands and of the hydrogen bonds between
â-strands. The amide protons located in the internal five-
stranded parallelâ-sheet remain unexchanged 5 days after
the addition of D2O. The backbone amide protons involved
in hydrogen bonding were also measured using anh3JNCO

TROSY-NHCO experiment (23).
For the residual dipolar coupling measurements, the

isotropic sample contained 0.55 mM dimeric protein in 50
mM sodium phosphate (pH 7.6), 1 mM polysulfide (Sn

2-),
13 mM sulfide, and 10% (v/v) D2O, while the anisotropic
one had 0.48 mM protein in the same buffer with the C8E5/
n-octanol alignment medium (24). The molar ratio of C8E5

to n-octanol was 0.87, and the C8E5/water ratio was 6%
(w/v). A generalized version of the15N-1H TROSY experi-
ment (11, 25, 26) was used for the measurement of1JNH

couplings and1JNH + DNH couplings on a nonoriented and
oriented sample, respectively. The residual dipolar coupling
values (RDC,DNH) were calculated from the coupling
differences between the1JNH + DNH couplings and the1JNH

scalar couplings.
Structure Calculation and NOE Assignment.NOESY

cross-peak volumes were determined using the Bruker
AURELIA program and converted into distance restraints
using the symmetry ADR (ambiguous distance restraint)
protocol described by Nilges (27), which accounts for the
ambiguity in the NOEs arising from dispersion and symmetry
degeneracy. The experimental unambiguous intermonomer
NOEs and the NH-NH NOE assignments derived from the
4D 15N/15N-separated NOESY experiment were used as 6
Å upper and 2 Å lower bounds, respectively. The hydrogen
bond restraints were defined as 1.8-2.3 Å for the H-O
distance and 2.8-3.3 Å for the N-O distance.

The TALOS program (28) was used to predict the
backbone torsion angle intervals from the amino acid
sequence and chemical shift information. The tolerance of
φ andψ angles was set to(2 standard deviations (SD) for
all the dihedral angle constraints.

NMR studies of homodimers are problematic because of
the difficulty in distinguishing between intra-, inter-, and
comonomer (mixed) NOE correlations. We used the sym-
metry ADR protocols of ARIA for an iterative structure
calculation and NOE assignment (10, 29). The symmetry
ADRs describe the ambiguity of NOE peaks arising from
both symmetry and dispersion degeneracy by computing a
“d-6 summed distance” over all pairs of protons that are
possible assignments for a particular cross-peak, including
the intra- and intermonomer contributions. To enforce the
2-fold symmetry, the conformational target function contains
two special pseudoenergy terms: a noncrystallographic
symmetry (NCS) restraint (30) and a distance symmetry
(DSYM) restraint potential (27). The former serves to
minimize the atomic rms deviation between the two mono-
mers, thus making the two monomers identical, while the
latter forces the two monomers into a symmetrical arrange-
ment.

The NOE assignment was performed in nine iterations
using the ARIA scheme (31), where a generation of structures
is used for the NOE analysis (calibration, partial assignment,
and noise removal) of the following one. We calculated 50
structures per iteration (60 in the last iteration), the best 30%
of the models being used for the refinement of the next ones.
The starting conformers were constructed using the hydrogen
bonding information and manually assigned NOEs from the
4D 15N/15N-separated NOESY and NOESY experiments on
the asymmetrically labeled dimers as well as the TALOS
prediction for dihedral angles. The RDC data were used
starting with the third iteration and having a rather low
weighting factor. For the determination of the alignment
tensor parameters (axial component and rhombicity), we
analyzed the “powder pattern” of the RDC distribution (32).
After the iterative NOE assignment was completed, the
weight of the target function RDC term was tuned within
several turns of structure calculations such that the agreement
between the observed and back-calculated values of the
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residual dipolar couplings was supposed to be similar to the
experimental error.

To assess the reliability of the automatic assignment
output, a collection of MATLAB routines were developed
(data not shown) for proof of the consistency between the
NOE assignment table and the 3D15N- and 13C-edited
NOESY spectra by looking at the cross-peak symmetry
within the spectra. If we neglect the spin diffusion, every
HN-HN NOE must appear twice in a15N-resolved NOESY
spectrum. The same type of symmetry should be present in
13C-resolved and between15N- and 13C-resolved NOESY
spectra when different heteroatoms are involved. All the NOE
assignments, which are not supported by other cross-peaks
between the corresponding residues and which have no
symmetry partners, were manually verified.

The structures were calculated using a simulated annealing
protocol comprising four stages: (I) a high-temperature
torsion angle dynamics phase at 10 000 K (2200 MD steps),
(II) a torsion angle cooling stage from 10 000 to 2000 K
(2200 steps), (III) a Cartesian dynamics cooling stage from
2000 to 1000 K (20 000 steps), and (IV) a second Cartesian
dynamics cooling stage from 1000 to 50 K (18 000 steps).
All non-stereospecifically assigned prochiral groups, except
the manually assigned isopropyl groups, were treated with
a floating chirality approach (33). The polysulfide-binding
Sud structure was calculated by assuming a Cys residue
containing five polysulfide-sulfur atoms. The polysulfide tail
topology was derived using X-ray data (34). Since there is
no structural information available for the polysulfide from
NMR, the orientation of the sulfur chain has been derived
from steric considerations. The final structures were calcu-
lated with anab initio simulated annealing protocol starting
from a random monomer structure with good local geometry,
the dimer being generated by a duplication of the monomer
unit followed by a 180° rotation around one of its internal
axes and a 60 Å translation in the same dimension. Thus,
the starting monomer orientation possesses the correct 2-fold
symmetry, which is completely unbiased due to the explicit
inter- and intramonomer NOE assignments performed in an
iterative manner. To account for the electrostatic interactions
between the side chains of the ionic residues (44 per
monomer not including the His tag) and to prevent the
unrealistic packing that might result from a simple repulsive
representation of the nonbonding energy term, the final
structures were refined in explicit solvent (water) using a
special force field for electrostatic and van der Waals
interactions (35). The symmetry restraint terms were delib-
erately left out at this final stage to allow small deviations
from the ideal 2-fold symmetry and therefore will better
represent the internal dynamics within the homodimer. The
10 lowest-energy structures out of 100 calculated structures
were refined in water. All the structural representations of
the protein were drawn with MOLMOL (36).

RESULTS AND DISCUSSION

Chemical Shifts and NOE Assignments.Using the known
backbone chemical shifts (9) as a starting point, the majority
of side chain1H and 13C resonances were assigned by a
combination of 3D CC(CO)NH, CC(CA)NH, H(C)CH-
COSY, and H(C)CH-TOCSY experiments. Altogether,∼74%
of the resonances were assigned. Stereospecific assignments

of nearly all isopropyl groups of Val and Leu residues were
obtained (with a single exception, Leu73).

A total of 8 (16 considering the symmetry-related ones)
intermonomer NOEs were unambiguously assigned using
asymmetric labeling experiments (see Materials and Meth-
ods). Because of the low concentration of the asymmetrically
labeled dimers in the NMR sample, only few intermonomer
NOEs could be determined. On the basis of these experi-
ments, the contact regions between the two monomers were
found to involve mainly residues F7, D8, T10, and F11 of
one monomer and A75 and Y105 of the other monomer.

From 9532 experimental NOESY peaks (2D homonuclear
and 3D15N- and13C-edited NOESYs), 1095 ambiguous and
3758 unambiguous nonredundant NOE-derived distance
restraints were obtained, including 86 intermonomer and 142
comonomer NOEs. This structural data together with 340
predefinedφ and ψ angle constraints, 402 backbone-
backbone and backbone-side chain NH-NH distance
restraints derived from the 4D15N/15N-separated NOESY,
22 hydrogen bonds between theâ-strands, 16 experimental
intermonomer NOEs (asymmetric labeling), and 162 amide
residual dipolar couplings were used for the final structure
calculations (see Table 1 for a detailed structural statistics).

Comparison between the Structures Calculated with and
without Residual Dipolar Coupling Restraints.Figure 2
shows the backbone atoms for the Sud structure calculated
with and without residual dipolar coupling restraints. The
relative orientation of the two monomers was significantly
improved by the residual dipolar coupling restraints, the
RDC-refined dimer structure showing a more compact form
than the RDC-free one. The mean backbone rmsd of the
NMR ensembles drops from 1.64 to 0.96 Å for the RDC-
refined conformers considering the whole dimer, although
the monomer cores (without theR-helical N-terminus) were
equally well-defined, having a value of∼0.8 Å in both cases.
For the rmsd calculations, the segment between residues 89

Table 1: Structural Statistics for the 10 Lowest-Energy Simulated,
Annealed, and Water-Refined Structures of the Sud Homodimer

no. of unambiguous NOE distance restraints 4182
sequential (|i - j| ) 1) 1115
medium-range (1< |i - j| < 5) 605
long-range (|i - j| > 4) 830
intermonomer 102

no. of ambiguous NOE distance restraints 1095
comonomer 142

no. of H-bond restraints 22
no. of dihedral angle restraints 340
no. of RDC restraints 162
rms deviation for distance restraintsa (Å) 0.014( 0.001
rms deviation for angle restraintsa (deg) 0.509( 0.016
rms deviation for RDC restraintsa (Hz) 1.043( 0.039
rms deviation for covalent geometrya

bond lengths (Å) 0.0034( 0.0001
bond angles (deg) 0.507( 0.0154
impropers (deg) 1.335( 0.057

Ramachandran plotb

most allowed regions 86.3%
disallowed regions 0.6%

rmsd of the NMR ensemble (Å)c

monomer core backbone 0.81( 0.18
dimer backbone 0.96( 0.20

a Evaluated with CNS/ARIA.b Calculated with PROCHECK-NMR
(38). c Mean global backbone rmsd calculated with MOLMOL. The
flexible loop between residues 89 and 94 was not used for rmsd
calculations.
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and 94 was not considered, which is poorly defined because
of the lack of experimental data. If the monomer structures
in the two ensembles are compared, the core regions are
nearly superimposable, the main difference resulting from
the relative orientation of the monomer units dictated by
different positioning of the N-terminalR-helix. The second-
ary structure elements are also similar. The result clearly
illustrates that the residual dipolar coupling restraints improve
the definition of the domain relative orientation for multi-
modular proteins.

Description of the Structure.Figure 3 shows the ribbon
representations of the solution structure of the Sud ho-
modimer. The monomer unit has anR/â topology with six
R-helices (helices I-VI) packed against a central core of
five parallelâ-strands (âA, âB, andâD-âF) and a lateral
two-stranded antiparallelâ-sheet (âC andâG) which may
be involved in the structural stabilization of the C-terminal
segment. For the minimized average structure, theâ-strands
were formed by residues 23-25 (âA), 41-44 (âB), 56 and

57 (âC), 62-64 (âD), 85-88 (âE), 110-113 (âF), and 127
and 128 (âG) within each subunit, while the helices are
observed for residues 4-20 (I), 27-36 (II), 48-53 (III), 71-
77 (IV), 95-103 (V), and 117-122 (VI). The polysulfide
chains bound to the cysteine residues are pointing in opposite
directions, to the outside of the protein. The distance between
the two Sδ atoms of cysteine residues ranges from 16.7 to
18.9 Å. The N-terminal helices (I and I′) of the two
monomers are oriented parallel to each other, but rather
distant in space; therefore, an interaction between them is
unlikely. Helix I of one monomer unit interacts with helices
IV ′ and V′ of the second unit to form a three-helix bundle
stabilizing the dimeric structure.

On the basis of the intermonomer NOEs assigned with
ARIA, the residues participating in the interaction between
the two monomers are mainly F7, F11, and V15, located at
the hydrophobic side of helix I with partners L74′, A75′,
L79′, L97′, and Y105′ in the opposite unit. Hence, mainly
hydrophobic interactions are involved in stabilizing the
dimeric structure. For example, the aromatic side chains of
F7 and F11 interact with Y105′ and the methyl groups of
L74′, while F11 and V15 interact with L97′. Because of the
interactions with aromatic rings, the Hδ resonances of L74
and L79 are shifted to a higher field by values between 0.1
and 0.2 ppm. A salt bridge in this region between K12 (helix
I) and E71′ (helix IV′) may form, since the side chains move
within 5 Å of each other.

Structure-Function Relationship.Sud serves as a polysul-
fide-sulfur binding and transfer protein, transferring the

FIGURE 2: (a) Backbone plot of the 10 best RDC-refined structures
of the Sud dimer. (b) Backbone plot of the RDC-free NMR
ensemble (10 models) of Sud. (c) Backbone representation of the
monomer cores (residues 25-130) superimposed for the RDC-
refined (red) and RDC-free (blue) structures of the Sud protein.
The flexible loop (residues 89-94) is colored green.

FIGURE 3: Ribbon representations of the Sud dimer. The catalytic
cysteines (with a five-atom polysulfide chain attached) are depicted
using a CPK model. The 2-fold symmetry axes are theOZ andOX
axes for the top and bottom structures, respectively. The active site
loop (residues 89-94) is colored green.
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aqueous polysulfide to the active site of polysulfide reductase,
which is exposed to the periplasmic side of the cytoplasmic
membrane ofW. succinogenes. The two identical subunits
of Sud, each with a single cysteine residue, covalently bind
two polysulfide chains with up to 10 sulfur atoms. Using
site-directed mutagenesis, it was shown that the cysteine
residues are essential for the sulfur binding and transferase
activity of Sud (4).

The active site environment of Sud resembles that of
rhodanese ofA. Vinelandii (RhdA), in both cases the catalytic
cysteine residues being located at the bottom of shallow
round pockets close to the interdomain boundary, at the
beginning of a loop with a cradle-like conformation that is
connecting a centralâ-strand with an interfaceR-helix. RhdA
is a covalently bound multidomain protein consisting of two
similar but not identicalR/â domains at the N-terminal and
C-terminal domain. Unlike Sud which has a polysulfide
binding site in each monomer unit, RhdA has a single
functional cysteine residue located in the C-terminal domain.
Side chains in the intermonomer contact area around the
active site of Sud indicate that formation of the dimer is
required for the protein function. The active site cysteine is
the first residue of loop 89-94, connecting strandâE to helix
V (Figure 3). Because of the lack of chemical shift
assignments (both backbone and side chain resonances could
not be assigned, except the HN-N and HR-CR resonances
of C89 and the HR-CR resonance of T91), this segment is
poorly defined, which may be a result of multiple conforma-
tions induced by the polysulfide mobility. In a similar way,
resonances of R46 and R67, both located near the sulfur tail,
were not assigned presumably to such a conformational
heterogeneity and mobility. The Sud structure reveals a
positively charged binding pocket for the negative polysul-
fide-sulfur chain formed by residues R46, R67′ (adjacent
monomer unit), K90, and R94 (Figure 4). An electrostatic
binding pocket that partially covers the Sud-polysulfide tail
is consistent with previous MALDI mass spectroscopy
investigations, which indicated a much lower dissociation
constant for the first two sulfur atoms of the polysulfide chain
(4). The positively charged side chains of R46, R67′, K90,
and R94 of Sud interact with and stabilize the first two S-S
bonds of the negatively charged polysulfide, while the

negatively charged side chain of E50 interacts with R46
(Figure 4). The mutation of any of the above-mentioned
residues leads to a loss of the sulfur transferase activity (data
not published). The amino acid sequence alignment of RhdA
and Sud indicates that R46, E50, R67, C89, and R94 (Sud
numbering) are conserved residues (Figure 1).

CONCLUSIONS

The active site loop surrounding the catalytic cysteine
(preserved in all rhodanese enzymes) appears to be flexible
for the Sud protein as evidenced by the missing chemical
shift assignments of the related residues (residues 89-94).
The polysulfide tail extends out of a positively charged
binding pocket (residues R46, R67′, K90, and R94), where
Sud may contact the polysulfide reductase. The determination
of the precise functional roles of these residues in the
mechanism of the transfer of the polysulfide-sulfur from Sud
to the active site polysulfide reductase remains an interesting
goal for future studies.
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