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Introduction
The protein SO4266 (gi|24375750) from the bacterium Shewanella oneidensis MR-1 is
annotated as a member of Pfam PF02661. This family consists of Fic (filamentation induced
by cAMP) proteins and their relatives, and is characterized by the presence of a well-
conserved HPFXXGNG motif 1. The biochemistry of Fic proteins has not been characterized
extensively and their exact molecular functions remain unknown. From early studies in
Escherichia coli, it is believed that Fic proteins and cAMP may be involved in a regulatory
mechanism of cell division, including folate metabolism by the synthesis of p-aminobenzoic
acid (PABA) or folate 1. Proteins containing the Fic domain are present in all kingdoms of
life and range in size from ~200 to 500 amino acids. The Fic protein family contains 647
members, including two human proteins, according to Pfam (May 2008). Sequence-based
clustering 2 of this protein family, at 30% sequence identity, groups these proteins into 18
clusters. Three crystal structures of Fic proteins from bacteria (unpublished) are available in
the Protein Data Bank [accession codes 2g03 (194 residues, 2.2 Å), 2f6s (201 residues, 2.5
Å) and 3cuc (262 residues, 2.7 Å)]. The first two of these proteins belong to a single cluster
of 16 members and share ~60% sequence identity. The anti-apoptotic bacterial effector
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protein BepA, which is a type IV secretion (T4S) system substrate, also contains an N-
terminal Fic domain 3. In humans, the Fic domain is present in the Huntingtin Interacting
Protein E (HYPE; Uniprot entry Q9BVA6_HUMAN), a protein of unknown function that is
thought to interact with Huntingtin, one of the major proteins in the Huntington's disease
protein interaction network (listed as NAD- or FAD-binding) 4. Bioinformatics analysis of
prokaryotic toxin-antitoxin networks 5 suggests that Fic proteins are putative death-on-
curing (Doc) toxins that are part of the Phd-Doc system. These proteins likely function as
metal-dependent nucleases or RNA-processing enzymes, 5 while more recent studies
suggest that Doc toxicity is caused by inhibition of translation elongation 6. SO4266
(Uniprot entry Q8E9K5_SHEON), at 372 amino acids, is one of the largest Fic domain-
containing proteins to have its structure determined. Interestingly, both HYPE and SO4266
belong to the largest sequence cluster in this family (n.b. our B. thetaiotaomicron
NP_811426.1 structure with PDB id 3cuc also belongs to this cluster), which comprises 466
out of 647 proteins, and share ~32% sequence identity in the Fic domain.

Here, we report the crystal structure of the SO4266 protein at 1.6 Å resolution. The structure
reveals a dimeric protein with additional electron density in the vicinity of the highly
conserved HPFXXGNG motif in the Fic domain of one subunit that corresponds to the N-
terminus of a symmetry-related molecule. In addition, the study also reveals a C-terminal
winged-helix DNA-binding domain that sets it apart from the other Fic protein structures.
The structure presented here is a representative of the largest sequence cluster and together
with the structures of the other Fic proteins paves the way for further structure-based
functional characterization.

Materials and Methods
Protein production and crystallization

The S. oneidensis MR-1 SO4266 gene (GenBank: NP_719793.1, GI:24375750) was
amplified by polymerase chain reaction (PCR) from genomic DNA (ATCC: 700550D) using
PfuTurbo (Stratagene) and primers corresponding to the predicted 5' and 3' ends. The PCR
product was cloned into plasmid pSpeedET, which encodes an expression and purification
tag followed by a tobacco etch virus (TEV) protease cleavage site
(MGSDKIHHHHHHENLYFQG) at the amino terminus of the full-length protein. LC-MS
reveals a Cys at position 109, and DNA sequencing indicates a TGC codon. However, the
published sequence for SO4266 from strain MR-1 shows a Gly (GGC codon) at this
position. It is not clear if this discrepancy is a PCR artifact. The cloning junctions were
confirmed by DNA sequencing. Protein expression was performed in a selenomethionine-
containing medium using the Escherichia coli strain GeneHogs (Invitrogen). At the end of
fermentation, lysozyme was added to the culture to a final concentration of 250 μg/mL, and
the cells were harvested. After one freeze/thaw cycle, the cells were homogenized in Lysis
Buffer [50 mM HEPES pH 8.0, 50 mM NaCl, 10 mM imidazole, 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP)] and passed through a Microfluidizer
(Microfluidics). The lysate was clarified by centrifugation at 32,500 × g for 30 min and
loaded onto nickel-chelating resin (GE Healthcare) preequilibrated with Lysis Buffer. The
resin was washed with Wash Buffer [50 mM HEPES pH 8.0, 300 mM NaCl, 40 mM
imidazole, 10% (v/v) glycerol, 1 mM TCEP], and the protein was eluted with Elution Buffer
[20 mM HEPES pH 8.0, 300 mM imidazole, 10% (v/v) glycerol, 1 mM TCEP]. The eluate
was buffer exchanged with HEPES Crystallization Buffer [20 mM HEPES pH 8.0, 200 mM
NaCl, 40 mM imidazole, 1 mM TCEP] using a PD-10 column (GE Healthcare) and treated
with 1 mg of TEV protease per 15 mg of eluted protein. The digested eluate was passed over
nickel-chelating resin (GE Healthcare) pre-equilibrated with HEPES Crystallization Buffer,
and the resin was washed with the same buffer. The flow-through and wash fractions were
combined and concentrated for crystallization assays to 12.4 mg/mL by centrifugal
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ultrafiltration (Millipore). SO4266 was crystallized using the nanodroplet vapor diffusion
method 7 with standard JCSG crystallization protocols 8. Screening for diffraction was
carried out using the Stanford Automated Mounting system (SAM) 9 at the Stanford
Synchrotron Radiation Laboratory (SSRL, Menlo Park, CA). The crystallization reagent that
produced the crystal used for structure solution contained 0.2 M NaF and 20% (w/v)
polyethylene glycol (PEG) 3350 at pH 7.1. PEG 200 was added as a cryoprotectant to the
crystal to a final concentration of 15% (v/v). The crystal was indexed in orthorhombic space
group P212121 (Table I) 10,11. The molecular weight and oligomeric state of SO4266 were
determined using a 1 cm × 30 cm Superdex 200 column (GE Healthcare) in combination
with static light scattering (Wyatt Technology). The mobile phase consisted of 20 mM Tris
pH 8.0, 150 mM NaCl, and 0.02% (w/v) sodium azide.

Data collection, structure solution, and refinement
Multi-wavelength anomalous diffraction (MAD) data were collected at SSRL on beamline
11-1 at wavelengths corresponding to the high energy remote (λ1), peak (λ2) and inflection
point (λ3) of a selenium MAD experiment using the BLU-ICE 12 data collection
environment. The data sets were collected at 100K using a MarMosaic 325 CCD detector
(Mar USA). The MAD data were integrated and reduced using XDS 13 and scaled with the
program XSCALE. The heavy atom substructure was solved and sites were refined using
SOLVE 14. Density modification was performed with RESOLVE 15 and ARP/wARP 16
was used for automatic model building. Model completion and crystallographic refinement
were performed with the λ1 data set using COOT 17 and REFMAC5 10, respectively. Data
and refinement statistics are summarized in Table I 10,11.

Validation and deposition
The quality of the crystal structure was analyzed using the JCSG Quality Control server.
This server verifies: the stereochemical quality of the model using AutoDepInputTool 18,
MolProbity 19, and WHATIF 5.0 20; agreement between the atomic model and the data
using SFcheck 4.0 21 and RESOLVE 15, the protein sequence using CLUSTALW 22, atom
occupancies using MOLEMAN2 23, consistency of NCS pairs, and evaluates difference in
Rcryst/Rfree, expected Rfree/Rcryst and maximum/minimum B-factors by parsing the
refinement log-file and PDB header. Protein quaternary structure analysis was performed
using the PISA server 24. Figure 1(B) was adapted from an analysis using PDBsum 25, and
all others were prepared with PyMOL 26. Atomic coordinates and experimental structure
factors for Fic from S. oneidensis MR-1 to 1.6 Å resolution were deposited in the PDB
under the accession code 3eqx.

Results and Discussion
The crystal structure of SO4266 [Fig. 1(A)] was determined by MAD phasing to a resolution
of 1.6 Å. The final model contains 2 monomers, 814 waters and 1 PGE molecule in the
asymmetric unit (ASU). This dimer is the likely oligomeric association as judged from
crystal lattice packing and assembly analysis using PISA 24, as well as size exclusion
chromatography coupled with static light scattering. Residues A1, A344-A345, A371-A372,
B5-B10, and B370-B372 (A and B refer to the chain identifier) and N-terminal glycine left
after cleavage of the expression and purification tag were disordered and not modeled. The
Matthews' coefficient 27 is 2.4 Å3/Da, with an estimated solvent content of 48.4%. The
Ramachandran plot produced by Molprobity 19 shows that 98.9% and 100 % of amino acids
are in the favored and allowed regions, respectively.

The secondary structure of this 372-amino acid protein is primarily α-helical (65%), with 16
α-helices (H1-H16) (Fig. 1). Each monomer of SO4266 assumes an overall shape
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resembling a closed fist, with a back-to-back association of the monomers forming a
`transcription factor-like' dimer (Fig. 2). The core of the Fic domain consist of residues
100-290 (Fig. 2, magenta), with a long, mostly α-helical insert region at the N-terminus
(1-100; Fig. 2, blue) that is involved in dimerization. Residues 290-370 of the C-terminus
form a winged helix-turn-helix DNA-binding domain (Fig. 2, green) similar to that seen in
several transcriptional regulators 28,29(e.g. PDB id 2d1h).

Three other crystal structures of Fic family proteins (unpublished, coordinates deposited in
the PDB under accession codes 2g03, 2f6s and 3cuc) from Neisseria meningitidis (194
residues), Helicobacter pylori (201 residues) and Bacteroides thetaiotaomicron vpi- 5482
(262 residues) have been determined recently. The comparison of chain A of SO4266
(magenta) with these proteins (2g03, yellow, 2f6s, grey and 3cuc, blue) reveals the similarity
in their overall structures (Fig. 3A). These structures can be superimposed onto SO4266
with Z-scores of 10.5, 10.4 and 18.5 (DaliLite 30) and RMSDs of 3.1 Å, 3.2 Å and 2.8 Å,
with sequence identities of 12%, 14% and 16%, respectively. The C-terminal DNA binding
domain in SO4266 (Fig 3A, green) is not present in the other Fic protein crystal structures.

The experimentally phased maps of SO4266 revealed two regions of electron density near
the HPFXXGNG motif in chain A. The first section of density, within interaction distance of
the His198 of the Fic motif, was identified as the N-terminal region of a crystallographic
symmetry-related copy of chain B comprised of residues MEWQ (B1-B4) based on a peak
for a selenium atom position of the MSE 1 in the anomalous difference Fourier map and
prominent density for a tryptophan (Trp 3). The N-terminal residues of chain B are still
likely attached to the rest of the chain, but residues B5-B10 are not observed in the electron
density due to disorder and, hence, are not modeled. Modeling experiments suggest that an
analog of a folate derivative (COE: Furo[2,3D]Pyrimidine Antifolate), which could be
relevant for a Fic family protein, may also approximately fit this density, but the fit is not as
reliable as that for the N-terminal B1-B4 residues. Although the interaction of the N-
terminal region B1-B4 with the HPFXXGNG site is due to crystal packing and not a likely
autoinhibitory function, its presence near the Fic motif may hint at biologically important
interactions with ligands and how COE may bind (Fig 3B). The N-terminus of chain B
located at the putative binding site of chain A is depicted in Fig. 4A in the initial electron
density map at 1.0σ obtained by the density modification of experimental phases. One of the
most prominent portions of this density is the tryptophan facing the aromatic ring of His198
(the HPFXXGNG motif spans the region between helices H8 and H9) in chain A. This
feature appears to be consistent with classification of the human Fic protein HYPE as NAD-
or FAD-binding. The biological relevance of a bound peptide is unclear, but it may mimic
natural ligands of the protein and reflect biochemically important interactions of the
HPFXXGNG motif. The interaction distance of ~3.6 Å makes it suited for an aromatic ring
stacking interaction. The rest of the N-terminal peptide runs almost parallel to residues
143-148 in chain A (at a distance of ~3.0-5.0 Å), which form part of a β-hairpin between
helices H6 and H7. This β-hairpin has a different conformation in the other “unliganded”
monomer. This region of the protein forms a lid over the binding cleft. Other than this lid,
the binding cleft is enclosed between helices H8, H9, and H11. Despite the strong structural
similarity between these Fic proteins, the region forming the binding cleft lid is about seven
residues longer in SO4266 and in a different conformation. Analysis of the surface rendering
of the crystal structure indicates that this peptide is positioned in the most prominent surface
cleft (Fig. 4B). The second region of additional electron density in chain A is in a surface-
exposed hydrophobic cleft surrounded by Thr248, Leu244, Tyr241, Leu145, Tyr155, and
Leu245 and near the previous electron density. These neighboring amino acids are mapped
as a yellow patch in Fig. 4B. A PGE (triethylene glycol) molecule which may be a fragment
of PEG in the crystallization condition has been modeled into this density.
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Inspection of the genomic context of the SO4266 gene reveals that it is positioned between
the genes for the restriction or endonuclease (R) and the methylase (M) subunits of the Type
1 Restriction Modification (RMS) system similar to that of a previously reported study of
the presence of a Phd (antidote; prevent host death)-Doc (toxin death on cure) module 31 in
a type IC hsd loci in enterobacteria 32. So far, evidence for a possible transcriptional
regulation of the Type 1 RMS systems has remained elusive despite belief that such a
mechanism should exist 32-35. Doc-like toxins of the prokaryotic toxin-antitoxin networks
have been suggested to function as metal-dependent nucleases or RNA-processing enzymes
5. Indeed, the structure of the Fic protein from H. pylori (PDB 2f6s) contains a zinc-binding
site with the zinc ion chelated by His96 of the conserved HPFXXGNG motif (Fig. 3B).
However, in SO4266 structure, the tryptophan side-chain of the bound peptide overlaps with
the location of the Zn2+ ion and it is unlikely that the protein can bind metal and ligand
simultaneously. Structural analysis reveals that the distance between the C-terminal winged
helix-turn-helix DNA-binding domains in the SO4266 dimer may be suitable for
accommodating dsDNA (Figs. 1 and 2).

Taken together, the results presented here tempt us to speculate that the SO4266 protein may
have a role in the regulation of the Type 1 RMS genes and possibly also possess metal-
dependent, nuclease activity. However, the Phd gene, which is usually found next to the Doc
gene, is not present in S. oneidensis. Therefore, it is possible that there are additional roles
for these proteins.

The primary goal of the PSI is to efficiently expand the coverage of protein fold space and to
target large protein superfamilies for structural characterization. During target selection, we
focus on proteins that are essential for fundamental biological processes and have a broad
phylogenetic distribution. The crystal structure presented here provides important
information about potential structure-function relationships in Fic proteins. The presence of
electron density near the signature motif of this family indicates the possibility of this being
the functionally relevant ligand binding site. The presence of a C-terminal DNA binding
domain and genomic context indicates that this protein may be involved in transcriptional
regulation of its neighboring genes. Mechanistic and mutagenesis studies based on our
structure should confirm and elucidate residues important for molecular function and
substrate specificity and advance our knowledge of the precise function of Fic proteins.
Furthermore, detailed structural and biochemical knowledge of Fic proteins in bacteria and
extension to human Fic proteins may lead to cellular pathway interventions of therapeutic
value.

The JCSG has developed The Open Protein Structure Annotation Network (TOPSAN), a
wiki-based community project to collect, share, and distribute information about protein
structures determined at PSI centers. TOPSAN offers a combination of automatically
generated, as well as comprehensive, expert-curated annotations, provided by JCSG
personnel and members of the research community. Additional information about SO4266 is
available at http://www.topsan.org/explore?PDBid=3eqx
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Figure 1.
A) Stereo representation of the crystal structure of the chain A monomer of the SO4266
protein. The peptide modeled as `MEWQ' corresponds to residues 1-4 of the
crystallographic symmetry-related B chain and is shown in ball-and-stick. B) Diagram
showing the secondary structure elements of SO4266 superimposed on the primary amino
acid sequence. The helices, β-strands, γ-turns, and β-turns are indicated. The β-hairpins are
indicated as red loops. Residues absent from the monomer A (G0, M1, Q344, S345, A371
and L372) are indicated by lack of a secondary structure trace.
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Figure 2.
The monomers of SO4266 assume a closed fist-like shape, with a back-to-back association
of the monomers forming a “transcription factor-like” dimer. The core of the Fic domain is
made up of residues 100-290 (magenta), with a long, mostly α-helical insert region at the N-
terminus (residues 1-100; blue) that is involved in dimerization. Residues 290-370 of the C-
terminus form a winged helix-turn-helix (wHTH) DNA-binding domain (green) similar to
that seen in several transcriptional regulators (e.g. PDB id 2d1h). The peptide `MEWQ'
bound to chain A that corresponds to residues 1-4 of the crystallographic symmetry-related
B chain is shown (yellow).
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Figure 3.
A) Superimposition of the SO4266 monomers (magenta and green) with the Fic family
proteins from Neisseria meningitidis (194 residues, 2g03, yellow), Helicobacter pylori (201
residues, 2f6s, grey) and Bacteroides thetaiotaomicron vpi-5482 (262 residues, 3cuc, blue),
reveal the similarity in their structures despite the absence of the C-terminal domain of
SO4266 (green) in the other Fic proteins. They align on SO4266 with RMSDs of 3.1 Å, 3.2
Å and 2.8 Å, Z-scores of 10.5, 10.4 and 18.5 (DaliLite), and sequence identities of 12%,
14% and 16%, respectively. The peptide is shown (yellow ball-and-stick). B) The structure
of the H. pylori Fic protein (grey) contains a zinc ion (grey) interacting with His 96 of the
conserved HPFXXGNG motif. In the structure of SO4266 (magenta), the tryptophan residue
of the peptide (yellow ball-and-stick) partially overlaps with the location of the Zn2+ ion and
it is unlikely that the protein can bind metal and the peptide at the same time (grey).

Das et al. Page 10

Proteins. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
A) Density modified electron density map from experimental phases at 1.0 σ with the N-
terminal B1-B4 peptide sequence `MEWQ' (yellow) modeled near the HPFXXGNG motif
(cyan) in SO4266, with the tryptophan facing and within interaction distance to His198. B)
A surface rendering of the most prominent cleft in SO4266, with the B1-B4 peptide shown
(`MEWQ', yellow). The rest of the peptide is close to residues 143-148 of chain A, which
forms part of a β-hairpin between helices H6 and H7. This region of the protein forms a lid
over the binding cleft. In addition to this lid, the binding cleft is situated between helices H8,
H9, and H11. The green region corresponds to Thr248, Leu244, Tyr241, Leu145, Tyr155,
and Leu245 that are proximal to the other extra electron density that was modeled as a PGE
molecule from the crystallization condition.
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Table I

Summary of crystal parameters, data collection and refinement statistics for PDB 3eqx.

Space group P 212121

Unit cell parameters a=71.21Å, b=80.30Å, c=141.00Å

Data collection λ1 MAD Se λ2 MAD Se λ3 MAD Se

Wavelength(Å) 0.91837 0.97905 0.97935

Resolution range (Å) 29.6-1.60 29.6-1.60 29.5-1.60

Number of observations 373,102 367,969 369,908

Number of unique reflections 106,471 106,307 106,407

Completeness (%) 98.7 (98.7)a 98.0 (99.2) 98.6 (98.2)

Mean I/σ (I) 13.8 (2.0)a 16.6 (2.6) 12.5 (1.9)

Rsym on I (%) 4.2 (52.4)a 3.3 (39.0) 4.4 (51.9)

Highest resolution shell (Å) 1.66-1.60 1.66-1.60 1.66-1.60

Model and refinement statistics

Resolution range (Å) 29.6-1.60 Data set used in refinement λ 1

No. of reflections (total) 106,418b Cutoff criteria |F|>0

No. of reflections (test) 5,304 Rcryst 0.168

Completeness (%total) 99.3 Rfree 0.197

Stereochemical parameters

Restraints (RMS observed)

Bond angle (°) 1.64

Bond length (Å) 0.018

Average isotropic B-value (Å2) 16.9

ESU based on Rfree (Å) 0.08

Protein residues / atoms 731/6,005

Water / PGE molecules 814/1

ESU = Estimated overall coordinate error 10,11.

Rsym =Σ|Ii-<Ii>|/Σ|Ii|, where Ii is the scaled intensity of the ith measurement and <Ii> is the mean intensity for that reflection.

Rcryst = Σ||Fobs|-|Fcalc||/Σ|Fobs|, where Fcalc and Fobs are the calculated and observed structure factor amplitudes, respectively.

Rfree = as for Rcryst, but for 5.0% of the total reflections chosen at random and omitted from refinement.

a
Highest resolution shell

b
Typically, the number of unique reflections used in refinement is slightly less that the total number that were integrated and scaled. Reflections

are excluded due to systematic absences, negative intensities, and rounding errors in the resolution limits and cell parameters.
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