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Abstract

The crystal structure of the uncharacterized protein SO2946 from Shewanella oneidensis MR-1 was
determined with single-wavelength anomalous diffraction (SAD) and refined to 2.0 A resolution.
The SO2946 protein consists of a short helical N-terminal domain and a large C-terminal domain
with the “jelly-roll” topology. The protein assembles into a propeller consisting of three C-terminal
blades arranged around a central core formed by the N-terminal domains. The function of SO2946
could not be inferred from the sequence since the protein represents an orphan with no sequence
homologs, but the protein’s structure bears a fold similar to that of proteins containing carbohydrate-
binding modules. Features such as fold conservation, the presence of a conserved groove and a metal
binding region are indicative that SO2946 may be an enzyme and could be involved in binding
carbohydrate molecules.
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Introduction

The genomes of many bacterial species are being sequenced, revealing many protein genes
with no sequence similarity to previously characterized proteins. Shewanella oneidensis MR-1,
whose genome has been sequenced, is a Gram-negative facultative aerobe capable of utilizing
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many different electron acceptors for respiration. S. oneidensis uses oxygen as an electron
acceptor during aerobic respiration, yet while under anaerobic conditions this organism shows
high flexibility in utilizing a large range of terminal electron acceptors. These acceptors include
fumarate, nitrate, trimethylamine N-oxide, dimethyl sulfoxide, sulfite, thiosulfate, elemental
sulfur and metals including Mn(l11 and V), Fe(l11), Cr(VI), and U(VI) [1-3]. The ability of
S. oneidensis to reduce toxic metal ions and radionuclides is of great interest due to potential
applications in bioremediation. The Shewanella Federation (http://www.shewanella.org) was
created in order to understand the biology of this versatile species at the organism level. To
enhance structural coverage of the S. oneidensis genome we have selected this organism for
structural studies. Here we describe cloning, expression, purification, crystallization and the
crystal structure of the SO2946 protein determined using the SAD method and the semi-
automated high-throughput protein structure determination pipeline of the Midwest Center for
Structural Genomics (MCSG).

Material and methods

Gene cloning and protein expression

The ORF of SO2946 was amplified by PCR from S. oneidensis MR-1 genomic DNA (ATCC)
with KOD DNA polymerase (Novagen, Madison, WI). The gene was cloned into a pMCSG7
vector using a modified ligation-independent cloning protocol (Dieckman et al. 2002). The
resulting expression clone produces the SO2946 protein as a fusion protein with an N-terminal
Hisg-tag and a TEV protease recognition site (ENLYFQ|S). The fusion protein was over-
produced in an E. coli BL21-derivative that harbored a plasmid pMAGIC encoding three rare
E. coli tRNAs (Arg [AGG/AGA] and lle [ATA]). A selenomethionine (Se-Met) derivative of
the expressed protein was prepared as described previously [4]. The transformed BL21 cells
were grown in enriched M9 medium at 37°C [5]. After ODgqg reached 1.2, 0.01% (w/v) each
of leucine, isoleucine, lysine, phenylalanine, threonine, and valine was added to inhibit the
metabolic pathway of methionine and encourage Se-Met incorporation [6]. 60 mg of Se-Met
was added to one liter of culture and 15 min later protein expression was induced by 1 mM
isopropyl-B-o-thiogalactoside (IPTG). The cells were then incubated at 20°C overnight. The
harvested cells were resuspended in lysis buffer (500 mM NaCl, 5% glycerol, 50 mM HEPES
pH 8.0, 10 mM imidazole and 10 mM 2-mercaptoethanol), and stored at —20°C.

Protein purification and crystallization

The Se-Met labeled protein was purified according to standard protocol [7]. The harvested
cells were re-suspended in lysis buffer and lysozyme at 1 mg/ml and 100 pl of protease inhibitor
cocktail (Sigma, P8849) were added per 2 g of wet cells, which were kept on ice for 20 min
before sonication. The lysate was clarified by centrifugation at 36,000 x g for 1 h and filtered
through a 0.22 pm filter. It was then applied to a 5 ml HiTrap Ni-NTA column (GE Health
Systems) on the AKTA Express (GE Health Systems). Hisg-tagged protein was eluted using
buffer containing a higher concentration of imidazole (500 mM NaCl, 5% glycerol, 50 mM
HEPES, pH 8.0, 250 mM imidazole, 10 mM 2-mercaptoethanol), and the Hisg-tag was cleaved
from the protein by treatment with recombinant Hisg-tagged TEV protease. A second Ni-NTA
affinity chromatography was performed manually to remove the Hisg-tag and Hisg-tagged TEV
protease.

The protein was dialyzed against crystallization buffer (200 mM NaCl, 20 mM HEPES pH
8.0,2mM DTT) and was concentrated using Centricon centrifugal concentrators with 5 k MW
cutoff (Amicon) to 130 mg/ml. The molecular mass of the SO2946 protein in solution was
evaluated by size-exclusion chromatography according to the procedure described previously

[8].
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Crystallization was performed by the hanging drop vapor diffusion method at 18°C. Colorless,
needle-shaped crystals were grown by mixing 1 pl of the protein with 1 pl of the mother liquor
consisting of (0.2 M magnesium chloride, 0.1 M Tris pH 7.0, 25% Peg3350) and equilibrated
against 500 pl of this solution. The crystals reached the size 0.1 x 0.1 x 0.7 mm within 4-5
days. Prior to data collection, crystals were rinsed in a cryoprotectant solution consisting of a
20% glycerol in the crystal mother liquor, and then flash-frozen in liquid nitrogen. The crystals
belonged to primitive monoclinic space group P21 with cell dimensions of a = 56.57 A, b =
53.06 A, c=112.65 A, p = 95.65°.

Data collection and structure determination

An X-ray florescence spectrum was recorded from the sample prior to data collection, which
identified the presence of Se in the protein crystal. Diffraction data were collected using SBC-
Collect software at 100 K at the 19BM beamline of the Structural Biology Center at the
Advanced Photon Source, Argonne National Laboratory. Diffraction data were recorded near
selenium absorption edge wavelength (A1 = 0.9794 A) from a single crystal of Se-Met labeled
protein. Data sets were integrated, reduced and scaled with the HKL2000 suite [9]. Data
statistics are summarized in Table 1.

Structure refinement

The structure was determined by the SAD method using peak data set to 2.0 A resolution. The
initial phases were determined and density modification performed using the HKL3000
software package [10] which uses SHEL XD [11] to find sites, and RESOLVE [12] to carry
out density modification. The initial experimental map was of good quality and was used to
autotrace model with the ARP/WARP programs [13]. The initial model generated by ARP/
WARP covered 85% of total residues in a single polypeptide and was further extended manually
using the program COOT [14]. Electron density map calculated at 1 ¢ was well connected,
except for the N-terminal residues 1-23 (1-18 in chain B), which are disordered in the crystal
structure. Cycles of manual corrections of the model and refinement with REFMAC 5.0 [15]
were repeated at the preliminary stages of refinement. 5% randomly selected reflections were
used to calculate Rsree to monitor bias in model building and refinement. At the final stage,
TLS refinement was applied with each monomer defined as a TLS group [16]. The final model
was refined against all data reflections in the resolution range of 20.0-2.0 A. Refinement
statistics are shown in Table 1.

Quality of the model

Coordinates

The final model consists of three monomers in the asymmetric unit containing 722 residues
out of a possible 795 residues (including 3 residues per monomer, a cloning artifact from the
expression vector), 674 water molecules and 3 magnesium ions. The protein chain was modeled
from residues 24-262 in chains A and B and residues 19-262 in chain C. Structure refinement
was performed without imposing the 3-fold non-crystallographic symmetry. Overall, the
electron density maps were of high quality and allowed reliable modeling of all three
monomers. The quality of the structure was evaluated with the validation tools included in the
programs COOT [14] and MOLPROBITY [17].

The atomic coordinates and structure factors of SO2946 have been deposited in the Protein
Data Bank as 2A5Z.
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Results and discussion

Overall structure

The protein SO2946 forms a tight homotrimer about 78 A wide and long (Fig. 1a) resembling
a three-blade propeller. In the asymmetric unit, the subunits of the trimer have identical
topologies and are superimposed with root-mean-square deviation (r.m.s.d.) values of 0.39 A
(chains A/B), 0.48 A (chains A/C), and 0.44 A (chains B/C). The SO2946 monomer has
dimensions of 39 A x 40 A x 63 A and consists of two structural domains, a small N-terminal
a-helical domain (residues 19-45) and a large C-terminal, anti-parallel -pleated sheet
sandwich domain (residues 46—262) (Fig. 1b). The N-terminal domain, which creates the ~20
A long “handle” of the propeller, is strongly positively charged and is responsible for trimer
formation and stabilization. The C-terminal domain displays the classic “jelly-roll” topology
and is composed of two anti-parallel B-sheets, several long loops, one long beta hairpin and
two short alpha-helical turns H2 (108-112) and H3 (114-117). These regions also contribute
to the formation of the trimer, especially the loop formed by residues 54—65 and the beta hairpin
(residues 75-97). The core of the C-terminal domain consists of two central, closely packed
f-sheets (A and B). The sheet A is composed of 6 strands (S1|, S4|, S101, S11|, S121, S151)
and sheet B is composed of 9 strands (S2], S31, S571, S61, S7, S81, S9|, S13|, S14)), (Fig.
1b). This arrangement forms a large groove on the concave site of sheet B that is partially
covered by the loop between S5 and S6 (residues 143-149).

The analysis of crystal structure strongly suggests that the protein is a trimer. A calculation of
accessible surface area using the PISA server [18] indicates that the trimer is very likely a
biologically-relevant oligomeric form. An extensive interaction between tightly associated
subunits of the trimer buries ~3,200 A2 of the solvent-accessible surface per monomer, which
corresponds to ~ 26% of the total solvent-accessible surface area. This oligomeric state is
consistent with the size-exclusion chromatography experiment results showing a molecular
mass of 82.7 kDa (calculated mass of trimer 82.5 kDa). The electrostatic potential analysis
indicates that the trimeric “jelly-roll” domains form a large, partially positively charged surface
with a small negatively charged chamber (volume of ~400 A3) in the center of the trimer formed
on the interface between the C-terminal domains. The handle-like region of the trimer is
composed of alternating positively and negatively charged patches with a highly positively
charged handle region.

Functional searches

A comparison of the functional and evolutionary relationships between protein sequences,
performed using BLASTP and PSI-BLAST tools [19], did not identify any statistically
significant match to the sequence of SO2946, indicating that it represents a novel singleton
protein.

Analysis of the genomic neighborhood of SO2946 shows that it is surrounded by other genes
which encode proteins of unknown function. In turn, these genes are flanked by the genes
which encode prophage lambda So tail assembly proteins (Q8ED31, Q8ED30, Q8ED23,
Q8ED22-uniprot code) suggesting that SO2946 might interact in prophage lambda So tail
assembly. However, only prophage lambda So (Q8ED31), host specific protein J has assigned
function. It is linked to the hydrolysis of O-glycosyl compounds, indicating the presence of
proteins involved in carbohydrate binding/hydrolysis in this region [20].

Structural comparisons of SO2946 with the structures deposited in the PDB using the DALI
server [21], identified several structural homologs. The top hits were carbohydrate binding
proteins (PDB code 2D3S, Z-score 12, RMSD for 174 Ca.atoms 3.1 A, sequence identity 13%)
[22], sialidase (PDB code 1MZ5, Z-score 10.7, RMSD for 172 Ca atoms 5.2 A, sequence
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identity 7%), and polyguluronate lyase (PDB code 1UAI, Z-score 10.5, RMSD for 155 Ca
atoms 3.0 A, sequence identity 7%) [23]. Other significant homologs include favin, the glucose
and mannose-binding lectin (PDB code 2B7Y, Z-score 7.2, RMSD for 129 Co atoms 2.9 A,
sequence identity 9%) [24], alpha-.-arabinofuranosidase, protein binding arabinose (PDB code
1WD3, Z-score 10.5, RMSD for 155 Ca atoms 3.0 A, sequence identity 7%) [25].

Nearly all of these structural homologs of SO2946 are classified as carbohydrate binding
proteins or are involved in carbohydrates processing. Similar results have been obtained using
the SSM program [18] which identified several peanut lectin proteins and porcine pancreatic
alpha-amylase as highest secondary structure matches [26,27]. These results indicate clearly
that SO2946 has similar structure to numerous proteins containing carbohydrate-binding
modules (CBM). All these proteins include the “jelly-roll” fold.

carbohydrate-binding modules

The results of the structural comparisons indicate strong fold similarity of SO2946 to
carbohydrate-binding module (CBM) containing proteins, suggesting that this protein may
bind carbohydrates. Searches of enzyme families that degrade, modify, or create glycosidic
bonds in the Carbohydrate-Active enzyme database (http://www.cazy.org/CAZY/) revealed a
large group of enzymes clustered into 51 families based on sequence similarity and fold
topology. Based on the structure of the ligand binding sites, CBM proteins can be categorized
into two groups: those that bind the polysaccharides at a planar-hydrophobic carbohydrate-
binding site (type A) and CBMs that bind single polysaccharide chains at a structurally
conserved cleft (type B) [28]. 14 protein families with structurally characterized CBMs share
the “jelly-roll” fold [29,30].

Analysis of the SO2946 structure indicates the presence of 30 A x 15 A x 10 A deep elongated
grooves (type B-like) located on the concave sites of sheet B in each subunit of the trimer.
These grooves are lined with hydrophobic, hydrophilic and charged residues providing rich
ligand binding potential for polycarbohydrate bonds. One end of this groove leads directly to
an open cavity in the center of the trimer with His58, Ser69 and His227 (supplied by the second
subunit) at the entrance to the cavity. This groove has been identified as a carbohydrate-binding
surface in many proteins which contain CBMs [29,30]. Located near the middle of the groove,
there are charged residues Glu156 and Arg150 which point from the opposite sides toward the
middle of the groove (Fig. 2). One the other end there is F161 which sits on the bottom of the
groove. These residues could possibly participate in substrate binding as mixture of the
aromatic and charged residues are frequently observed to interact with carbohydrates in CBMs.
Super-imposition of the groove region of SO2946 on cleft-like motifs of the above listed
enzymes shows that itis well-conserved within 3-sheet region, while the loop orientation differs
between structures. The significant difference at the solvent-exposed loop region could be
explained by the fact that this region plays an important role in substrate recognition and could
undergo movements in order to reflect the conformation of ligand. Comparison of the SO2946
groove region with other structurally characterized CBMs of the type B did not reveal a close
homologue allowing categorization of this protein to the specific family of CBMs. This may
suggest that SO2946 may represent a new family of CBMs.

Metal binding

A common feature attributed to some proteins containing CBM is the presence of divalent
metal cations bound to the N-terminus of the protein. Typically these metal ions bind in the
loop region, providing rigidity and adding to the stability of the protein fold. However, it was
also shown that in some members of CBM-containing families metal plays an important role
in carbohydrate recognition [29]. CBMSs have been reported to bind either one (Ca*2) or two
different metals (Ca™ and Mn*2) [29-31]. In the early stages of the structure refinement of
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S02946 the experimental F, — F; map showed significant positive peaks of electron density
indicating the presence of metal ions or other transition metals. These sites were initially treated
as water molecules. Based on the X-ray fluorescence measurement, which did not revealed the
presence of Ca*2 and Mn*2 ions in the protein crystal, these sites were assumed to be Mg*+?
ions due to the presence of 0.2 M magnesium chloride in the crystallization solution. Each of
the magnesium ions is positioned at the N-terminal B-pleated sheet A (at the extensive loop
region) at the similar position often observed to be occupied by calcium atoms in other CBMs
(Fig. 1a, c). The three-fold related metals ions are positioned ~28 A apart and assume an
octahedral geometry arrangement with six oxygen atoms provided by the protein residues at
the typical magnesium-oxygen bond distance. Among these residues, side chain oxygens of
Asp54 (OD1, 2.16 A ) and Asp247 (OD1, 2.18 A ) act as mono-dentate ligands of the
magnesium, whereas remaining coordination is provided by the carbonyl oxygen atoms of
Asp54 (0, 2.17 A), Phe88 (0, 2.17 A), Gly89 (O, 2.16 A) and Asp247 (O, 2.17 A) (Fig. 1c).
The role of the metal ion is most-likely to stabilize the protein.

Conclusions

The protein SO2946 is annotated as an uncharacterized orphan protein with no sequence
similarity to any known or predicted protein. However, structure analysis of SO2946 shows
that it assumes the “jelly roll” fold and closely resembles proteins known to bind or process
carbohydrates but share very low sequence similarity. Structural Comparison of SO2946 with
well characterized proteins containing similar CBMs shows that they share conserved structural
features such as a metal binding region and a substrate-binding groove known to bind
carbohydrate molecules. These features suggest that SO2946 may interact with carbohydrates
using the conserved groove regions in the trimer. Further biochemical and biophysical studies
are needed to confirm if SO2946 does indeed play a role in carbohydrate-binding.
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Fig. 1.

(a) Ribbon diagrams of the homotrimer of SO2946 viewed down the non-crystallographic
threefold showing subunit organization in the trimer. The box highlights the metal interaction
region in one of the subunits in trimer. (b) Stereo ribbon diagram of a monomer of SO2946.
Helical regions are colored blue, while B-strands and loops regions are shown in orange. The
magnesium ion is shown as a green sphere. (c) A close-up view of the metal-binding region at
the N-terminus of molecule A of SO2946. The images were generated with the program Pymol
(http://pymol.sourceforge.net/)
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Fig. 2.

Ribbon diagram of the superposition of a monomer of SO2946 (orange) with a monomer of
the favin, glucose- and mannose-binding lectin (green) (PDB code 1UAI). Structures are shown
such that the deep groove region is seen from the side. Charged residues in SO2946 pointing
towards the center of the cleft are labeled and shown as sticks
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Table 1
Data collection and refinement statistics

Data set
Beamline APS, 19-BM
Wavelength (A) 0.9794
Space group P2,
abc (A) 53.06, 56.57, 112.65
B 95.65
Resolution (A) 30-2.0

(2.02-2.09)
No. observations/ 3,37,222
No. unique reflections 87,860
Completeness (%) 99.6 (99.5)
Redundancy 3.8(3.5)
Rinarge (%0)2 11.0 (30.0)
1/o? 11.9 (3.1)
Refinement
Protein molecules 3
Solvent/Mg ions 674/3
Reryst (%) 16.70
Riree (%)° 20.30
RMSD bonds (A) 0.009
RMSD angles (°) 1.158
RMSD chiral centers 0.078
B average protein/water (A?) 35.3/39.6
Ramachandran plot (%)® favored/allowed/outliers® 95.7/100/0

Values in parentheses indicate values for the highest resolution shell

a . . . . . . .
Rsym = (Z[lhkl — <I>|)/ZlhkI, where the average intensity <I> is taken over all symmetry equivalent measurements and Ihk| is the measured intensity
for any given reflection.

I/c is the mean reflection intensity divided by the average estimated error.
c . .
Reryst = [IFol = [Fcll/IFol, where Fg and F¢ are the observed and calculated structure factor amplitudes, respectively.

d . . . . . ]
Rfree is equivalent to Reryst but is calculated for 5% of the reflections chosen at random and omitted from the refinement process. r.m.s.d., root mean
square deviation.

e, . . .
Validated using MolProbity server [17]
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