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1. Introduction

The present structure determination of Plasmodium falciparum
protein MAL13P1.257 (Kissinger et al., 2002) was undertaken as part
of the Structural Genomics of Pathogenic Protozoa (SGPP) consor-
tium effort targeting proteins from eukaryotic tropical pathogens.
One goal of structural genomics is to determine the structures of
proteins that are members of sequence families with unknown folds.
This protein was selected for structure determination because it is a
conserved hypothetical protein belonging to Pfam family PF05907
(DUF866) (Bateman et al., 2004), whose members have no significant
sequence homology to any structure in the PDB. This sequence
family contains eukaryotic proteins of unknown function. The
P. falciparum protein, whose SGPP identifier is Pfal004331AAA, is
156 amino acids long, has a molecular weight of 18.7 kDa and has a
theoretical pl of 4.6. Here, we report the structure of Pfal004331AAA
at 2.17 A resolution determined by multiple-wavelength anomalous
dispersion and refined to an R value of 0.183 and a free R value of
0.233. The structure contains 15 B-strands and one 3;y-helix. This
constitutes a three-dimensional fold not seen previously and provides
the first structural basis for homology modeling of other members of
the PF05907 sequence family. There are two closely associated
molecules in the crystallographic asymmetric unit; their large buried
surface area suggests that the biologically active unit may be a dimer.

2. Materials and methods

Ligase-independent cloning (LIC) was used to append a His tag to
the N-terminus and a TAA stop codon to the C-terminus of the
MAL13P1.257 gene of P. falciparum, giving MAHHHHHH-orf-TAA
(SGPP identifier Pfal004331AAA). The vector has a T7 promoter for
growth in Escherichia coli with auto-induction media (without the use
of IPTG). Selenomethionine protein was produced according to the
protocol of Studier (2005) in BL21 DES3 Star E. coli. Cells were lysed
by sonication in 25 mM HEPES buffer with 500 mM NacCl, 0.2% (w/v)
cholate, 0.1 mg ml™" lysozyme, 1 mM B-mercaptoethanol and Roche
EDTA-free protease inhibitors. Lysates were centrifuged to remove
insoluble cell debris and the cleared lysates were tumbled with
Qiagen Ni-NTA superflow resin. Purification followed the protocol
reported by Mehlin ef al. (2006). The resin was washed once with
10 mM imidazole and twice with 20 mM imidazole and eluted with
15 ml 250 mM imidazole in SGPP standard buffer (500 mM NaCl,
25 mM HEPES pH 7.25, 0.025% sodium azide, 5% glycerol). The
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Table 1
Data-collection statistics.

Redundancy, completeness and R, are as reported by HKL2000; I/o(1) is as reported
by TRUNCATE. Values in parentheses are for the highest resolution shell. Data beyond
2.17 A were not used in refinement.

Se peak
(phasing) Se inflection  Se remote Refinement
Space group P2,2,2, P2,2,2,
Unit-cell parameters a=626,b=710,c=785 a=622,
A) b=711,
c=786
Vu (A% Da™) 22 22
Wavelength (A) 0.97957 0.97972 0.95372 0.9795
Resolution range (A) 50-2.50 50-2.50 50-2.50 50-2.15
(2.59-2.50) (2.59-2.50) (2.59-2.50) (2.23-2.15)
No. of unique reflections 11846 11883 12763 18151
Redundancy 6.9 (5.2) 6.8 (5.0) 6.8 (5.5) 59 (3.3)
Completeness (%) 92.9 (28.1) 93.8 (37.2) 99.9 (99.5) 92.8 (57.7)
Rierge 0.049 (0.128)  0.064 (0.278)  0.072 (0.341)  0.093 (0.365)
Mean I/o(I) 53 (14) 40 (6.9) 35(5.8) 27 (3.7)

Mean FOM for phasing  0.63

Table 2

Refinement and model statistics.

Target ideal geometry is that of REFMAC v.5.2.0005. ¢/{/ categorization is that of
PROCHECK. Wilson B factor is as reported by TRUNCATE. Values of (B, + Brvs)
were generated by expanding the TLS description and individual ADP values of the
refined model into an equivalent anisotropic description using the CCP4 programs
TLSEXTRACT and TLSANL (Collaborative Computational Project, Number 4, 1994).
We report the resulting equivalent isotropic ADP as By = (Bis + Bris). Values in
parentheses are for the highest resolution shell.

Resolution range (A)

Ryorc, 18076 (899) reflections
Riree, 926 (51) reflections 0.233 (0.314)
R.m.s.d. bonds (A) 0.017
R.m.s.d. angles (°) 1.58

20-2.17 (2.22-2.17)
0.183 (0.209)

Residues in most favored region of ¢/ 260 [88%]
Residues in additional allowed region of ¢/y 36 [12%]
Residues in generously allowed region of ¢/ 1[0.3%]
Residues in disallowed region of ¢/ 0

No. of protein atoms 2647

No. of water molecules 162
Wilson B factor (A%) 32

9-27, 28-84, 85-118, 119-156
6-31, 32-83, 84-118, 119-156
37[9]

46 [13]

TLS groups chain A
TLS groups chain B
Mean [e.s.d.] of (Bjs, + Brrs) for atoms in chain A (Az)
Mean [e.s.d.] of (B, + Brrs) for atoms in chain B (AZ)

Figure 1

A topology diagram of the A chain of Pfal004331AAA, produced by the TOPS
topology cartoon server (Michalopoulos et al., 2004). The triangles represent S-
strands and the circle represents the 3jo-helix. The upward-pointing triangles
represent strands that come out of the plane of the diagram and downward-
pointing triangles represent strands that go into the plane. The largest, six-stranded,
B-sheet is colored yellow, the four-stranded sheet is blue, the three-stranded sheet is
red, the two-stranded sheet is orange and the 3;4-helix is purple.

eluate was dialyzed overnight against standard buffer and aggregates
were separated by size-exclusion chromatography the next day.
Fractions were analyzed by SDS-PAGE and then pooled for
concentration to 12.4 mg ml™'. Dithiothreitol was added to 2 mM
before proteins were flash-frozen for shipment to the crystal-
screening and crystal-growth laboratories.

Pfal004331 A AA was screened for crystallization at the Hauptman—
Woodward Institute (Luft et al., 2003). The protein was combined
with 1536 different crystallization cocktail solutions in a single plate
under mineral oil to prevent dehydration. Experiments were set up
using standard commercially available liquid-handling systems. Plates
were imaged over a four-week time course. Images were reviewed
and crystallization conditions were forwarded to the SGPP crystal-
growth laboratory in Seattle for optimization. There, crystallization
conditions found in the initial large-scale screen (1.0 M LiCl, 20%
PEG 6000, 0.1 M Tris pH 8) were optimized for pH, major precipitant
and additive concentrations using a vapor-diffusion sitting-drop
method. The crystallization conditions for the crystal used for
structure solution and initial phasing were 1.0 M LiCl, 30% PEG
6000, 0.1 M Tris pH 8, 298 K; conditions for the crystal used for
structure refinement were 1.0 M LiCl, 25 mM Mg(NOs),, 25% PEG
6000, 0.1 M Tris pH 8, 298 K. The two crystals were cryoprotected in
solutions that contained 21% xylitol and 30% glycerol, respectively,
and flash-frozen in liquid nitrogen prior to shipping for data collec-
tion.

X-ray diffraction data were collected at the Advanced Light
Source on beamline 8.2.1 for the crystal used in MAD phasing and on
beamline 8.2.2 for the crystal used in refinement. All data were
integrated and scaled using HKL2000 (Otwinowski & Minor, 1997).
The asymmetric unit contains two monomers of Pfal004331AAA,
which contain a total of eight SeMet residues, including those in the

Figure 2

A ribbon representation of the A chain of Pfal004331AAA. The secondary-
structure elements are colored as in Fig. 1. Each sheet is labeled alphabetically,
denoting its position in the sequence. The figure was generated using PyMOL
(DeLano, 2002).
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N-terminal tag. The program SOLVE (Terwilliger, 2003) was used to
locate the Se atoms and to calculate phases. The program RESOLVE
was used for density modification, twofold NCS map averaging and
automatic tracing. SOLVE and RESOLVE were run a number of
times with both 3.0 and 2.5 A outer resolution limits, each time
finding four Se atoms, two in each of the two chains. A composite
model was assembled from the resultant autotraced models, using the
density-modified maps, with the program XFIT (McRee, 1999).
Refinement of this model was then carried out against the peak data
from the higher resolution data set using the program REFMACS
(Murshudov et al., 1997) via the ccp4i interface (Potterton et al., 2004),
alternating with rounds of building in XFIT. No NCS restraints were
used in refinement. Data-collection statistics are shown in Table 1 and
refinement statistics are shown in Table 2.

In the last three cycles of refinement, each chain was described by
four TLS groups identified by the TLSMD server (Painter & Merritt,
2006) and TLS parameters were refined for each group (Table 2).
Eight N-terminal residues of chain A and five N-terminal residues of
chain B, including three well ordered residues from the His tag, were
not assigned to any TLS group. Refinement was monitored using
5% of the data reserved for Ry... Final structure validation was
performed with PROCHECK (Laskowski et al., 1993) and
MolProbity (Lovell et al., 2003). The model of the A chain consists of
all 156 residues in the open reading frame, while the model of the B
chain additionally contains the last three residues of the His tag.

3. Results

The structure of Pfal004331AAA has been solved to 2.17 A resolu-
tion. The structure contains 15 S-strands, which form four B-sheets.
The largest sheet is comprised of six strands and runs the length of the
molecule. There are two smaller sheets, one of four strands and one of
three strands, which flank the large sheet. A short two-stranded sheet
and a short 3,4-helix complete the secondary structure. Prior to
determining the structure of Pfal004331AAA, an iterative PSI-
BLAST search (Altschul et al., 1997) for protein sequences with

significant similarity to Pfal004331AAA found none with an anno-
tated function or with a known structure. After the structure had
been determined, it was submitted to the DALI server (Holm &
Sander, 1993) and to the VAST server (Gibrat et al., 1996; Madej et
al., 1995) in order to search for structures with similar topology. No
significant match to any structure in the PDB was reported by either
server. Therefore, we conclude that the structure of Pfal004331AAA
constitutes a previously unobserved protein fold.

Fig. 1 shows a topology diagram of the monomer. The largest sheet
is composed of six strands [SA (Thr4-Glul3), G (Phe61-11e63), BH
(Ser72-Val77), BJ (Arg94-Argl02), BN (Trpl35-Asnl39) and BO
(Met144-Asn156)] arranged in an antiparallel fashion, which account
for almost 30% of the total residues. This largest sheet extends the
length of the molecule and is flanked by three smaller S-sheets
(Fig. 2). One of these is an antiparallel four-stranded sheet [SB
(Vall5-Phel9), BI (Ser84-Glu86), SL (Phell5-Aspl19) and SM
(Leul24-Val128)], which is positioned at one end of the large
B-sheet. A three-stranded S-sheet [SC (Trp26-Asp32), SD (Thr38-
Phed4) and BK (Ile104-Phe109)] is positioned at the other end of the
large sheet. A small antiparallel two-stranded B-sheet [BE (Leu50—
Glu51) and BF (Thr58-Ala59)] lies across the large sheet from the
three-stranded sheet. There is a short 3;¢-helix (Val88-Asn90)
between one edge of the large sheet and the four-stranded sheet.

The distribution of electrostatic potential at the protein surface is
unremarkable and there are no extensive hydrophobic patches. The
surface of the chain A monomer has one obvious cavity; it is the
largest pocket found by the CASTp server (Binkowski et al., 2003;
Liang et al., 1998) and has a volume of 310 A®. This pocket is formed
mainly by adjacent edges of the large sheet and the four-stranded
sheet and by the 3;y-helix which connects them (atoms from residues
5, 8, 79-86, 89 and 94-98). The cavity is diametrically opposite the
proposed dimer interface (see below). It is lined with both non-polar
and polar residues and is occupied by five water molecules (Fig. 3).
The equivalent cavity in chain B is smaller owing to different side-
chain conformations of Asn89 and Arg94 and contains only two well
ordered water molecules.

Figure 3

Stereoview of the proposed Pfal004331 AAA dimer. The A chain is on the right in green in roughly the same orientation as in Fig. 2; the B chain is on the left in gold. Residues
from the A chain that are within 4 A of the B chain are shown as purple sticks and residues from the B chain that are within 4 A of the A chain are shown in red. The five
water molecules occupying the single significant cavity in monomer A are shown as purple spheres. The figure was generated using PyMOL.
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Figure 4
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LELKEERADGDFQ
LEPVGEDPSGAWT
LEFTEBHFAGKWK

Q55QY3_CRYNE
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VEDT.KGKLYYD.A..VNLSDQNAAAWCDYNEEHEMCVGIYNLEYEVN... Pfal004331AAA
— e

AL BM BN B0

CLUSTALW multiple sequence alignment for representative sequences from Pfam family PF05907 (DUF866). Residue positions with sequence identity greater than 60%
are shaded gray and residue positions that are 100% conserved are shaded cyan. Sequences are identified by their TTEMBL entry names. Residue numbers correspond to
those of the P. falciparum structure reported here. Bars indicating individual B-strands are colored as in Figs. 1 and 2. Figure generated using T rXshade (Beitz, 2000).
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Figure 5
Electron density for a highly conserved hydrophobic core region. Residues Tyr125
(Phe in other sequence family members), Trp135 and Val146 are highly conserved
in the PF05907 sequence family. They form a hydrophobic core region anchoring
B-strands M, N and O. The density shown is contoured at 2.50 in a o 5-weighted
(2mF, — DF,) electron-density map.

The crystallographic asymmetric unit contains two closely asso-
ciated monomers. Their conformation is essentially identical, with an
rm.s.d. of 0.49 A for 152 C¥ positions after superposition. Deviations
were observed only at the termini (residues 1-3 and 156) and at two
short loops involved in crystal-packing contacts (residues 54-57 and
79-81). The monomer-monomer interaction was characterized using
the Protein—Protein Interaction Server (Jones & Thornton, 1996). The
total interface accessible surface area of chain A is 890 A? and that
for chain B is 860 A2. These areas and the associated gap volume
index of 3.0 are consistent with a weak homodimer. Fig. 3 shows the
proposed dimer. The two chains interact directly via 11 hydrogen
bonds and indirectly via a network of nine water molecules that are
trapped between the two chains, reducing the surface comple-
mentarity. The chromatogram from the size-exclusion step of protein
purification showed that about 20% of the protein ran as a dimer (not
shown); however, only protein from the major (80%) peak was used
for crystallization trials. We conclude that Pfal004331AAA most
likely acts as a weak dimer; the physiological dimerization state is not
certain.

4. Discussion

The structure of P. falciparum protein MAL13P1.257 is the first
structure to be determined of a member of Pfam sequence family
PF05907. The biological function of these proteins is unknown. This
family is currently represented by 48 sequences indexed by Interpro
12.0 (Mulder et al., 2005) with an average length of 165 residues; the
domain structure of 33 of these has been characterized (Bateman et
al., 2004). These are single-domain proteins, with certain exceptions.
A complete DUF866 domain appears at the N-terminus of a large
(1248 residues) coding sequence from Ustilago maydis, UM05492.1,
containing no other annotated domain structure. There is also strong
similarity to a 68-residue stretch of Aspergillus nidulans ORF
AN7606.2 (Q5AVS4_EMENTI in Fig. 4), which contains in addition an

FAD-dependent phenol hydroxylase domain and an LSM domain
(Pfam PF01423). A somewhat longer stretch of sequence similarity is
found in Giberella zeae (Fig. 4, Q4IMT7_GIBZE), which contains a
second domain annotated as a mitochondrial RNA-processing
domain (Pfam PF08296).

There are two regions of high sequence conservation between the
present protein and the other PF05907 family members. One region is
a hydrophobic core formed by residues Tyr125, Trp135 and Vall46
(Fig. 5). The second region spans f-strands J and K and consists of
residues 99-111. Curiously, several residues which are highly
conserved across other family members are not conserved in the
present P. falciparum protein. For example, it is striking that two
CXXC motifs are strongly conserved in all other family members
(Fig. 4 and additional sequences not shown) but are not present in
P. falciparum. These correspond to residues 32-35 and 65-68 in the
present structure. Neither the residues surrounding the surface cavity
nor the residues involved in the dimer interface are maintained across
the sequence family. These observations may indicate that specific
biological function is not conserved throughout the entire sequence
family. Nevertheless, the present structure provides a basis for
structural modeling of a previously uncharacterized eukaryotic
sequence family, one with a three-dimensional fold that has not
previously been observed.
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