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Abstract: Single stranded DNA binding (SSB) proteins play central roles in
genome maintenance in all organisms. Plasmodium falciparum, the causative
agent of malaria, encodes an SSB protein that localizes to the apicoplast and
likely functions in the replication and maintenance of its genome. Pf-SSB
shares a high degree of sequence homology with bacterial SSB proteins, but
differs in the composition of its C-terminus, which in E. coli SSB interacts with
more than a dozen other proteins. Using sedimentation methods we show
that Pf-SSB forms a stable homo-tetramer alone and when bound to single
stranded DNA. We also present a crystal structure at 2.1 A resolution of the
Pf-SSB tetramer bound to two (dT)ss molecules. The Pf-SSB tetramer is
structurally similar to the E. coli SSB tetramer and ssDNA wraps completely
around the tetramer with a “baseball seam” topology that is similar to E. coli
SSB in its 65 binding mode”. However, the polarity of the ssDNA wrapping
around Pf-SSB is opposite to that observed for E. coli SSB. The interactions
between the bases in the DNA and the amino acids side chains also differ
from those observed in the E. coli SSB-DNA structure suggesting that other
differences may exist in the DNA binding properties of these structurally
similar proteins.

Keywords: DNA repair, recombination, replication, structure, Plasmodium,
malaria

Introduction

Plasmodium falciparum is a eukaryotic parasite and the
causative agent for over 250 million cases of malaria that result in five
million deaths annually!. It contains a unique non-photosynthetic
plastid-like organelle called the apicoplast, which is involved in a
variety of biosynthetic pathways of the parasite. A single apicoplast is
present in each cell and functions in isoprenoid, fatty acid and heme
synthesis/metabolism and is critical to parasite survival and
pathogenesis making it a logical target for anti-malarial drugs. The
~35 kb apicoplast genome contains 68 open reading frames which
encode a variety of ribosomal proteins, tRNAs, RNA polymerase,
chaperones and other proteins of unknown function. However,
proteins involved in DNA metabolism are encoded by the nuclear DNA
and targeted for transport to the apicoplast by an apicoplast
localization signal (ALS) which is cleaved upon delivery to the
apicoplast3. The single stranded (ss) DNA binding (SSB) protein from
P. falciparum (Pf-SSB) is encoded in the nucleus and transported to
the apicoplast where it likely functions in the replication and
maintenance of the apicoplast genome?.
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SSB proteins are present in nearly all organisms and bind to
ssDNA intermediates produced transiently during replication, repair
and recombination. E. coli SSB (Ec-SSB) is a well characterized
prototype of bacterial SSB proteins® and shares high sequence
homology with Pf-SSB (39 % identity and 66 % homology)2. Ec-SSB
functions as a homo-tetramer with each subunit consisting of two
domains, an N-terminal OB-fold containing the ssDNA binding site and
an unstructured C-terminal tail. Ec-SSB also interacts with more than
a dozen other proteins involved in DNA metabolismé. These
interactions are primarily mediated through a conserved stretch of 8-
10 amino acids located at the end of its unstructured C-terminié.

In the case of Ec-SSB, it has been shown that at moderate to
high salt concentrations a ssDNA ~65 nucleotides long can fully wrap
around the tetrameric DNA binding core to form the so-called (SSB)es
binding modell. However, due to its four potential DNA binding sites,
Ec-SSB can also bind to long ssDNA in a number of different binding
modes that differ by the number of subunits (OB-folds) within the
tetramer that contact the DNA. In the (SSB)ss mode ssDNA interacts
with all four subunits and displays little tendency to form cooperative
clusters along ssDNA. The low cooperative, fully wrapped (SSB)es
binding mode has been proposed to facilitate RecA mediated DNA
strand exchange during homologous recombination. In fact, Ec-SSB,
while bound in its (SSB)ess mode is able to diffuse along ssDNA and
transiently melt DNA hairpins, thus facilitating RecA filament formation
along ssDNA8, Here we present a structural study of the Pf-SSB
protein and its complexes with ssDNA including a crystal structure of a
Pf-SSB tetramer in complex with ssDNA in a fully wrapped binding
mode allowing a detailed comparison of its structure with Ec-SSB.

Results

Pf-SSB forms a stable homo-tetramer in solution

SSB proteins can exist in a variety of oligomeric states including
monomers (e.g., T4 phage gp32)2, dimers (e.qg., D. radiodurans
SSB)29, trimers (e.g., eukaryotic RPA)ZL, tetramers (most bacterial
SSBs)® and pentamers (e.g., D. radiodurans DdrB)22. Based on
dynamic light scattering and sucrose density gradient analysis, a
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histidine tagged version of recombinant Pf-SSB appears to behave as a
homo-tetramer in solution?. Here, we examined the assembly state of
an untagged version of Pf-SSB using analytical sedimentation
methods. In sedimentation velocity experiments of Pf~SSB in the
absence of reducing agents (3 uM Pf-SSB, buffer H%2 at 25°C), we
observe three or more distinct species with average sedimentation
coefficients of 5.3 £ 0.2, 8.1 £ 0.4 and 11.2 £ 0.7 S with predicted
molecular weights corresponding to a tetramer (92.7 kDa), octamer
(176 kDa) and dodecamer (280 kDa; Figure S1A). Since Pf-SSB has a
native cysteine at position 93, we tested whether disulfide bond
formation influences the oligomerization by repeating the experiments
in the presence of reducing agents (either 5 mM 2-mercaptoethanol
(2-ME) or 1 mM tris(2-carboxyethyl)phosphine(TCEP)). In the
presence of reducing agents in buffer H%2, Pf-SSB displays a single
symmetrical peak in a continuous sedimentation [c(s)] analysis
consistent with a single species (Figure S1b), with a weight average
sedimentation coefficient of 5.28 £ 0.16 S, corresponding to a
predicted molecular weight of 92.5 kDa and a frictional coefficient
ratio, f/fo = 1.39 £ 0.03. This is close to the expected molecular
weight for a P~SSB homo-tetramer (98,296 Da) as calculated from its
amino acid composition.

We also used sedimentation equilibrium to obtain a rigorous
molecular weight estimate of Pf~SSB. The results of experiments
performed at three Pf-SSB concentrations (1.04, 3.13 and 6.03 uM
(tetramer)) and four speeds (9.5, 11.5, 14 and 17 k rpm) are shown in
Figure 1B. Global non-linear least squares (NLLS) analysis of these
data gave results consistent with a single ideal species (eq 1, Methods
section) with an average molecular mass of M,= 98824 + 221 Da. This
value agrees well with the predicted molecular weight of 98296 Da for
a Pf-SSB homo-tetramer. Hence Pf-SSB is a stable homo-tetramer
over a concentration range from 0.5-6 yuM (tetramer).
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Figure 1: Pf-SSB is a stable homotetramer in solution

(A) Domain architecture of Pf- and Ec-SSB proteins. (B) Sedimentation equilibrium
experiments indicate that Pf-SSB is a stable homotetramer in solution. Experiments
were performed at three different protein concentrations as indicated in the plot, and
at four rotor speeds (9.5 k - green, 11.5 k - blue, 14 k - red and 17 k - black). The
smooth black lines depict the fits to a single-species model and the appropriate
residuals are also shown.

Pf-SSB binds tightly to ssDNA

Ec-SSB contains 4 Trp residues per monomer (3 in the DNA
binding core) and ssDNA binding can be monitored by the quenching
of its intrinsic Trp fluorescence (~90% at saturation). The Ec-SSB
tetramer binds to DNA with very high affinity and 65 nucleotides of
poly (dT) are required to fully wrap around the tetrameri?, As such, an
Ec-SSB tetramer can bind either one molecule of (dT)7o or two
molecules of (dT)ss26. Pf-SSB contains 3 Trp residues per monomer in
the same conserved positions within the DNA binding core and its Trp
fluorescence is also quenched upon binding ssDNA (see below). For Pf-
SSB, we have measured an occluded site size of 62 £ 2 nucleotides
per Pf-SSB tetramer on poly (dT) at high [NaCl] (> 0.2 M) (Antony et.
al., accompanying paper). In preparation for attempts at crystallizing
Pf-SSB with ssDNA, we examined the binding of Pf-SSB to both (dT)o
and (dT)ss by monitoring the accompanying change in Pf-SSB
tryptophan fluorescence (buffer H%2 at 25°C) as shown in Figure 2A
and B. These titrations show that under these conditions, Pf-SSB binds
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very tightly to both (dT)7o and (dT)ss such that we can only estimate a
binding stoichiometry, but not an affinity. The Pf~-SSB tetramer can
bind either one molecule of (dT)7 (Figure 2A) or two molecules of
(dT)ss (Figure 2B) per tetramer and in both cases almost complete
quenching (96 - 98 %) of the Trp fluorescence is observed. By
comparison with the Trp fluorescence quenching observed for (dT)o
and (dT)ss binding of Ec-SSB, these results suggest that one molecule
of (dT)7o or two molecules of (dT)ss can bind to Pf-SSB, both resulting
in complete wrapping of DNA around the Pf-SSB tetramer. One
interesting difference between Pf-SSB and Ec-SSB is the lack of
apparent negative cooperativity in the binding of the second molecule
of (dT)ss to the Pf-SSB tetramer (see Antony et al., accompanying
paper), whereas Ec-SSB tetramer shows clear negative cooperativity.
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Figure 2: Pf-SSB binds stoichiometrically to DNA

Fluorescence experiments show the quenching of tryptophan fluorescence upon
binding to (dT)zo0 (A) or (dT)3s (B) DNA oligonucleotides. The dotted lines show the
stoichiometric binding of either one (dT)7o or two (dT)ss molecules per Pf-SSB
tetramer. (o) and (m) represent experiments done at either 0.1 uM or 0.3 uM Pf-SSB in
the reaction respectively. (C) Continuous sedimentation coefficient distribution c(s)
analysis of Pf-SSB in the presence or absence of ssDNA. Pf-SSB sediments as a single
tetramer in the absence of DNA (green) and is capable of stoichiometrically binding
two (dT)ss molecules (when mixed in a 1:2 ratio, dark green trace) or one (dT)7o
molecule (mixed in a 1:1 ratio, dark blue). Sedimentation profiles of (dT)ss (light
green) or (dT)7o (light blue) in the absence of protein are also depicted.

We also examined Pf-SSB and its ssDNA complexes using
sedimentation velocity. Pf-SSB tetramers, when bound to either two
molecules of (dT)ss or one molecule of (dT)7o, displayed c(s) profiles2
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with single symmetrical peaks with S;o,w = 5.73 £ 0.07 S and 5.76 £
0.09 S, respectively (Figure 2C), corresponding to predicted molecular
weights of 133.6 and 133.58 kD, respectively. The f/fp, values
calculated from these experiments are 1.39 £ 0.02, 1.63 £ 0.02 and
1.63 + 0.03 for Pf-SSB alone and the Pf-SSB-(dT)ss and Pf-SSB-(dT)o
complexes, respectively. Therefore, Pf-SSB bound to either one (dT)7o
or two (dT)ss molecules displays similar hydrodynamic properties.

Crystal Structure of Pf-SSB is similar to E. coli SSB

We have solved a crystal structure at 2.1 A resolution of Pf-SSB
in complex with two molecules of (dT)ss. The P-SSB used in the
crystallization contained amino acid residues 77-284. Residues 1-76
are part of the apicoplast localization signal (Figure 1A) and are
cleaved upon arrival at the apicoplast, hence we did not include these
in the recombinant protein that we expressed and purified. We
observed two crystal forms with either a monomer or a tetramer in the
asymmetric unit (Figure S2). In both cases, we only observe electron
density for the amino acids that form the DNA binding core (residues
77-194). Upon analysis of the crystals using SDS-PAGE, the protein
component that had crystallized migrated faster than the full length
starting protein suggesting that the C-terminal part of the protein was
at least partially cleaved (Figure S2 C). Since we observe excellent
density for residues 77-194, the cleavage must occur after residue
194; however, we have not determined the precise site of cleavage.
Similar proteolytic cleavage has been observed during crystallization of
the Ec-SSB protein. Since the structural details of both Pf-SSB-(dT)ss
crystal forms are similar, we discuss only the structure derived from
the crystal form showing the tetramer in the asymmetric unit.

Each subunit contains an oligosaccharide/oligonucleotide-fold
(OB-fold) found in many SSB proteins3* (Figure 3A), and is composed
of five beta strands (B1- B5) and one alpha helix (a) connected by
short linkers (L1-1’, L1'-2, L2-3, L3-a, La-4, L4-4’, L4-5, and L5-5;
Figure 3B). All four subunits in the tetramer have similar
conformations with RMSD values ranging from 0.12 to 0.26 A for 90-
95 Ca atoms. The overall structure resembles the Ec-SSB tetramer and
77 Ca atoms of Pf-SSB and Ec-SSB monomers align with RMSD of 0.8
A (Figure 3C). Alignment was performed using Py Mol with the default
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cutoff level of 2 A. Noticeable differences in the Pf-SSB structure are
the more ordered 4-5 and 2-3 B-sheets and the disordered tips of the
4-5 loops (Figure 3C). Pf-SSB and Ec-SSB tetramers align with RMSD
of 8.6 A for 306 Ca atoms reflecting minor differences in the mutual
orientation of individual subunits (Figure S3). Both proteins show a
high degree of structural similarity in the overall architecture of the
DNA binding domains and the organization of the homotetramer.
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Figure 3 Crystal structure of Pf-SSB

(A) Sequence alignment of Pf-SSB and Ec-SSB and a schematic representation of their
secondary structure. Strictly conserved residues are marked by an asterisk (*). (B)
Architecture of a single monomer in Pf-SSB. (C) Overlay of a single monomer from Pf-
SSB (cyan) and Ec-SSB (orange) highlight the similarity in protein structure between
the two proteins.
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ssDNA wraps around the Pf-SSB tetramer interacting
with all four subunits

Since Pf-SSB binds tightly to either one molecule of (dT)7o or
two molecules of (dT)ss (Figure 2), we formed and obtained crystals of
each of these complexes. Crystals of Pf-SSB with two bound (dT)ss
molecules diffracted to 2.1A, although interpretable density is
observed for only 25 nts per (dT)ss molecule (Figure 4A), and a
majority of the modeled DNA is well ordered (Figure S4). We have
numbered the nucleotides T1 — T14 and Tis — T2s (Figure 4B) (since the
DNA is an oligo-(dT), T-1 may not be the actual 5’ end of the DNA
molecule). We assumed that the gap between the two ordered ssDNA
segments was missing three nucleotides based on the distance
between the ends of the ssDNA segments and the presence of weak
electron density potentially corresponding to the missing nucleotides.
Although we observe some density consistent with two or three bases
corresponding to residues Ti5-T17, the density cannot be fit to a single
conformation, suggesting that this region is disordered. We also
obtained small crystals that diffracted to 3.8 A for Pf-SSB bound to a
molecule of (dT)7o, but were unable to obtain a structure of this
complex due to the poor quality of the crystals. These crystals were of
the same space group as the Pf-SSB-(dT)ss complex suggesting that
(dT)70 is bound in a similar conformation to that of the two (dT)ss
molecules.
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Figure 4 A homotetramer of Pf-SSB binds to ssDN
(A) The subunits of the Pf-SSB tetramer are colored cyan, violet, green and red with
the two bound (dT)3s molecules shown as sticks (black). (B) Schematic of DNA
residues 1 - 13 that are observed in the monomer bound to the purple subunit and
residues in Pf-SSB that interact with the DNA are shown. The residues colored in red
and blue are from the red and blue subunits respectively and all other residues are
from the violet subunit. The bold-green arrows denote stacking interactions between
the bases and the aromatic amino acid side chains. Details of the interactions between
DNA bound to the violet subunit in Pf-SSB and the amino acid side chains are depicted
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with respect to nucleotides T1-T3 (C), T4 - T5 (D), T6é and T8 (E), T9 and T13: front
view (F), back view (G), (F). The orange spheres denote density for either water or
probable ion molecules in the structure that mediate specific interactions between the
protein and the DNA.

Protein-DNA contacts

In the Pf-SSB-(dT)ss structure, the residues that contact the
DNA are identical in all four subunits (Figure 4). This differs from the
asymmetric contacts observed in the Ec-SSB-(dC)ss structurell., A
schematic of the specific contacts between amino acids in one
monomer and the DNA is shown in Figure 4B. Residues from three
different subunits contact each half of the (dT)ss molecule. We also
observe density for several water and/or ion molecules; since it is
difficult to distinguish between electron density for water molecules
versus ions at 2.1 A resolution, all solvent molecules in the structure
are modeled and discussed as waters. The first nucleotide in the DNA
for which we observe density, denoted T-1, contacts both the 2-3 loop
of one subunit and the 1-2 loop of the adjacent subunit. R164 and
Y137 contact T-1 through a water molecule and H162 and W117
(subunit I) form stacking interactions with T-1. D130 contacts both T-1
and H162 through water molecules. S184 contacts both the backbone
phosphate and the sugar moiety (Figure 4 C). T-2 makes a contact
with K98 through another water molecule and T-3 contacts N101
(Figure 4 D). R164 also contacts both the T-4 and T-5 base and their
respective sugars along with its aforementioned contact with T-1.
R133 contacts T-4 and forms a network with E180, R164 and the DNA.
Two threonines (T163 and T179) from subunit I coordinate the T-5 and
T-6 bases through two waters and the backbone of T-6 makes a
contact with S110 (Figure 4E). W166 forms a stacking interaction with
T-5 and this conserved residue assists in bending of the DNA around
the individual monomer. W131 is homologous to the functionally
critical W54 in Ec-SSB38, and makes a base-stacking interaction with
T-8. W131 also makes a polar contact with T-6 at which point the DNA
bends around the 1-2 loop and funnels towards the other half of the

subunit (Figure 4E).

S110 contacts T-8, N114 and T129 contacts T-9 and along with
E79 from subunit I interacts with the bend in the DNA formed by
residues T-8 through T-10. T-12 and T-13, the last two residues for
which we observe electron density interact with the N-terminus of
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subunit I (E79 and K80) and the C-terminus of the subunit IV (R153,
D189 and F192). Together with R154 they form a series of well
networked connections that may control the entry of the DNA into the
next subunit (Figures 4F and G).

Topology of DNA wrapping around the Pf-SSB tetramer

Although we were unable to solve a structure of the Pf-SSB
tetramer bound to (dT);0, we were able to use the structure of the
complex with two (dT)s3s molecules bound to identify the most likely
path of the ssDNA in a fully wrapped complex (Figure 5A). There are
four DNA fragments in our structure that show clear electron density
for 13-14 nts bound per subunit (Figure 5B). We observe weak density
for 2-4 nts that lie between the DNA fragments bound to subunits I
and II and between subunits III and IV (Figure 5B) and the spacing in
these gaps is small (< 18 A). Hence we assume that these short gaps
reflect disordered regions of the two (dT)ss molecules (Figure 5B). We
next need to decide the path that a (dT)7o molecule would follow in a
fully wrapped structure. The 3’ end of the DNA bound to subunit I and
the 5’ end of the DNA bound to subunit III would likely be connected if
part of a (dT)7o molecule since the ends are unobstructed in the
structure and the distance between them is ~ 30 & (Figures 5A and
5B). Based on this, a model for how DNA might wrap completely
around the Pf-SSB tetramer is shown in Figure 5C. This proposed path
of the ssDNA follows a topology similar to the seams on a baseball as
previously found for the Ec-SSB-(dC)ss structurell (Figure 5D),
although the backbone polarity is opposite to that observed in the Ec-
SSB structure (see below for discussion of polarity).
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Figure 5
Models for DNA wrapping around Pf-SSB

(A) Shows a spaced filled version of the Pf-SSB structure with the bound DNA colored
according to its B-factor. The predicted path of a (dT)7o DNA molecule is shown by
dotted lines traversing across the tetramer and the path of the missing DNA residues
in each (dT)s3s molecule is also denoted by dotted lines. (B) Is a schematic depicting
the polarity of each (dT)ss molecule bound to the four subunits in the P~SSB tetramer.
The black dotted lines represents regions of the DNA for which we observe weak
density and the grey dotted lines, connecting the two (dT)ss molecules, is a predicted
path for wrapping of a (dT)7o molecule. (C) Is a cartoon representation showing the
front and back views of DNA wrapping around the Pf-SSB tetramer. (D) Depicts the
path of DNA wrapping around the Ec-SSB tetrameril,

Based on this crystal structure, we cannot completely exclude
the alternate pathway for DNA wrapping around the tetramer, where
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the 5’ end of the DNA bound to subunit II connects with the 3’ end of
the DNA bound to subunit III (Figures 5A and 5B). If this were to be
the case, then a ‘baseball seam’ like topology for wrapping would not
hold true. However, to accommodate this alternate path, the 5’ end of
the DNA bound to subunit II, which is buried within the protein due to
the closure of the L.-3 and Li-> loops must become available, and
would require significant movement of both these loops away from
each other to facilitate this alternate pathway for wrapping.

We observe ~26 nucleotides bound to each half of the tetramer
and the ~ 30 & gap between the 5’ and 3’ ends of the DNA can be
filled with ~ 5 nucleotides (Figure 5B). The shorter ~ 18 A gap would
accommodate ~ 3 nucleotides (Figure 5B), hence ~61- 64 nts of
ssDNA would be required to completely wrap around the entire
tetramer. Indeed this estimate is consistent with the occluded site size
of 62 £ 2 nt for the Pf-SSB tetramer on poly (dT) DNA measured
under high salt conditions (buffer H%2M) (Antony et. al., accompanying

paper).

We observe excellent density for the DNA in our structure and
the 2.1 A resolution is sufficient to determine the backbone polarity of
the DNA bound to Pf-SSB. Interestingly, the backbone polarity of the
(dT)3s molecules within the Pf-SSB complex (Figure 6A) is opposite to
that observed in the Ec-SSB-(dC)ss structure (Figure 6B). In the Pf-
SSB structure, the 5’ end of the DNA binds to the Li-> loop and is
extended through contacts with the Ls-s loop towards loop L,-3 (Figure
6A). In the DNA bound structures of Mycobacteria smegmatis SSB
(Ms-SSB) (PDB code: 3A5U) and Helicobacter pylori SSB (Hp-SSB)32,
the polarity of the bound DNA is the same as observed in the Pf-SSB
structure.
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A) Pf-SSB B) Ec-SSB
5|

3!
Figure 6: ssDNA wraps around Pf-SSB with polarity opposite to Ec-SSB
Polarity of the ssDNA bound across a monomer in (A) P~SSB and (B) Ec-SSB. The
DNA is bound with a 5’-3’ polarity from top to bottom in the Pf-SSB structure and with
opposite polatiry in the Ec-SSB structure.

Discussion

We describe a crystal structure of the Plasmodium falciparum
SSB tetramer bound to ssDNA at 2.1 A resolution. All four subunits
interact with the ssDNA and the topology of the DNA path resembles
the “seams of a baseball” as observed for E. coli SSB in its fully
wrapped (SSB)es DNA binding mode (Figure S5)L. Although crystal
structures of SSB proteins from multiple organisms have been
reported in their apo-form, only three SSB-DNA complex structure
shave been reported. Of these, only the crystal structure of the Ec-SSB
DNA complex was crystallized with the entire tetramer in the
asymmetric unit and density for 26-28 of the 35 nucleotides in each of
the two bound (dC)ss DNA molecules was observed thereby providing
sufficient information to determine the topology of the wrapped
ssDNALL, In the Pf-SSB-(dT)ss structure reported here, we also observe
electron density for the entire tetramer and for 25-26 nts of each of
the two molecules of (dT)ss bound to the protein (Figure S4). We find
that ssDNA wraps around the Pf-SSB tetramer with a topology similar
to Ec-SSB, but with opposite polarity. There are three notable
differences between the Pf-SSB and Ec-SSB structures: a) protein-DNA
contacts, b) the symmetry of the DNA contacts in the four subunits,
and c) the protein-protein contacts between adjacent tetramers. If and
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how these factors contribute to the observed difference in polarity of
DNA wrapping, DNA binding activity or DNA binding modes remains to
be determined (see Antony et. al., accompanying paper).

In the Pf-SSB structure, an extensive network of interactions
between the amino acid side chains and the bases of the DNA is
apparent (Figure 4). These interactions can be divided into stacking
interactions between the aromatic protein side chains and the
nucleotides, ionic and polar contacts, and contacts between the protein
and the phosphate backbone of the DNA. In both the Ec-SSB and Pf-
SSB structures, significant interactions occur through stacking
interactions between the bases in the DNA and three tryptophan
residues per subunit (W117, W131 and W166 in Pf-SSB). The aromatic
side chains of these tryptophans stack against the pyrimidine bases
T1, T8 and T5, respectively (Figure 4). These residues are also
conserved in Ec-SSB (W40, W54 and W88) but only two of the three
Trp residues (W54 and W88) base stack with similar orientations in all
four subunits. W40 is located on the 2-3 loop and adopts multiple
conformations in the four subunits of Ec-SSB due to the flexible nature
of the loop. The homologous W117 residue in Pf-SSB is not positioned
on the 2-3 loop, but is located on the structured B-sheet 2 and adopts
the same conformation in all four subunits. In Pf-SSB we observe 98%
quenching of the Trp fluorescence upon saturation with two molecules
of (dT)s3s or one molecule of (dT)7o. This is consistent with the
observation that all three of the Trp residues in Pf-SSB form stacking
interactions with the DNA bases and thus the fluorescence of each is
essentially fully quenched. Pf-SSB also uses a unique set of charged
residues to mediate electrostatic interactions with the DNA
phosphates. R90, K128, R153 and R154 form electrostatic interactions
with the DNA, but these residues are not conserved in Ec-SSB (Figure
3). In Ec-SSB, Histidine 55 contributes to the stability of the tetramer
in that a H55Y mutation (ssb-1) destabilizes the tetramer in favor of
monomers. This ssb-1 mutation results in a temperature sensitive
phenotype in vivo. The homologous residue, H132in Pf-SSB, is also
located at the same position and makes inter-subunit contacts with
N83 and L160 (N6 and L83 are the homologous residues in Ec-SSB).

Another difference between the Ec-SSB and Pf-SSB structures is
that the protein-DNA contacts are more symmetric within the Pf-SSB
complex. In the Pf-SSB-(dT)ss structure, the DNA contacts are the
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same within each subunit (Figures 3 and and4),4), whereas in the Ec-
SSB-(dC)ss structure, a subset of the contacts differ among the
subunitsil, A part from the conformational differences observed for
W40 in the Ec-SSB structure, it has been hypothesized that the
(SSB)3s binding mode is mediated by the asymmetry in the stacking
interaction between the DNA and W54 situated on 33 extension which
is observed in only three of the four subunitsii. In Pf-SSB, the
homologous W166 residue shows stacking interactions within all four
subunits of the tetramer. An E. coli mutant with either a W54S or
W88T mutation shows increased sensitivity to UV, however this is not
the case for a W40T substitutiont. However, biochemical studies
suggest interactions between W40 and the ssDNA22, A W54S mutation
also results in a relative stabilization of the (SSB)ss DNA binding mode
in Ec-SSB2¢ and in both the Ec-SSB and Pf-SSB structures this residue
forms a stacking interaction with the nucleotide. This suggests that
W54 is important for promoting the fully wrapped (SSB)ess DNA binding
mode. The E. coli ssb-3 mutation (G15 to D) shows extreme sensitivity
to UV23 and is positioned close to the ssDNA in the crystal structurell,
This residue is also conserved in Pf-SSB (G92) and is also positioned
close to the DNA suggesting a conservation of key amino acid residues
between the two proteins.

The third major difference between the two structures lies in the
tetramer-tetramer interface between symmetry related molecules
(Figure 7). In all Ec-SSB structures solved to date, the Ls_s5 loops from
neighboring tetramers pack against each other (Figure 7B). This led to
the hypothesis that this tetramer-tetramer interface might be involved
in the cooperative (SSB)ss DNA binding mode in Ec-SSBLL. We do not
observe such an interface in the Pf-SSB crystals (Figure 7A). As shown
in the accompanying paper (Antony et. al.), P~SSB also does not
appear able to forma stable (SSB)3s DNA binding mode. The structure
and the length of the Ls-s loops in the various apo- or DNA bound
crystal structures of homologous bacterial SSB proteins also appears
to be similar. In the Ec-SSB structures, only the basal half of this loop
contacts the DNA. Moreover, the top parts of the Ls—s loops are
disordered in all structures except Ec-SSB, where they form inter-
tetrameric contacts that may be important for cooperative binding in
the (SSB)ss mode. The conserved size of the Ls-s loop suggests that it
may be important for tetramer-tetramer interactions in other SSB
homologs as well.
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A) Pf-SSB B) Ec-SSB

Figure 7: Protein-protein contacts between SSB tetramers
Contacts between tetramers in neighboring unit cells in Pf-SSB (A) and Ec-SSB (B) are
shown. The bound DNA in each structure is represented by the black ribbons.

It is possible that some of these differences may result from the
different solution conditions under which the two structures were
crystallized. The Pf-SSB-(dT)ss crystals only grew in either 0.2 M Na
[Br, Cl or SO4] whereas the Ec-SSB-(dC)ss crystals were obtained in
the absence of any added saltll. Multiple DNA binding modes have
been observed with Ec-SSB that are dependent upon the salt
concentration. The (SSB)3s DNA binding mode is observed at low NaCl
concentrations (< 10 mM), whereas the fully wrapped (SSB)ss binding
mode is observed at higher NaCl concentrations (> 200 mM)%3, Our
attempts to obtain crystals of Pf-SSB-(dT)ss complexes under the low
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salt conditions used to obtain the Ec-SSB-dCss crystals were not
successful.

A final striking difference between the Pf- and Ec-SSB proteins is
the sequence divergence of the unstructured C-terminus and the
composition of the C-terminal amino acid end (Pf: MNVQEFEE versus
Ec: DFDDDIPF). However, it is not likely that this region plays a role in
determining the polarity of the bound ssDNA. In Plasmodium,
compounds inhibiting the activity of apicoplast proteins have been
used as successful anti-malarial drugs2?. Mutations in the Ec-SSB C-
terminus render E. coli severely impaired for DNA repair and
replication or result in lethality®. Small molecule inhibitors that inhibit
the interaction of the E. coli SSB C-terminal tails with an array of other
proteins have emerged as a new class of potential antibiotics®2. It
remains to be determined whether the sequence of the Pf-SSB C-
terminus is important for any Pf-SSB interactions with any proteins
important for its function in the apicoplast, although this possibility
seems likely.

Materials and Methods

Buffers

Buffer H%%® s 10 mM Hepes, pH 8.1, 1 mM EDTA, 0.08 M NacCl
and 1 mM tris(2-carboxyethyl)phosphine (TCEP). Buffer H%2 is 10 mM
Hepes, pH 8.1, 0.1 mM NasEDTA, 200 mM NaCl and 5 mM 2-ME. Lysis
buffer is 50 mM Tris-Cl, pH 8.3, 1 mM EDTA, 200 mM NaCl, 10%
sucrose, and 15 mM spermidine. Buffer T is 50 mM Tris-CI, pH 8.3, 1
mM EDTA, 5 % (v/v) glycerol, where “x” denotes the molar
concentration of NaCl. Storage buffer is 20 mM Tris-Cl, pH 8.3, 1 mM
NasEDTA, 500 mM NaCl, 5 mM 2-mercaptoethanol, 50% (v/v) glycerol.

Expression and Purification of Pf-SSB

The Pf-SSB gene was amplified from genomic DNA (3D7 isolate,
a kind gift from Dr. Daniel Goldberg, Washington University) using the
following primers: Forward: 5'-AATTCATATGAATGAGAAATCATTAAAT-3’
and Reverse: 5'-AATTGGATCCTCATTCTTCAAATTCTTGG -3, and cloned
into the pET21a vector (Novagen Inc.) using Ndel and BamHI
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restriction sites. The DNA encoding for the N-terminal amino acids 1-
76 was omitted since it encodes the apicoplast localization signal
(ALS)%. Furthermore, constructs containing the ALS signal sequence
did not overexpress in E. coli. We refer to this version of Pf-SSB
(residues 77-284) that lacks the ALS signal sequence as the wild type
protein.

Pf-SSB was overexpressed in BL21(DE3) cells and purified using
a procedure similar to that described for E. coli SSB. All steps were
carried out at 4°C. 30 g of cell paste was resuspended in lysis buffer
(150 mL) and lysed using an Avestin cell disrupter (Avestin Inc.,
Canada) and Pf-SSB and DNA in the clarified lysate were precipitated
by adding polyethyleneimine (PEI) to 0.2% (final). The protein was
resuspended from the PEI pellet using 200 ml of buffer T%4. Pf~-SSB
from the PEI-resuspension was precipitated by adding solid ammonium
sulfate (144 g/L) (25% saturation) and the pellet containing >90 %
pure Pf-SSB was resuspended in buffer T%3 (200 mL). The
resuspended protein was loaded onto a ssDNA cellulose column (50
mL resin with ~3 mg/mL binding capacity) and eluted using a linear
NaCl gradient (0.3 - 2 M) in buffer T. Fractions containing Pf-SSB were
pooled and precipitated with 30.8% ammonium sulfate (170 g/L). The
resulting precipitate was resuspended in 10 mL of storage buffer,
dialyzed and stored as 0.5 mL aliquots at —20°C. The concentration of
Pf-SSB was determined spectrophotometrically using an extinction
coefficient of €250 = 9.58 x 10* M1 (tetramer) cm~1. Using this
procedure the typical yield of Pf~SSB is around 15 mg per gram of cell
paste. The extinction coefficient in buffer H%2 and T°2 was determined
by comparing the absorbance of Pf-SSB in buffer H°? and T°2 with its
absorbance in 6 M Guanidium-HCI, 10 mM Tris-CI, pH 8.1, 0.25 mM
NasEDTA, and 1 mM 2-mercaptoethanol at 25°C. The extinction
coefficient of the denatured Pf-SSB in 6 M Guanidinium HCI| was
calculated as the sum of the extinction coefficients of the 3 Trp, 4 Tyr
and 3 Phe in 6 M Guanidinium HCI*Z, Pf-SSB was dialyzed extensively
at 4°C versus the buffers used in each experiment using a 10,000 Da
molecular weight cut-off dialysis membrane (Spectrum Inc., Houston,
TX). Pf-SSB has a single exposed cysteine and in the absence of
reducing agent (5 mM 2-mercaptoethanol or 1 mM TCEP (tris(2-
carboxyethyl)phosphine)) it forms higher order oligomers in solution
(Figure S1). For this reason, all experiments were performed in the
presence of 1 mM TCEP.
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DNA

The oligodeoxynucleotides, (dT)ss and (dT)70, were synthesized
and purified as described®8. All ssDNA concentrations were determined
spectrophotometrically using the extinction coefficient €260 = 8.1 x 103
M-! (nucleotide) cm~! for oligo (dT) in buffer HO-8,

Analytical Ultracentrifugation

Sedimentation experiments were performed using an Optima
XL-A analytical ultracentrifuge equipped with an An50Ti rotor
(Beckman Coulter, Fullerton, CA) at 25°C. For sedimentation
equilibrium experiments, 120 pL of protein solution was loaded into
each of the three channels of an Epon charcoal-filled six-channel
centerpiece with 130 pl of buffer in each reference channels. Protein
concentration was monitored by absorbance at 280 nm at three
different protein concentrations (1.04 uM, 3.13 uM and 6 pM Pf-SSB in
buffer H%M), Data were collected with a spacing of 0.001 cm with an
average of ten scans per step at three rotor speeds: 9500, 11500, and
14000 rpm. At each speed sedimentation equilibrium was determined
when successive scans measured over a 2 hour time window were
super imposable. Data sets were edited and extracted using SEDFIT
followed by analysis by nonlinear least squares (NLLS) using the
program SEDPHAT=2. Apparent molecular weights were obtained by
fitting the data to eq 1:

n
Ar = Z exp (lnAO,l- + O'l-)(FZ — I"rif)/Z +b
i=1

(1)

where Ar is the total absorbance at radial position r, Ao, is the
absorbance of component i/ at the reference radial position (rrer), b is
the baseline offset, gi= [Mi(1-9ip)w?]/RT, M: and 9; are the molecular
mass and partial specific volume of component j, respectively
(calculated using SEDENTREP?). For Pf-SSB the 9; value (0.7191 mL
g~! at 25°C) was calculated based on its amino acid composition
(residues 77-284). The solution density p for buffer H*'™ was 1.0026
(calculated using SEDENTREP). w is the angular velocity, R is the ideal
gas constant and T is the absolute temperature. A global NLLS fit to eq
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1 of the nine absorbance files was used to calculate the molecular
weight.

Sedimentation velocity experiments (Figure 3B), were
performed using 3 uM Pf-SSB alone or in complex with 3 pM (dT)7o
(1:1 molar ratio) or 6 uM (dT)ss (1:2 molar ratio). Experiments were
also performed on both (dT)7 and (dT)ss DNA molecules alone. 380 pL
of sample and 392 pL of buffer were loaded into the appropriate
sectors of an Epon charcoal-filled two-sector centerpiece and
centrifuged at 42000 rpm (25°C) and the absorbance was monitored
at 280 nm. The continuous sedimentation coefficient distribution, c(s),
was calculated using the program SEDFIT.

DNA Binding

Pf-SSB binding to the oligodeoxynucleotides, (dT)o or (dT)ss,
was monitored by the quenching of the intrinsic Trp fluorescence of Pf-
SSB using a PTI QM-2000 fluorometer (Photon Technologies, Inc.,
Lawrenceville, NJ) [Aex = 296 nm, 2 nm excitation band-pass, and Aem
= 345 nm, 2-5 nm emission band-pass] with corrections applied as
described previously®Z. The experiments were performed in Buffer H-2
at 25°C using either 0.1 or 0.3 pM Pf-SSB tetramer. Under these
conditions, the binding affinities of Pf-SSB for (dT)70 and (dT)ss are too
large to measure (i.e., the titrations were stoichiometric) and the
intersection of the linear parts of the titration curves was used to
determine the stoichiometry of DNA binding per Pf-SSB tetramer.

Crystallization and Structure Determination

Pf-SSB (6 mg/ml: 61 uM tetramer) was mixed with 122 uM
(dT)ss (1:2 ratio) in buffer H%2 (10 mM Hepes, pH 8.1, 0.1 mM
NasEDTA, 200 mM NaCl and 5 mM 2-mercaptoethanol) and dialyzed
extensively vs. buffer H°2? at 4°C. The concentration of protein after
dialysis was ~ 3 mg/mL. Crystals were grown by vapor diffusion using
the sitting drop method in 96-well plates using a crystallization robot
(Phoenix - Art Robbins Instruments, Sunnyvale, CA). The first Pf~SSB-
(dT)ss crystal form (bi-pyramidal) was observed in several commercial
PEG based screens (PEG/Ion HT - Hampton Research, Aliso Viejo, CA,
PEGs Suite - Qiagen, Valencia, CA, and PACT premier - Molecular
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Dimensions, Apopka, FL) at 20°C after 3-4 days. The second Pf-SSB-
(dT)ss crystal form (long rods) was observed at 4°C after 4-5 weeks in
0.1 M Bis-Tris Propane, pH 8.5, 20 % PEG 3350 and either 0.2 M
sodium bromide or 0.2 M sodium sulfate. Crystals of a P~SSB-(dT)ss
complex, grown in 0.1 M Bis-Tris Propane, pH 8.5, 0.15 M sodium
sulfate and 24 % PEG 3350 at 15°C, were harvested into cryo-
protectant solution (20 % ethylene glycol, 5 % PEG 3350 and 60 %
mother liquor) and flash frozen in liquid nitrogen. Diffraction data were
collected using a 1.2 kW MM007 Rigaku generator with VHF optics and
Raxis-IV++ image detector under cryo-stream with the X-stream cryo-
cooling system. Data were processed with the HLK2000 programé®?,
Initial phases were obtained by the molecular replacement method
using Phaser within the CCP4i program suit using the structure of the
E. coli SSB/DNA complexit (PDB code 1EYG).

Initial bi-pyramidal crystals belonging to the tetragonal space
group 1422 with unit cell parameters a= b= 83.1, and c=136.7 A
contained one Pf-SSB monomer per asymmetric unit. A second crystal
form was also obtained belonging to a monoclinic space group (Table
1) with one tetramer per asymmetric unit. Since the structure of the
monomer in the tetragonal group was close to that of the monoclinic
form, we describe the structure of the tetramer. The model building
and refinement were completed using Arp/Warp®¢, Coot® and
Refmact®. Non-crystallographic averaging was not utilized during the
initial model building and refinement steps. The following residues
were disordered and not modeled due to poor electron density: chain A
169-172, chain B 121 and 171-173, chain C 170-171 and chain D
121-122 and 169-171. The model was refined to a resolution of 2.1 A
with R= 22.8 and Free R = 27.5 with excellent geometry (Table 1).

Table 1: Data collection and refinement statistics.

Space group Cc2

Unit cell (R) a=118.0; b=82.8; c=87.6; d=99.57
Data collection resolution 50-2.1

R-merge (%)= 6.8 (52.9)

Completeness® 99.4 (97.3)

I/o high resolution shell 3

Refinement resolution (&) 30-2.1

# protein non-H atoms 3638

# DNA atoms 1022

# water molecules 232
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Space group

# reflections

# reflection test set (5%)

R (%)*

Free R (%)=

Rmsd bonds (R)

Angles

Overall B factor, protein (A2)
Overall B factor, DNA (A2)
Overall B factor, solvent (A2)
Ramachandran plot*

Most favored regions (%)
Allowed regions (%)
Generously allowed (%)=
Disallowed (%)

c2
45791
2438

21.8 (28.3)
27.6 (35.4)
0.01

1.5

35

57

43

90.0
9.0
1.0
0.0

*Values for highest resolution for data collection 2.10-2.14, and for refinement 2.10-

2.15 A are shown in parentheses.
**Ramachandran plot parameters were calculated by program PROCHECK®S2
Residues in generously allowed conformation are in poorly structured loops.

33

Highlights

¢ DNA binding properties of Plasmodium falciparum SSB are different

from E. coli SSB.

e Unlike Ec-SSB, the Pf-SSB does not possess the (SSB)3s DNA binding

mode.

e Pf-SSB has unique DNA binding properties.

e PFf-SSB DNA binding activity might be specific for biological function in

Plasmodium.
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Supplemental Information

Figure S1
A) Buffer H + 200 mM NaCl (No reducing agent)
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Figure S1. Pf-SSB forms higher order complexes in the absence of reducing agents. A) Analytical
sedimentation velocity centrifugation analysis of Pf-SSB (3 uM) in the absence (green) or
presence (red) of (dT)70 DNA (3 uM). c(s) profiles measured in buffer H with 200 mM NacCl in the
absence of reducing agents reveal presence of multiple peaks which correspond to formation of
homotetramers, octamers and higher order species. (B) Addition of 1 mM TCEP to the reaction
results in the formation of a discrete single peak corresponding to a homotetramer.
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Figure S2
A)

C)
kDa_ M

97
66
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30

20.1
14.4 <«—13.2 kDa

Figure S2. Crystals of the P~SSB-(dT)35 complex that was grown at either 15°C (A)
or 40C (B). (C) Crystals were collected into loading buffer and analyzed on a SDS
PAGE gel. The faster migrating bands in the samples from the crystals compared to
the control sample suggest proteolytic cleavage during crystallization. Note that full
length Pf-SSB sample (lane 1) migrates slower than expected, possibly due to poor
interaction of its asparagine rich Cterminus with SDS in the buffer.

1. Pf-SSB
2. Crystals at 15 °C
3. Crystals at 4 °C

<—24.6 kDa
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Figure S3

A) B)

Figure S3. (A) Front and (B) top view of the superimposition of the Pf-SSB and Ec-
SSB homotetramer structures show the high degree of structural similarity between
the two proteins.

Figure S4

Figure S4. A) A representative region of 2Fobs-Fcalc composite omit electron-density
map contoured around ssDNA at 1o level and calculated using CNS simulated
annealing omit map protocol. B) Ribbon diagram of ssDNA color-coded accordingly to
B-factor in spectrum from blue for lowest B-factor atoms to red with the highest B-

factor.
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Figure S5

Pf-SSB-(dT)s5 Ec-SSB-(dC);;

Figure S5. Comparison of ssDNA wrapping around the Pf-SSB and Ec-SSB proteins.
The individual subunits are show as ribbons and the DNA is shown as sticks.
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Pf-SSB Plasmodium falciparum SSB
Ec-SSB Escherichia coli SSB

SIPs SSB interacting proteins
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