J. Biochem. 127, 329-335 (2000)

Roles of Functional Loops and the C-Terminal Segment of a
Single-Stranded DNA Binding Protein Elucidated by X-Ray Structure
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The single-stranded DNA (ssDNA) binding protein from Escherichia coli (EcoSSB) plays
a central role in DNA replication, recombination, and repair. The tertiary structure of
EcoSSB was determined at 2.2 A resolution. This is rather higher resolution than previ-
ously reported. Crystals were grown from the homogeneous intact protein but the
EcoSSB tetramer in the crystals contains truncated subunits lacking a part of the C-ter-
minal. The structure determined includes biologically important flexible loops and C-
terminal regions, and revealed the existence of concavities. These concavities include
the residues important for ssDNA binding. An ssDNA can be fitted on the concavities
and further stabilized through interactions with the loops forming flexible lids. It seems
likely to play a central role in the binding of ssDNA.
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protein.

The single-stranded DNA (ssDNA) binding protein from
Escherichia coli (EcoSSB) plays a central role in DNA repli-
cation, recombination and repair (I-3). EcoSSB is one of
helix destabilizing proteins that are essential for DNA
metabolism in all organisms, and binds tightly and co-oper-
atively to ssDNA with little sequence specificity (3), but can
also bind mRNAs with sequence specificity (4). However,
EcoSSB cannot bind double-stranded DNA (5). It is
believed to exist as stable homotetramers composed of sub-
units of 18,843 Da (6), which are considered to be the func-
tional form (7-10). This tetramer can bind to ssDNA in
several different modes (11, 12), and its co-operativity is
reduced at higher salt concentrations (13, 14). To prove this
idea, three distinct binding stoichiometries (35, 56, and 65
nucleotides per tetramer) were identified at different salt
concentrations (11, 12, 15). Recently, two structures of Eco-
SSB have been reported, at resolutions of 2.9 A (16) and 2.5
A (17) (Table I). In one structure the L,, (Pro24-Gly27), L,,
(Trp40-Lys49) loops, and the C-terminal region (Gly113—
Phel77) were lacking (16), and in the other the L., loop
structure including important Trp40 could not assigned for
8sDNA binding (17). Here we report the crystal structure of
EcoSSB, at a higher resolution of 2.2 A, including these
loops and the C-terminal region. The newly solved struc-
ture, in conjunction with the results of a biochemical study
on mutant proteins with deletions (18), has shed light on
the structure—function relationship of the protein.

! To whom correspondence should be addressed. Tel: +81-791-58-
0179, Fax: +81-791-58-0177, E-mail: yasuoka@sci.himeji-tech.acjp

© 2000 by The Japanese Biochemical Society.

Vol. 127, No. 2, 2000 329

MATERIALS AND METHODS

Purification and Crystallization of EcoSSB—EcoSSB
was overproduced from pT7-7 and purified by the modified
method described by Kinebuchi et al. (18), and then crystal-
lized by the batch method with a protein concentration of
14 mg/ml. Into each glass vial was added 20 pl of precipita-
tion solution (50 mM Tris-HCI, pH 9.0, 0.325 M NaCl, 0.3
0.6 M ammonium sulfate) and 20 pl protein solution, fol-
lowed by standing at 4°C. Very small crystals appeared
after two months. The glass vials containing small crystals
were transferred to an incubator at 30°C. The small crys-
tals were gradually dissolved in 24 h. The temperature was
then decreased by 1°C per day until it reached 15°C. The
prismatic crystals grew to dimensions of 1.0 mm x 0.3 mm
% 0.3 mm.

Diffraction Experiments and Structure Determination—
X-ray data were collected on the beamline ID14/EH3 at the
European Synchrotron Radiation Facility (ESRF), and the
beamline BL6A at the Photon Factory (PF) at room temper-
ature. Diffraction data were recorded with an MAR CCD
detector at the ESRF and a Fuji BAS-2000 image plate de-
tector at the PF. Data sets were processed using the HKL
package (19) and CCP4 suite (20). A molecular replacement
method involving a partial model (17) yielded a clear solu-
tion in the cross-rotation function, translation search and
rigid body refinement using the program X-PLOR (21). The
initial 2F -F, electron density was then refined by solvent
flattening, histogram matching, and the NCS averaging
technique using the program DM. A molecular envelope
was generated with the programs NCSMASK and program
MAMA in the O package (22). The sigma-weighted 2F —F,
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TABLE 1. Summary of crystal data.*
Matsumoto et al. (this work)

Used protein Native protein (177 residues)
Unit cell 105.37, 62.92, 97.79 A, B=112.57°
Resolution 52.0-2.2 A
R-merge® 5.9%
Resolution range 15.0-2.2 A (R-factor = 22.8%%)
Assigned residues 576 residues

Raghunathan et al. (16)
Used protein Selenomethionyl chymotryptic fragment

(135 residues)

Unit cell 58.0, 105.8, 90.2 A, B=99.0°
Resolution 30.0-2.7 A
R-merge 5.3%
Resolution range 8.0-29 A

(R-factor = 23.0%/R-free = 29.5%*)
Assigned residues 384 residues

Webster et al. (17)

Used protein 1 : 1 mixture of native and truncated
protein (151 residues)

Unit cell 104.72, 62.19, 97.41 A, p=112.63°

Resolution 30.0-25 A

R-merge 16.9%

Resolution range 10-2.5 A (R-factor=25.5%)

Assigned residues 412 residues
°These crystals belong to monodinic space group C2. "R-merge:
LI | Ih i) —<I(h)> | /£, 1(h i), where I(h ) is the intensity value of
the ith measurement of h, and <I(h)> is the corresponding mean
value of I(h) for all i measurements. ‘R-factor: L |F-F, |/Z|F,]|,
where F, and F, are the observed and calculated structure factors,
respectively. ‘No amplitude cutoff No R-free reflections. *R-free
was calculated using 10% of the reflections.

(a)

Fig. 2. Structure of EcoSSB at 2.2 A. Ribbon diagrams of the ter-
tiary structure of the EcoSSB tetramer. Monomers A (blue), B (green),
C (orange), and D (red). The tetramer has a non-crystallographic 222
symmetry, but loops (L12, L2s, and 145) and the C-terminal region of
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electron density map calculated with phases derived from
this model was reasonably good within the model but
unclear outside of it. Polypeptide chains were fitted into the
electron density map with the program FRODO (23). Simu-
lated annealing followed by positional and B-factor refine-
ments was carried out with all data in 15-2.2 A resolution
with the program CNS (24).
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Fig. 1. SDS-PAGE of purified EcoSSB used for crystallization
and that recovered from crystals. Proteins were stained with
Coomassie Brilliant Blue R250. Three-fourths of EcoSSB in crystals
lacked C-terminus ends, being truncated to give approximately 150
residues. The numbers to the left of the lanes denote the molecular
weight markers (1), EcoSSB before crystallization (2), and dissolved
crystals (3).

(b)

each monomer are asymmetric. The drawing was generated with the
programs FRODO and MOLSCRIPT (29). The view in (a) is orthogo-
nal as to that in (b).
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RESULTS

SDS-PAGE of Crystals—The purified EcoSSB before
crystallization gave a single band on sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig.
1). However, the protein recovered from crystals gave two
major and two minor bands. The first major band corre-
sponds to an intact protein, whereas the second major band
and the two minor bands are due to truncated proteins.
Quantitative analysis showed that the crystals were com-
posed of an approximately 1 : 3 mixture of native (18.8 K)
and C-terminal truncated polypeptide chains (16.5 K, 15.2
K, and 14.8 K). We tried to crystallize an intact EcoSSB tet-
ramer, and we succeeded in getting crystals after two
months. Judging from the SDS-PAGE results described
above, truncation of the C-terminal regions of three chains

within the tetramer might have occurred during this
period. Since further purification by gel-filtration did not
reveal any protease, the proteolysis may be autolysis. It is
considered that the C-terminal parts of three subunits
within a tetramer may be removed to decrease an unfavor-
able interaction for crystallization.

Structure of EcoSSB—The N-terminal part (Alal-Met-
111) of each monomer in the tetramer has an approximate
(non-crystallographic) 222 symmetry (Fig. 2, a and b). But
the C-terminal part (Leull2-) is not related by any sym-
metry element with any other part. The whole structure is
composed of four monomers including about 30 residues
newly assigned for C-terminal regions starting from Gly114
on the successive composite annealed omit maps in the
CNS program. Figure 3 shows the amino acid sequence
and schematic drawings of the secondary structure assign-
ed, using EcoSSB nomenclature. The EcoSSB monomer

1 10 20 30 40
ASRGVNKVI LVGNLGQDPEVRYMPNGGAVANITLATSESW
1 L1 51 L12 B2

50 80 70 80
RDKATGEMKEQTEWHRVYV FGQiﬁi‘ﬁiiiLRKGSQVYIE
B3

L23 L3 o

20 100 110 120
GAQLRTRKWTDQSGQDRYTTEVVVNVGGTMQMLGGRQGGGA
B4 : L4s Bs' Lse 8

130 140 150 160
PAGGNI GGGQPQGGWGQPQ&PQG%NRFSGGAQSRPQQSAP

D B AC

170
AAPSNEPPMDFDDDI PF

(a)

Lad

Fig. 3. Schematic drawing of the second-
ary structure. The structure-baged sequence
was generated using the program ALSCRIPT
(30). The blue arrows and red bar show B-
sheets and the o-helix, respectively. The as-
signment according to the OB fold rule (31) is
shown in green. The limits of structure deter-
mination of monomers A to D are also shown
(a)

(b)

Fig. 4. Electrostatic potential of the EcoSSB tetramer. The views in Fig. 2a and Fig. 4a, and Fig. 2b and Fig. 4b are of the same orienta-
tion. Positive and negative potentials are shown in blue and red, respectively, using GRASP (32).
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TABLE II. Crystallographic data and statistics of structure

refinement.
Crystallographic data
Space group C2
Unit cell parameters 105.37, 62.92,
9779 A
90.0, 112.57, 90.0°
Resolution range 52.0-2.2 A
(2.37-2.20 A)
Total number of reflections 150, 790
Number of unique reflections 24, 956
R-merge 5.9% (19.7%)
Completeness 82.7% (43.5%)
Overall multiplicity 6.0 (2.3)
Statistics of structure refinement
Resolution range (A) 15.0-2.2
Reflections used 24884
R-factor (%) 22.8
R.m.s.d from ideal bond lengths (A) 0.0062
R.m.s.d bond ideal bond angle (deg) 1.20
Average B-factor (A% 66.6
B-factor minimum/maximum (A?) 21.6/100.6

R.m.s.d B-factors
Bonded main chain/bonded side chain (A7) 1.82.1
Angle main chain/angle side chain (A?) 3.2/3.0

has a total of 177 amino acid residues as an intact protein,
however, in the figure three triangles indicate peptide ter-
minals that we can trace for each monomer in the electron
density map. Visible C-terminal regions are long and have
no specific secondary structure. The structure has an R-fac-
tor value of 24.7% and an R-free one of 31.2% (R-free is cal-
culated using 5% of the reflections; no amplitude cutofd).
The final model has an R-factor value of 22.8% (no R-free
reflections; no amplitude cutoff), including monomers A
and C (Alal-GIln146), B (Ala1l-Gly144) and D (Alal-Gln-
140), and 454 water molecules. The final model does not
show large discrepancies from the standard geometry of
peptide bonds, but seven residues (GIn94 and GIn140 of
monomer A, Ser92 and GInl39 of monomer B, Lys43 and
Leul12 of monomer C, and GIn94 of monomer D) fell in the
disallowed regions of the Ramachandran plot. This struc-
ture has been deposited in the Protein Data Bank (acces-
sion code, 1QVC). The crystallographic data and refinement
statistics are summarized in Table II.

Structure Comparison—We have compared our structure
with the previously reported (17), in which the C-termini
were not identified. Significant differences between the two
structures were found mainly in loops L,;, L, and L. The
overall rm.g deviation of the main chain atoms of the two
structures (Alal-Gly107) is 3.35 A. Within our structure,
the conformations of loops L,,, L,;, and L, are slightly dif-
ferent among the four monomers forming a tetramer.

Surface of EcoSSB—Positively charged concavities were
found on the surface of the tetramer (Fig. 4, a and b). They
may provide a hint as to the problem of how an ssDNA
strand traces on the surface of EcoSSB. Each concavity
extends over two different monomers except the concavities
from i to 1. The naming scheme for the positive concavities
observed on the surface of EcoSSB is given in Table III.

DISCUSSION

Stabilization of Tetrameric Conformations—EcoSSB
should form a tetramer for DNA binding, however, the dele-
tion of residues Thr89-Val105 causes instability of the tet-

T. Matsumoto et al.

TABLE III. The naming scheme for the positive concavities
observed on the surface of EcoSSB. The amino acids and struc-
tural motifs such as p strands and loops constituting each concavity
are listed.

Concavity Amino acids, P stranda and loops.
A, B, C and D denote each monomer in the tetramer
a A: Arg8d, Arg2i, By, Ba, Ba. Bu. Bs
B: Trp5Sd, fr. By
b A: Trp54, B2, Bs
B: Arg8d4, Arg2i, B;. Ba. By, By, Bs
c C: Arg84, Aarg2l, B, Pa. By, PBs. PBs
D: Trp54, P, B,
a C: Tzp54, P2, Ps
D: Arg8d, arg2l, B, B.. B.. B, B,
L] A: Pheb60, Arg3, Lys62, Lia, Lja, Lag
B: Trpd40, Argdl, Lys43, Lxn
4 A: Trp40, Argdl, Lysd3, Lp
B: Phe60, Argl, Lym62, Lj;, Liq, Leg
g C: Phe60, Arg3, Lys62, Lja, Lia. Lsg
D: Trp40, Argdl, Lys43, Ln
h C: Trpd0, Argdl, Lys43, Ly,
D: Phe60, Arg3, Lys62. Lyo, Lys. Las
i A: Trp54, Arg56, Lys73, Arg72, L;,
E] B: Trp54, Arg56, Lys73, Arg72, L;-;, Lay
X C: Trp54, Arg56, Lys73, Arg72, Ly, Ly
1 D: Trpsd, Arg56, Lys73, Arg72, Lj.. Loy
n A. Trp88, Lys87, Arg96, Lys
B- Trp88, LyaB87, Arg96, Ls
n C: Trp88, Lys87, ArgS%6, Lus
D: Trp88, Lys87, ArgS6., Lys

rameric structure of EcoSSB (18). Figure 5 shows the tetra-
meric form of EcoSSB and water molecules functioning as a
paste between two monomers. The white chains are
assigned as Thr89-Vall105, this region of monomer A inter-
acting with monomers B and C through the hydrogen
bonds of water molecules, thereby stabilizing a tetramer.
The N-terminal truncated mutant lacking Alal-Valll
exists as an octamer (18). The Alal-Valll region forms an
antiparallel P sheet with the same region of another mono-
mer, and places several hydrophilic side chains on the sur-
face of the tetramer. It is reasonable to predict the form-
ation of a pile of two tetramers due to an interaction be-
tween otherwise exposed hydrophobic parts.

Function of the C-Terminal Region—Yuzhakov et al. (25)
reported that the switching from priming to DNA polymer-
ization at a replication fork is dependent on the C-terminal
region. The present structure shows that the C-terminal
region (Leull2-GIn146) protrudes from the rest of a tet-
ramer, and that the four terminals have different conforma-
tions. The major interactions of the C-terminals with the
surrounding molecules were found at Leul12-Gln146 of
monomer A, Leul12-Gly144 of monomer B, Leul12-GIn-
146 of monomer C, and Leull2-GIn140 of monomer D.
This unique structure suggests that the different interac-
tions between the C-terminal regions (Leul12-GIn146) and
surrounding molecules are weak. It is conceivable that the
C-terminal region can move freely in solution helping Eco-
SSB interact with primase or the y subunit of the clump
loader (25).

Mechanism of ssDNA Binding—We recognized four posi-
tively charged concavities on the surface of EcoSSB, con-
sisting of B-sheets, basic amino acids and loops. On C-ter-
minal deletion up to Argll5 the affinity for ssDNA is re-
tained, while deletion up to Vall05 reduces the affinity by
100-fold, confirming a critical role of 1, containing Gly106—
Argl15 in DNA binding (18). This suggests that concavities
e, f, g and h are required for ssDNA binding. It should be
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Thros

noted that the other three loops, L,,, Ly, and L, were
found to have conformations constituting basic concavities
e, f, g h, m, and n. These loops contain positively charged
side chains, which can interact with phosphates of ssDNA,
and thus these loops may contribute to the binding to
ssDNA. Although we have no structure for a DNA complex,
the precise three-dimensional structure and its resultant
surface potential may lead to the suggestion of a pathway
and the interaction of EcoSSB with a single-stranded DNA
wound around the tetramer. One idea is that EcoSSB may
wind an ssDNA along a bent or crooked groove congist of
six concavities in the sequence of m, b, £, h, d, and n.
Figure 6 shows biologically important tryptophan resi-
dues superimposed on the charged surface. The EcoSSB
monomer has four tryptophan residues (40, 54, 88, and

Vol. 127, No. 2, 2000

Fig. 5. The region essential for the
tetrameric form of EcoSSB. The white
chains are assigned as Thr89-Vall05.
The Thr89-Vall05 region includes two
specific hydrogen bond contacts via a wa-
ter molecule between monomers. These
hydrogen bond contacts function as a
paste between monomers.

135). Trp40, 54, and 88 play a central role in 8sDNA bind-
ing (26), and Trp40 and Trp54 are important for the high
affinity for ssDNA (27). These tryptophan residues are
located on the positively charged concavities running over
the interface between two monomers, furthermore, they
could function beyond monomers. An indole ring of Trp40
located on loop L,,;, newly found in this study, could be very
important for a DNA wound around EcoSSB. It may be a
holding or stacking force between the indole (Trp40) and
aromatic (Phe60) rings located in loops L, and L, respec-
tively. The substitution of alanine for Phe60 results in a
decrease in binding affinity by 3 orders of magnitude (28).
Notably, all these important amino acids (Trp40, Trp54,
Trp88, and Phe60) for ssDNA binding are located in these
positively charged concavities.
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(a) (b)
Li2

Phe60

Trp40
' Lse
L3c

©Concavity

(c) (d)

Trp88

Trp88

Trp54

Trp88

Trp88
Concavity k 4 Concavity
Fig. 6. Locations of concavities, loops, and aromatic residues.
(a) Concavity d. (b) Concavity h. (¢) Concavity k. (d) Concavity n.
The figures were produced with GRASP. Four amino acids, Trp40,
Trp54, Trp88, and Phe60, are important for ssDNA binding.

Sequenced Process of Binding of EcoSSB to ssDNA—The
present structures may imply the interaction of EcoSSB
with ssDNA in the following way. First, the loops rearrange
on ssDNA binding so as to open the concavities. Then, four
positive charge concavities, including Trp40, Trp54, Trp88,
and Phe60, bind lagging ssDNA. Each loop catches ssDNA
to further stabilize the complex. Finally, the C-terminal
region interacts with primase or a clump loader.
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