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Background:Cysteine desulfurases deliver sulfur from cysteine to sulfur acceptors for sulfur utilization in various biological
processes.
Results: The crystal structure of CsdA-CsdE invokes a unique binding mode compared with other cysteine desulfurase and
sulfur acceptor complexes.
Conclusion: Conformational flexibility is pronounced only in the region of CsdE during the sulfur transfer interaction.
Significance:This structuremarks the first complex structurebetweenCsdA/SufS-type cysteinedesulfurase and the sulfur acceptor.

In Escherichia coli, three cysteine desulfurases (IscS, SufS, and
CsdA) initiate thedeliveryof sulfur for variousbiological processes
suchas thebiogenesis of Fe-S clusters.The sulfur generated asper-
sulfide on a cysteine residue of cysteine desulfurases is further
transferred toFe-S scaffolds (e.g. IscU) or to intermediate cysteine-
containing sulfur acceptors (e.g.TusA, SufE, and CsdE) prior to its
utilization. Here, we report the structures of CsdA and the CsdA-
CsdEcomplex,whichprovide insight into the sulfur transfermedi-
atedbythe trans-persulfurationreaction.Analysisof thestructures
indicates that the conformational flexibility of the active cysteine
loop in CsdE is essential for accepting the persulfide from the cys-
teine of CsdA. Additionally, CsdA and CsdE invoke a different
binding mode than those of previously reported cysteine desul-
furase (IscS) and sulfur acceptors (TusA and IscU). Moreover, the
conservation of interaction-mediating residues between CsdA/
SufS and CsdE/SufE further suggests that the SufS-SufE interface
likely resembles that of CsdA and CsdE.

Iron-sulfur clusters (Fe-S) as cofactors have versatile roles in a
wide range of biological processes (1). Biogenesis of Fe-S involves
successive transfers of iron and sulfur from sophisticated multi-
protein assembly systems, and four distinct systems known as Nif
(nitrogen fixation), Isc (iron-sulfur cluster formation), Suf (sulfur
mobilization), andCIA (cytosolic iron-sulfur assembly) have been
characterized (2–4). A pyridoxal 5�-phosphate (PLP)2-dependent
cysteine desulfurase converts L-cysteine to L-alanine with sulfur
released on its active cysteine as persulfide in all cases (5). Conse-

quently, the sulfur generated by the cysteine desulfurase (donor)
can either be directly transferred to Fe-S scaffolds for Fe-S assem-
bly or to intermediate cysteine-containing sulfur acceptors via the
trans-persulfuration reaction between active cysteines. The sulfur
of the intermediate acceptors can be further supplied to Fe-S scaf-
folds as well as to the proteins of sulfur-utilizing pathways such as
those involved in the synthesis of sulfur-containing cofactors or
thiol modification of tRNA.
Three distinct cysteine desulfurases (IscS, SufS, and CsdA)

are encoded on operons of the Isc, Suf, and Csd systems in
Escherichia coli (6). Briefly, the Isc system acts as the house-
keeper of Fe-S biogenesis, in which sulfurs are delivered from
IscS to several sulfur acceptors. The sulfurs are employed in
various biosynthetic pathways, including Fe-S assembly, thia-
mine/biotin synthesis, and tRNA thiolation. Among the sulfur
acceptors, complex crystal structures with IscS have been
reported for Zn/Fe2S2-binding scaffold IscU from E. coli (apo-
form, see Ref. 7) and Archaeoglobus fulgidus (holo-form, see
Ref. 8) and for E. coli TusA (7), which is an intermediate sulfur
acceptor utilized during tRNA thiolation. The Suf system func-
tions under oxidative stress or iron deprivation, which utilizes
sulfurs from SufS (also known as CsdB) transferred to SufE, an
intermediate sulfur acceptor. SufE further transfers sulfurs to
other Fe-S proteins in the same operon (9, 10). Because SufS
exhibits �300-fold higher activity for L-selenocysteine over
L-cysteine, SufS also likely functions as a selenocysteine lyase in
E. coli (11). Structures of E. coli SufS and SufE in the free forms
are available (12–14).
In the most recently characterized Csd (cysteine sulfinite

desulfinase) system, CsdA (also known as CSD) transfers sul-
furs to CsdE (also known as YgdK) (15). However, further con-
sequences of the CsdE sulfur are mostly unknown. A recent
study suggested that CsdA/CsdE either cross-talks with the Suf
system or supplies sulfur for synthesis of an unidentified thio-
lated compound via CsdL (16). Structure of E. coli CsdE has
been determined by using NMR (17). Unlike SufS, CsdA is not
specific toward L-selenocysteine.

Sequence identities between CsdA and SufS (�43%) and
between CsdE and SufE (�35%) suggest that CsdA/CsdE and
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SufS/SufE are closely related (sequence identities between CsdA/
SufS and IscS (less than�24%) or CsdE/SufE and IscU (� �10%)
are limited). In the structures of free CsdE and SufE, the catalytic
sulfur-accepting cysteineswere both buried in a hydrophobic cav-
ity (14, 17). Hence, trans-persulfuration between CsdA and CsdE
(or between SufS and SufE) had been difficult to imagine without
any conformational change (2, 14, 17, 18).
To gain mechanistic insight on this sulfur transfer event, we

herein determined structures of the free CsdA and CsdA-CsdE
complex (Table 1). Because active cysteine-containing regions
in both CsdA and CsdE are well ordered in the CsdA-CsdE
structure, their comparisonswith freeCsdAand freeCsdE indi-
cate that the conformational flexibility in the active cysteine
loop of CsdE provides the basis for understanding the sulfur
transfer between the two proteins.

EXPERIMENTAL PROCEDURES

Protein Preparations—The genes of full-length E. coli CsdA
(residues 1–401) and full-length CsdE (residues 1–147) were
PCR-cloned into vector pET28a (Novagen) using the E. coli
genomicDNA.E. coli genomicDNAwas preparedwith LB-cul-
tured E. coli strain XL1-Blue (Stratagene) using a commercial
kit (Qiagen). The plasmid constructs were designed with
thrombin-cleavable His6 tags at the N terminus of the proteins
for convenient purification. Unavoidable non-native amino
acids at the N terminus after the thrombin digestion were min-
imized by using NdeI restriction enzyme sites at the 5�-ends of
the primer. Cloned constructs were verified by DNA sequence
analysis using primers of T7 promoter and terminator prior to

transformation into E. coli strain BL21 (DE3) (Stratagene).
Plasmid-transformed cells were grown in 1 liter of LB with
kanamycin selection (25 �g/ml) at 37 °C. Recombinant protein
expressionswere inducedwith 0.5mM isopropyl�-D-thiogalac-
topyranoside at A600 � �0.8, and the cells were further grown
at 25 °C for 16 h. The cells were harvested by centrifugation
(4500 � g) at 4 °C for 10 min and resuspended in ice-cold lysis
buffer (20mMTris, pH 7.5, 500mMNaCl, and 5mM imidazole).
Resuspended cells were homogenized by sonication, and the
lysates were centrifuged (70,000 � g) at 4 °C for 30min. Superna-
tants were loaded onto Ni2�-nitrilotriacetic beads and washed
with wash buffer (20 mM Tris, pH 7.5, 500 mM NaCl, and 20 mM

imidazole).Theboundproteinswereelutedwithelutionbuffer (20
mM Tris, pH 7.5, 500 mM NaCl, and 200 mM imidazole), and the
His6 tags were removed by adding bovine thrombin (Invitrogen)
directly to the eluents for 16 h at 4 °C. The proteins were further
purified using Superdex 200 HR26/60 sizing column on ÄKTA
FPLC system (GE Healthcare) equilibrated in gel filtration buffer
(50mMTris, pH7.5, 150mMNaCl, and2mMDTT). Proteinswere
concentrated by centrifugation (Amicon Millipore Centriprep).
The final CsdA concentration (�13 mg/ml) was estimated by
absorption at � � 280 nm with a molar extinction coefficient of
47,000 M�1 cm�1 calculated based upon the number of trypto-
phan and tyrosine residues (19). The final CsdE concentration
(�40mg/ml)wasestimatedsimilarlywithamolar extinctioncoef-
ficient of 14,000 M�1 cm�1.

For the purification of the homogeneous CsdA-CsdE com-
plex, purified CsdA was mixed with an �4-fold molar excess of
purified CsdE. The homogeneous complex was selected over
the excess CsdE by re-eluting the mixture on the same Super-
dex 200 sizing column. The final CsdA-CsdE concentration
(�30mg/ml) was estimated similarly with the calculatedmolar
extinction coefficient of 61,000 M�1 cm�1.
Crystallization and X-ray Data Collection—Conditions for

growing the crystals of free CsdA and CsdA-CsdE were
screened using commercial solutions (Hampton Research).
Crystals were screened at 22 °C of ambient air using the hang-
ing drop vapor diffusion in 24-well Linbro plates. Optimized
CsdA crystals were obtained from reservoirs of 20–30% (w/v)
PEG 8000, 0.05 M potassium di-hydrogen phosphate, and 0.1 M

MES, pH 6.5 (or pH 5.5), or 20–30% (w/v) PEG 8000, 0.05 M

sodium di-hydrogen phosphate, and 0.1 M MES, pH 6.5 (or 0.1
M Tris, pH 8.5). Crystals grew up to approximate dimensions of
0.5 � 0.5 � 1.5 mm in a day. Optimized CsdA-CsdE crystals
were obtained from reservoirs of 22% (w/v) polyacrylic acid
5100, 0.02 MMgCl2, and 0.1 MHEPES, pH 7.5. Crystals grew up
to approximate dimensions of 0.3 � 0.3 � 1.0 mm in a few
weeks.
CsdA and CsdA-CsdE crystals from drops were transferred

to reservoir solutions supplementedwith 15% glycerol acting as
a cryo-protectant andwere quickly frozen in liquid nitrogen for
transportation. Diffraction data were collected under a 100 K
nitrogen stream at Pohang Accelerator Laboratory (Beamline
7A) on a CCD detector (ADSC Q270). Data were processed
using DENZO and SCALEPACK (20). The CsdA and CsdA-
CsdE crystals, respectively, belong to the space groups of C2
and P21 (Table 1).

TABLE 1
Data collection and refinement statistics

CsdA CsdA-CsdE

X-ray wavelength 0.97934 Å 0.97934 Å
Temperature 100 K 100 K
Resolution range 50 to 1.8 Å 50 to 2.0 Å
(highest resolution shell) (1.86 to 1.80) (2.07 to 2.00)
Space group C2 P21
a, b, c 168.30, 91.44, 83.89 Å 77.14,76.87, 89.36 Å
� 97.26° 104.48°
Total reflections 1,249,185 849,428
Unique reflections 116,275 67,595
Redundancy 3.7 (3.7) 3.6 (3.3)
Completeness 99.4% (100%) 99.8% (99.5%)
Mean I/�(I) 31.6 (4.8) 24.6 (5.0)
Rmerge

a 6.9% (37.7%) 6.9% (34.0%)
Wilson B-factor 22.0 Å2 19.1 Å2

Molecules/asymmetric units 3 4
Matthews coefficient, % solvent 2.47, 50.2% 2.17, 43.3%
Refinement R-factorb (Rfreec) 0.165 (0.212) 0.159 (0.218)
Residue range CsdA CsdA

2–400 (a, a�, and a�) a, 3–48, 55–400
a�, 3–400
CsdE
a, 3–147
a�, 8–60, 62–145

No. of waters 1107 685
Root mean square deviation
bonds

0.028 Å 0.023 Å

Root mean square deviation
angles

2.108° 1.963°

Average B-factor (all atoms) 24.23 Å2 25.11 Å2

Average B-factor (main chain) 21.33 Å2 23.41 Å2

Average B-factor (side chain and
water)

26.76 Å2 26.68 Å2

a Rmerge � 	h	i�I(h,i) � 
I(h)��/	h 
I(h)�, where I(h,i) is the intensity of the ith
measurement of reflection h, and 
I(h)� is the mean value of I(h,i) for all i
measurements.

b R-factor � 	(�Fobs � �Fcalc�)/	�Fobs�.
c Rfree � R-factor for 5% of randomly selected reflections excluded from the
refinement.
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Structure Determination and Refinement—The positions of
three E. coli CsdAs in the free CsdA crystal asymmetric units
were determined bymolecular replacement usingE. coli SufS as
a search model (PDB code 1C0N) against data from all the res-
olution shells. PHASER (21) found two CsdAs, and by fixing
these solutions MOLREP (22) further determined the third
CsdA. Subsequent submission of this model (R/Rfree � 0.29/
0.34) to the automated web-based model building ARP/wARP
(23) server generated the partial CsdA model and the electron
density map into which errors were manually changed using
COOT (24). The final CsdAmodel contains three molecules of
CsdA (CsdA residues 2–400) each with a PLP. The structure
was refinedwith REFMAC5 (25) to a resolution of 1.8Åwith no
data cutoff (Table 1).
The positions of two E. coli CsdAs in the CsdA-CsdE complex

crystalweredeterminedbymolecular replacementusing theCsdA
structure as a search model against data from all the resolution

shells inPHASER.Subsequent submissionof thismodel (R/Rfree�
0.35/0.36) to ARP/wARP generated the partial models of two
CsdEs and the electron density map into which changes were
manually made using COOT. The final CsdA-CsdE model con-
tains twomolecules of CsdA (residues 3–48 and 55–400 in a and
3–400 in a�) each with PLP, and twomolecules of CsdE (residues
3–147 in a and 8–60 and 62–145 in a�). The structurewas refined
with REFMAC5 to a resolution of 2.0Åwith no data cutoff (Table
1).All structural figureswere renderedwithPyMOL(Schrödinger,
LLC).Theburiedsolvent-accessible surfaceareasper subunitwere
calculated using the PISA server (26).

RESULTS AND DISCUSSION

Free CsdA Structure—The structure of E. coli CsdA(2–400)
was determined at 1.8-Å resolution using molecular replace-
ment with the free E. coli SufS as a search model. Three CsdAs
were found in the crystal asymmetric units. Two CsdAs form a

FIGURE 1. Structures of free CsdA and CsdA-CsdE. A, dimeric CsdA is shown with designation of CsdE interaction-mediating structural elements. B, dimeric
CsdA-CsdE is shown with active cysteines, indication of the missing loop in CsdA(a), and the designation of structural elements on CsdE. Regions of CsdE(a�)
with higher B-factors than the average (55.9 Å2) are not included in the ribbon diagram. C, boxed region in B is magnified for clarity.
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dimer along a noncrystallographic 2-fold axis, and the third
CsdA associates into an identical dimer with the crystallo-
graphic symmetry mate. Given that cysteine desulfurases are

classified as members of the “aminotransferase class V of fold-
type I family,” the overall �/�-fold of CsdA is very similar to
SufS, IscS, and NifS (12, 13, 27, 28). The CsdA fold can be
divided into a “large region” and a “small region” (12), in which

FIGURE 2. Structural differences between CsdA and SufS. Structural differences between CsdA and SufS are pronounced at regions of H2, H3 (dimeric
interface), and H4 as shown by wall-eye stereoview. These regions in the dimeric CsdA (a in blue; a� in violet) and SufS (a in yellow; a� in orange) are shown to
visualize the differences of a shorter H2-H3 loop and an H4 helical kink in CsdA. The longer H2-H3 loop of SufS(a) (20NGLPL24) shifts the orientation of the H3-H4
loop in the interacting SufS(a�). The structure of E. coli SufS was analyzed using PDB code 1C0N.

FIGURE 3. Electron densities near the active Cys-358 of CsdA. The view of
Cys-358 active site in one representative CsdA subunit is shown in ball-and-
stick representation with electron density maps. 2Fo � Fc density in blue is
contoured at 1.5�, and Fo � Fc density of the glycerol OMIT map is contoured
at 4�. PLP and glycerol are observed in all the three CsdA subunits.

TABLE 2
Residue-by-residue interactions between CsdA and CsdE
Hmeans hydrogen bond, and VDWmeans van der Waals interaction.

CsdA CsdE Distance

Å
His-337 NE2 Glu-62 O 3.5 (H)

Asn-63 OD1 3.7 (H)
His-338 ND1 Glu-62 O 3.5 (H)
Ser-339 OG Glu-62 O 2.3 (H)

OG OE2 3.7 (H)
Asp-340 OD1 Ile-87 N 2.6 (H)

OD2 Arg-86 N 2.6 (H)
Thr-343 CG2 Ile-87 CD1 4.2 (VDW)

Ala-127 CB 3.9 (VDW)
Leu-344 CD2 Trp-30 CZ3 4.5 (VDW)

Tyr-34 CD2 3.7 (VDW)
Ile-87 CD1 3.9 (VDW)

Glu-347 OE2 Tyr-34 OH 2.5 (H)
Ser-126 N 2.9 (H)

OG 2.7 (H)
CB Trp-30 CH2 3.6 (VDW)

Tyr-348 CE1 Trp-30 CH2 3.3 (VDW)
OH Glu-31 OE2 2.6 (H)

Ala-354 CB Glu-62 CB 4.1 (VDW)
Gly-355 CA Glu-62 CA 3.4 (VDW)

CB 3.6 (VDW)
Thr-369 O Arg-64 NH2 3.8 (H)
Glu-397 O Arg-35 NH1 3.0 (H)
Leu-398 CD2 Tyr-34 CB 4.3 (VDW)
Leu-399 CD2 Ile-38 CD1 3.6 (VDW)

Complex Crystal Structure of CsdA-CsdE
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the large region mediates the dimeric interface (Fig. 1A). The
large region mostly consists of a seven-stranded parallel
�-sheet flanked by seven �-helices and several tightly packed
�-helices. The dimeric interfaces of CsdA, SufS, and IscS are
mediated by similar corresponding structural elements, but the
buried accessible surface areas (per subunit) between the CsdA
dimer (3148 Å2) and the SufS dimer (3086 Å2) are higher than
that of the IscS dimer (2320 Å2). Among the various reported
structures of cysteine desulfurases, CsdA mostly resembles
SufS as indicated from the high sequence identity (�43%).

Hence, the �-helices and �-strands described herein are num-
bered sequentially as in the E. coli SufS structure (12). Discus-
sions of the different cysteine desulfurase folds with compari-
sons on the PLP-containing active sites are well documented
(12, 13, 29). The only structural differences in CsdA compared
with SufS are a shorter H2-H3 loop and a kink in H4 of CsdA,
which are both manifested near the dimeric interface (Fig. 2).
The small region in CsdA consists of a four-stranded anti-

parallel �-sheet flanked by three �-helices. The enzymatically
essential PLPwas observed between the large and small regions

FIGURE 4. Interfacial residues of CsdA and CsdE. A, residues of CsdA and CsdE that mediate the interaction surface are indicated with bond types. Hydrogen
bonds (black dotted lines) and van der Waal interactions (orange dotted lines), which are within the documented distances, are indicated as shown in Table 2. The
distance between the two active cysteines of CsdA and CsdE is shown (in cyan) for clear perspective in reference to the previous figure. B, residue-by-residue
buried area percentages for the CsdA and CsdE residues were calculated using the web-based PISA server. In the interaction diagram, residue pairs that
undergo either the hydrogen bonding (black) or the van der Waals interaction (orange) are shown with dotted lines. Interactions mediated by the main chains
(solely or partly) are noted by shading (complete or partial, respectively) on the participating residues.

FIGURE 5. Different interfaces of cysteine desulfurases and the sulfur acceptors. Protein interaction modes of CsdA-CsdE, IscS-IscU, and IscS-TusA are
shown on one monomeric subunit of CsdA (and IscS) for clarity. The E. coli IscS-IscU and IscS-TusA are from PDB accession codes, 3LVL and 3LVK, respectively.
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(Fig. 1A). The Schiff base linkage of PLP to CsdA Lys-222 was
observed near the active Cys-358. The active Cys-358 was well
ordered with the same conformation in all three CsdAs of the
asymmetric units (Fig. 3). Interestingly, glycerol used as a cryo-
protectant was observed in the active site (Fig. 3). This same
region in E. coli SufS (12) and Thermotoga maritima NifS-like
protein (29) has been reported to be occupied by acetate and
sulfate, respectively, which were both from the crystallization
conditions. This region is also where the substrates cysteine (29),
selenocysteine (13), and cysteine persulfide (13, 28) are located in
SufS and related cysteine desulfurase structures. In our structure,
neither DTT modification nor polysulfide modification of active
Cys-358 reported in other studies (9, 30, 31) was seen.
Structural comparisons between CsdA and SufS have failed

to explain how CsdA and SufS are able to discriminate sulfur
and selenium, respectively. The residues composing the active
sites in CsdA and SufS are more or less conserved. Because the
ionic radius differences of sulfide and selenide are only �1 Å,
themolecular determinants for S/Se selectivitymust rely on the
subtle differences in the micro-environment around the sub-
strate (cysteine or selenocysteine). The structure of a rat seleno-
cysteine lyase suggested that the slight difference in the sub-
strate-binding modes, which was mediated by the active
cysteine, confers the S/Se selectivity (32). A more recent study
using a structure-guided bioinformatics approach reported
that the single aspartate near the PLP-binding site of human
selenocysteine lyase was responsible for the enzymatic specific-
ity (33). Interestingly, these aspartates that are conserved
among selenocysteine lyases are histidines in both CsdA and
SufS. In any case, themolecular determinants of S/Se selectivity
yet unrecognized between CsdA and SufS merit further
investigation.
Structural Analysis of the CsdA-CsdE—The structure of

E. coli CsdA-CsdE was determined at 2.0-Å resolution using
molecular replacementwith freeE. coliCsdAas a searchmodel,
followed by automated model building, which further located
the twoCsdEs. CsdA-CsdE consists of a CsdA dimer (each sub-
unit denoted as “a” and “a�”) and two CsdEs (a and a�), which
independently interact with the cognate CsdA (Fig. 1, B andC).
Unlike the continuous electron density observed throughout
the free CsdA structure, part of the H3-H4 loop (CsdA residues
49–54) of one CsdA(a) was not observed. However, all regions
were ordered in the other CsdA(a�). The active Cys-358 was
ordered in both subunits. For CsdE, continuous electron den-
sity was also observed for only one CsdE(a). The sulfur-accept-
ing active Cys-61-containing loop was clearly discernible in
CsdE(a) with only the side chain of Cys-61 disordered. In the
other CsdE(a�), the entire Cys-61 was disordered. Judging from
the overall temperature B-factors, CsdE(a) was more ordered
than CsdE(a�) (30.0 versus 55.9 Å2). Several regions of CsdE(a�),
which include helices II�, IV, VI, loop of�-sheetsB–C, and loop
of helices V–VI have higher B-factors than the 55.9-Å2 average.
Analysis of the CsdA and CsdE interface indicates that the

small region (described above) of CsdA mediates the contact
with the cognate CsdE (Fig. 1, B and C). In particular, three
CsdA elements (H16, Cys-358–loop, and H18) are dedicated
for interactions with CsdE (H-II, Cys-61–loop, H-III and a par-
tial 310-helix of H-VI) (detailed interaction analyzed in Table 2

and Fig. 4). Briefly, the N-terminal residues of CsdA H16
(337HHS339) interact with the CsdE Cys-61–loop (62EN63),
whereas the following residues of H16 interact with multiple
regions of CsdE (N-terminal half of H-II, N-terminal end of
H-III, and 310-helix of H-VI). The CsdA Cys-358–loop
(354AG355) interacts solely with Glu-62 of the CsdE Cys-61–
loop. The C-terminal end of CsdA H18 (397ELL399) interacts
with the C-terminal half of CsdE H-II.
The buried accessible surface area between CsdA and CsdE

(731 Å2) was similar to IscS and its interacting IscU (767 Å2) or

FIGURE 6. Structural differences between the free CsdA and the CsdA
from CsdA-CsdE. A, two dimeric subunits of free CsdA (a in blue; a� in violet)
and CsdA from CsdA-CsdE (a in green; a� in cyan) are structurally aligned. Both
CsdEs are shown in yellow. Significant differences are seen near the dimeric
interface. For one CsdA(a), part of the H3-H4 loop (CsdA residues 49 –54) is
disordered. The corresponding residues are ordered for CsdA(a�). The order-
ing in H3-H4 loop of CsdA(a�) changes the helical content of H2 in the inter-
acting CsdA(a) (magnified in the inset, a and b). B, changes in H2 are clearly
seen when the two subunits of CsdA from the CsdA-CsdE are superimposed
for comparison.
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TusA (702 Å2). However, interfacial modes are different
between the interaction pairs (Fig. 5). In IscS-TusA, completely
different structural elements of IscS in comparison with CsdA
are utilized for the TusA interaction. In IscS-IscU, similar
regions of IscS corresponding to that of CsdA are utilized for
the IscU interaction. This similaritymay originate from the fact
that unlike the fold of TusA, the �/�-sandwich folds of CsdE
(14, 17) and IscU (34) are alike (35). Nevertheless, the active
cysteines of CsdE and IscU are contained on different structural
elements. Hence, the mode of CsdE surface projecting to CsdA
is distinct from that of IscU and IscS (Fig. 5). The different
interactionmodes seen in IscS-TusA and IscS-IscU indicate the
versatility of IscS in using multiple surfaces for the protein
interactions. Hence, CsdA may also invoke other regions than
the CsdE interaction surface for other unknown interactions.
Analysis of the CsdA upon CsdE Interaction—Analysis of free

CsdA and CsdA in CsdA-CsdE indicated that no significant
change was observed in CsdA. Interestingly, the active CsdA
Cys-358-containing loop in both cases had identical conforma-
tion with the Cys-358 side chain completely solvent-exposed
(Fig. 4B). It is interesting to observe that the active cysteine of
CsdA needs no conformational oscillation for sulfur delivery to
the acceptor. In the structure of E. coli IscS, the corresponding
active cysteine (Cys-328) was disordered (27); however, the

accessibility of the nearby ordered residue (Ala-327) suggests
that the cysteine is also solvent-exposed. Unfortunately, this
cysteine-containing loop of E. coli IscS in complex with IscU in
the apo-form was also found disordered (7). However, the
active IscS cysteine (Cys-321) in the Fe2S2-containing A. fulgi-
dus IscS-IscU holo-structure was ordered and became �55%
buried upon IscU interaction (8). Additionally, Marinoni et al.
(8) report that the Cys-321–loop of A. fulgidus IscS undergoes
significant structural movement of �14 Å toward IscU when
compared with the ordered active cysteine of the Synechocystis
SufS structure (8, 28). Hence, the oscillation of the IscS cysteine
loop seems essential for the sulfur delivery in the case of Fe-S
generation within IscU. In E. coli IscS-TusA, the IscS cysteine
loop underwent no significant change upon TusA interaction
as inCsdA.However, the active cysteinewas�33%buried upon
TusA interaction (7).
As described above, part of theH3-H4 loop in oneCsdA(a) of

the CsdA-CsdE was disordered. This loop, which was ordered
in the free CsdA, is mostly important for the dimeric CsdA
interaction. No significant chemical interactions between
CsdA(a) and the CsdE(a�) were seen; however, the helices and
loops of CsdA H3 and H4 were spatially close to CsdE (Fig. 1).
Further analysis on the structural differences of CsdA in the
free form and in CsdA-CsdE suggests that the disorder of the

FIGURE 7. Changes in the structure of CsdE upon CsdA interaction. A, free CsdE and CsdE from CsdA-CsdE are shown at an angle to illustrate the structural
changes particularly on the CsdE Cys-61–loop. B, free CsdE is superimposed onto CsdE from CsdA-CsdE to emphasize movement of the CsdE Cys-61–loop. Free
E. coli CsdE is from PDB accession code 1NI7.
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H3-H4 loop in CsdA(a) transformed H2 of the interacting
CsdA(a�) into a short 310-helix (Fig. 6). Hence, the propagated
change in H2 of the CsdA(a�) with its proximity to CsdA H16,
which is at the center of CsdE interaction, may result in the
disordering of regions of CsdE(a�) in the crystal (Fig. 1B). It
remains to be seen whether this H3-H4 loop has any influence
in controlling the turnover of the enzyme by changing the affin-
ity between CsdA and CsdE.
Analysis of the CsdE upon CsdA Interaction—The fold of free

CsdE,whichwas uncovered in a solution structure, is a compact
two-layered �/�-sandwich with a central three-stranded anti-
parallel �-sheet and seven �-helices (24). In contrast to CsdA,
the structural changes taking place in CsdE upon the CsdA
interaction were more pronounced (Fig. 7A). In the free CsdE,
the sulfur-accepting Cys-61 is located at the low accessible
hydrophobic cavity of a loop that connects the two anti-parallel
�-strands (�-strands A and B). This internally positioned cys-
teine along with the loop shifts significantly upon CsdA inter-
actionmoving�11Å in distance (Fig. 7B). This conformational
oscillation ofCsdECys-61 is uniquewhen comparedwithTusA
and IscU interactions to IscS. Unlike in the case of CsdE, the
active cysteine of free TusA is not buried, and nomajor confor-
mational change in the structural elements occurs in TusA
upon IscS interaction (7). For an Fe-S sulfur acceptor IscU,
sulfur from IscS is delivered to complete the Fe-S within IscU.
Hence, as described previously, only the movement of the cys-
teine loop of IscS was pronounced (8). Thus, the conforma-
tional flexibility of CsdE newly observed in CsdA-CsdE pro-
vides the framework for understanding sulfur transfer in yet
another cysteine desulfurase and sulfur acceptor.
Although the exact orientation of the CsdECys-61 side chain

inCsdA-CsdEwas not discernible, the closest distance between
the two active cysteines of CsdA and CsdE was estimated to be
�6Å.Given that the transition state of the trans-persulfuration
reaction contains three sulfur atoms and that the disulfide bond
length is 2.1–2.3 Å, the two captured cysteines of CsdA and
CsdE in the structure must be of the intermediate stage during
the trans-persulfuration reaction. Of note, the thiol groups of
active cysteines in IscS-TusA are positioned in closer proximity
with a distance of �4.5 Å (7).
Notably, further changesoccurred inCsdEwith theCsdA inter-

action, including�-sheetA transformation intoanextended form,
and elongation of the �-sheets B and C (Fig. 7). Additional
changes were also observed in CsdE H-VI whose N-terminal

end was modified into a short 310-helix. Furthermore, the 10
flexibleN-terminal residues of CsdE, whichwere observedwith
multiple main chain conformations in the solution structure,
became ordered in the crystal CsdA-CsdE structure. However,
whether this is due to the CsdA interaction or from a crystalli-
zation artifact is inconclusive.
Prediction of the SufS-SufE Interaction—As noted earlier, the

overall structure of CsdA is very similar to SufS except for some
regions mediating the dimerization interface. Additionally, as
indicated from the �35% sequence identity between CsdE and
SufE, the folds of the twoproteins are identical with a rootmean
square deviation of�2.3Å for aligning�137C� atoms. Similar
to Cys-61 of the free CsdE, the sulfur-accepting cysteine of SufE
was also located in a deep cleft (14). The conservation pattern of
the interaction-mediating residues in CsdA/SufS (H16, Cys-
358–loop, and H18) and in CsdE/SufE (H-II, H-III, and H-VI)
suggests that the interface of SufS-SufE likely resembles that of
CsdA-CsdE (Fig. 8). Sequence alignment of CsdE/SufE near the
sulfur-accepting cysteines also indicates that conformational
oscillation, which is observed for the CsdE Cys-61–loop, is
likely to occur on the corresponding SufE region. Thus, the
structural analysis of CsdA-CsdE further supports the notion
that CsdA/CsdE and SufS/SufEwork similarly and that the pro-
teins may have been derived from a common ancestor. Thus,
CsdE and SufE likely share some of the protein interactomes as
demonstrated by others (36).
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