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Solution structure of Vibrio cholerae protein VC0424: A
variation of the ferredoxin-like fold
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Abstract

The structure of Vibrio cholerae protein VC0424 was determined by NMR spectroscopy. VC0424 belongs
to a conserved family of bacterial proteins of unknown function (COG 3076). The structure has an �-�
sandwich architecture consisting of two layers: a four-stranded antiparallel �-sheet and three side-by-side
�-helices. The secondary structure elements have the order ������� along the sequence. This fold is the
same as the ferredoxin-like fold, except with an additional long N-terminal helix, making it a variation on
this common motif. A cluster of conserved surface residues on the �-sheet side of the protein forms a pocket
that may be important for the biological function of this conserved family of proteins.
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The structure of Vibrio cholerae protein VC0424 (GI:
11282637 / PIR: G82323 / SPTR: Q9KUU1 / EMBL:
AE004130) was determined by NMR spectroscopy.
VC0424 belongs to a conserved family of bacterial proteins
of unknown function (COG 3076). VC0424 is protein target
OP3 of the Northeast Structural Genomics Consortium
(NESG). It was chosen from the recently sequenced V. cho-
lerae genome (Heidelberg et al. 2000) for structural char-
acterization because it has no sequence homologs with
structures in the Protein Data Bank (PDB). A protein-pro-
tein BLAST (Altschul et al. 1990) search identified eight
bacterial homologs of approximately the same length as
VC0424 (134–153 residues) with 51%–88% sequence iden-
tity. The aligned sequences are shown in Figure 1. Exami-
nation of conserved residues and their location on the struc-

ture of VC0424 provides information about possible func-
tional residues for this family of proteins.

Results and Discussion

VC0424 has an open-faced (or two-layer) �-� sandwich
architecture. Secondary structural elements are ordered
������� along the sequence (Fig. 2). One layer consists
of the three �-helices, and the other layer has the four
�-strands. The strands are antiparallel with the order 2-3-
1-4, and the three helices are also aligned with opposite N-
to C-terminal orientation with respect to each other, with the
order 1-3-2. Excluding the N-terminal helix, the structure
has the ferredoxin-like fold ������ topology, which con-
sists of two intercalated right-handed ��� motifs. The N-
terminal helix is the longest with 22 residues, and the other
two have 14 and 18 residues each. The amide proton of Q17
in the middle of �1 was doubled in the 1H dimension,
suggesting two chemical environments. However, the NOEs
were the same in both environments, so they could not be
distinguished. The four �-sheets have the usual right-
handed twist, and strands 2 and 4 have �-bulges at A70 and
G117, respectively.
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A 3D structure search using Dali (Holm and Sander
1993), CE (Shindyalov and Bourne 1998), and PrISM
(Yang and Honig 2000) showed that VC0424 has structural
similarity with hundreds of proteins containing the ferre-
doxin-like fold. The best Dali match was subunit A of the
carboxypeptidase G2 biological unit (PDB id 1CG2, Z-score
8.6 for 89 residues). This protein is a homodimer, with the
ferredoxin-like fold region forming a dimer interface with
the corresponding fold on the other subunit. In many cases,
the ferredoxin-like fold is found in large multidomain pro-
teins. Presently there are 40 superfamilies in this SCOP

classification (Murzin et al. 1995). VC0424 represents a
new example of a monomeric domain of a ferredoxin-like
fold with an N-terminal helix. The ferredoxin-like fold is
found in numerous proteins with varying biological func-
tions, including the ACT and RAM domains, ribosomal
proteins, RNA binding domains, metallo-copper chaperone
proteins, transcriptional regulators, and several enzymes.

A phylogenetic analysis of the nine bacterial homologs
was performed with the program ConSurf (http://consurf.
tau.ac.il; Armon et al. 2001; Glaser et al. 2003), which
evaluates the degree of conservation of each amino acid and
maps this to the tertiary structure to identify surface clusters
of conserved residues, which may have a functional role.
The conserved residues (Fig. 3, in dark pink) cluster to a
discrete region on the �-sheet face of VC0424. The con-
served residues are found primarily in the C-terminus of �1,
the �1–�1 loop, �1, and �4 (Fig. 3A,B), and form a shallow
concave surface. In addition, the electrostatic surface of
VC0424 (Fig. 3C) is negatively charged on the same
�-sheet face due to many conserved, solvent-exposed Asp
and Glu residues. Interestingly, the �-sheet face of the fer-
redoxin-like fold has been identified as a “supersite,” a re-
gion of superfold (a fold common in analogous proteins)
that has statistical significance for ligand binding, based on
analyses of ligand-bound superfolds (Russell et al. 1998).
The localization of conserved residues in VC0424 to the
�-sheet face may represent another example of this super-
site. Taken together, these observations suggest that this
�-sheet surface may be involved in mediating the functional
activity for this protein.

In order to gain insights into putative functional residues
in VC0424, structural alignments between VC0424 and

Figure 2. Stereo diagram of backbone atoms of residues 8–124 for 20
NMR structures of VC0424 optimally superimposed with respect to the
average coordinates of the backbone atoms of residues 10–74 and 81–121
(N, C�, C�, and O atoms). Figure was created using MOLMOL (Koradi
et al. 1996).

Figure 1. Sequence of alignment of VC0424 (gi | 11282637) from Vibrio cholerae with eight other conserved bacterial proteins: gi | 27364852 (Vibrio
vulnificus), gi | 586747 (Salmonella typherium), gi | 732037 (Escherichia coli), gi | 16123593 (Yersinia pestis), gi | 24372161 (Shewanella oneidensis),
gi | 1176470 (Haemophilus influenza), gi | 23468052 (Haemophilus somnus), and gi| 15603430 (Pasteurella multocida). Secondary structure of VC0424 is
shown above: b, �-bulge; c, coil; e, extended � strand; h, � helix; t, turn. Conserved residues are highlighted in black and gray.
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Figure 3. (A) Results of ConSurf analysis mapped onto VC0424 structure (residues 1–124) using the maximum likelihood method (Armon et al. 2001;
Glaser et al. 2003). Shown on the left is the �-sheet side of the protein; right, the opposite side following a 180° rotation about the y-axis. All figures in
columns have the same orientation. Conserved residues are darkest pink, variable residues are cyan, and others are white. (B) ConSurf analysis of VC0424
and eight bacterial homologs (see Fig. 1). Six N-terminal residues are present in only two of the alignments and appear conserved, probably as an artifact
of the alignment and the way ConSurf treats gaps (Glaser et al. 2003). (C) GRASP (Nicholls et al. 1991) representation of the VC0424 electrostatic surface
potential. (D) ConSurf analysis including seven “distant homologs” of VC0424: FN0296 gi | 19703641 (Fusobacterium nucleatum), PM0690 gi | 15602555
(Pasteurella multocida), HI0040 gi| 16272015 (Haemophilus influenza), orf1 gi | 7592806, unnamed gi | 1944176, ORF19 gi | 7467535, and ORF17 gi | 5545328
(Actinobacillus actinomycetemcomitans).
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other ferredoxin-like fold domains were examined to look
for conservation of functional residues. VC0424 does not
share sequence similarity with ligand-binding regions of
example proteins in the ACT or RAM domains, which are
domains of proteins involved in amino acid biosynthesis
and metabolic regulation (Chipman and Shaanan 2001;
Ettema et al. 2002). In addition, although there is overlap
between the cluster of conserved residues in VC0424 and
the regions that interact with RNA in the RNA-binding
domains (1), it is unlikely that VC0424 is an RNA-binding
protein like the ribosomal protein S6, due to the negative
electrostatic potential of this surface (Fig. 3C).

The E. coli homolog of VC0424, YjgD (60% identical),
is a hypothetical protein that appears to have a link to pro-
teins involved in tryptophan metabolism (Khodursky et al.
2000). Expression of the yjgD gene increased in response to
tryptophan starvation as detected by measurements of
mRNA abundance in DNA microarray analysis (group I;
Khodursky et al. 2000). Regulation of the yjgD gene by the
transcription factor ArgR is proposed based on analysis of
potential ArgR binding sites. The expression profile of yjgD
was found to be correlated with argI expression. Putative
transcription factor binding sites for ArgR have been iden-
tified between argI and yjgD, which are adjacent genes on
opposite DNA strands arranged in a head-to-head alignment
(McCue et al. 2002). The gene argI codes for ornithine
carbamoyltransferase I (OCT), which is involved in argi-
nine biosynthesis. However, an equivalent of argI is not
found near VC0424 in the V. cholerae genome. Interest-
ingly, the genes VC0423 and VC0424 are in a similar head-
to-head alignment, and the gene VC0423 codes for an argi-
nine deiminase (ADI) that is involved in arginine catabo-
lism. Taken together, these comparisons suggest that
VC0424 and YjgD could both be involved in amino acid
metabolic pathways such as that for arginine.

A PSI-BLAST (Altschul et al. 1997) search revealed re-
mote sequence similarity to the C-terminal domains of a
group of longer bacterial proteins (22%–25% for 110 resi-
dues with two gaps). Four of the proteins are found in
Actinobacillus actinomycetemcomitans and belong to gene
clusters involved in synthesis of serotype-specific polysac-
charide antigens b–e, respectively. However, the two pro-
teins in the serotype c- and serotype d-specific polysaccha-
ride antigen gene clusters were not essential for the synthe-
sis of these antigens (Nakano et al. 1998, 2000). Their
functions and whether they even play a role in polysaccha-
ride synthesis are not known. Secondary structure predic-
tion using the program PHD (Rost et al. 1994) for these
domains revealed predicted structure that is consistent with
that of VC0424 and aligns with it, suggesting that these
distantly related proteins have a similar fold for their C-
terminal domains. Seven of these longer bacterial homologs
were aligned with VC0424, along with the previous eight
identified homologs, using CLUSTAL W (Thompson et al.

1994) and mapped onto the surface of VC0424 using the
program ConSurf, as before. The analysis yields similar
results, but with a smaller patch of conserved residues (Fig.
3D). The conserved residues include the aromatic residues
that align with H43, Y115, and W118 in VC0424.

Materials and methods

The VC0424 gene was PCR-amplified from genomic DNA (ATCC
no. 51394D) and inserted into a pET28b vector (Novagen). Con-
structs were made expressing the full-length protein (140 residues)
with a C-terminal His6-tag (residues LEHHHHHH) and a trun-
cated form with the low-complexity 16 C-terminal residues of
VC0424 removed (EDALYSDEDDEDDEH), again with a C-ter-
minal His6 tag. Proteins were expressed in Escherichia coli strain
Rosetta (�DE3; Novagen) and grown in M9 minimal media at
25°C. VC0424 was purified by Ni2+ affinity chromatography fol-
lowed by size exclusion chromatography. NMR samples of ap-
proximately 1.5 mM [U-15N, U-13C] VC0424 and the truncated
protein were prepared in 20 mM Tris HCl, 500 mM NaCl, 5 mM
DTT in 10% (v/v) 2H2O/H2O at pH 7.2. Samples were placed in
5-mm Shigemi susceptibility matched NMR tubes.

Two-dimensional 1H-15N-HSQC (Kay et al. 1992; Zhang et al.
1994) spectra were recorded on both full-length and truncated
VC0424. Both spectra looked essentially the same with isolated
cross-peaks at the same location. However, the center of the spec-
trum, where cross-peaks for unstructured residues would be ex-
pected to occur, was less crowded in the truncated protein. This
suggests that the 16 C-terminal residues of full-length VC0424 are
unstructured in solution. In order to work with simplified spectra,
we solved the structure of the truncated protein, which we refer to
as VC0424 in this paper.

NMR spectra were recorded at 25°C on 600, 750, and 800 MHz
Varian Inova spectrometers. Chemical shifts were referenced to
external DSS (Wishart et al. 1995). Backbone and side chain as-
signments were made using the following triple resonance experi-
ments recorded on [U-15N, U-13C]-VC0424: 3D HNCO,
HNCACB, CBCA(CO)NNH (Kay et al. 1992; Muhandiram and
Kay 1994), HNHA (Vuister and Bax 1993; Grzesiek et al. 1995;
Zhang et al. 1997), HCCH-TOCSY (Kay et al. 1993), HCC-
TOCSY-NNH (Montelione et al. 1992; Lyons and Montelione
1993), and CC-TOCSY-NNH (Montelione et al. 1992; Grzesiek et
al. 1993; Logan et al. 1993). NOE restraints were derived from 3D
15N-edited NOESY-HSQC (�m�150 msec; Kay et al. 1992;
Zhang et al. 1994), 13C-edited NOESY-HSQC (�m�120 msec;
Pascal et al. 1994), and 4D CC-NOESY (2H2O, �m�100 msec;
Vuister et al. 1993) experiments. Two-dimensional 1H-15N-HSQC
(Kay et al. 1992; Zhang et al. 1994) and 1H-13C-HSQC (Kay et al.
1992; John et al. 1993) spectra were recorded in H2O, and 1H-
15N-HSQC spectra were recorded at 20, 35, and 60 min, 15 h, and
4 d and after a lyophilized sample was redissolved in 2H2O.

Spectra were processed with Felix (MSI) and analyzed with
Sparky (http://www.cgl.ucsf.edu/home/sparky). No chemical
shifts were obtained for residues M1–H3 and residues H129–H132
in the His6-tag. Chemical shifts of 1H, 15N, and 13C resonances
have been deposited in BioMagResBank (BMRB) under accession
code 5589.

Sequential NOE cross-peaks were characterized as strong (1.8–
2.5 Å), medium (1.8–3.5 Å), or weak (1.8–5 Å) and given the
corresponding distance restraints. Medium and long-range NOEs
were given the restraint of 1.8–5.0, unless they were very intense
(1.8–4 Å). Pseudoatom correction of 1 Å for methyls and methy-
lenes, 2.4 Å for nonstereospecifically assigned Leu and Val methyl

NMR structure of VC0424
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groups, or 2.0 Å for equivalent aromatic protons were added to the
upper bounds. Dihedral angle restraints for � were derived from
the HNHA experiment (57 ± 25° for J < 6 Hz and −139 ± 40° for
J > 8 Hz). Dihedral angle restraints for � were added during the
later stages of refinement for residues in helix and strand regions
where chemical shift and �iNi and �iNi+1 NOESY peak intensities
indicated they were appropriate. In addition, 11 �1 restraints were
derived from the HNHB experiment (Archer et al. 1991; Bax et al.
1994). Hydrogen bond restraints were added for 58 slowly ex-
changing amide protons for which an acceptor could be identified
from preliminary structures (dNO � 2.8–3.3 Å and dHN�1.8–2.3
Å). NOE and dihedral angle restraint tables in Xplor format are
deposited in the BMRB (code 5589). A total of 1148 distance
restraints and 117 dihedral angle restraints were used in the struc-
ture calculations using the Xplor-NIH software (Schwieters et al.
2003) with the Xplor-NIH routines mkpsf.inp and generate_
template.inp and the standard Xplor-3.84 (Brünger 1992) routines
dg_subembed.inp, dg_full_embed.inp, and dgsa.inp. The program
AutoStructure was used to add 160 medium and long-range re-
straints to the manual assignments (Huang 2001; Huang et al.
2003). The 20 calculated structures were deposited in the PDB
with accession code 1NXI. The backbone trace of the ensemble of
20 lowest energy structures is shown in Figure 2, and the structural
statistics are compiled in Table 1. Ramachandran statistics were
generated with PROCHECK-NMR (Laskowski et al. 1996).
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