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Abstract The crystal structure of the DNA-binding domain of

E. coli SSB (EcoSSB) has been determined to a resolution of 2.5

A

î

. This is the first reported structure of a prokaryotic SSB. The

structure of the DNA-binding domain of the E. coli protein is

compared to that of the human mitochondrial SSB (HsmtSSB).

In spite of the relatively low sequence identity between them, the

two proteins display a high degree of structural similarity.

EcoSSB crystallises with two dimers in the asymmetric unit,

unlike HsmtSSB which contains only a dimer. This is probably a

consequence of the different polypeptide chain lengths in the

EcoSSB heterotetramer. Crucial differences in the dimer-dimer

interface of EcoSSB may account for the inability of EcoSSB

and HsmtSSB to form cross-species heterotetramers, in contrast

to many bacterial SSBs.
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1. Introduction

From bacteria to man, single-stranded DNA-binding pro-

teins (SSBs) are essential for DNA replication, repair and

recombination. In spite of this, three-dimensional information

on these proteins became available only very recently: The X-

ray structures of the DNA-binding domains of human RPA

and human mitochondrial SSB (HsmtSSB) were reported ear-

lier this year [1,2] and shown to bear little relation to one

another, as well as being very di¡erent from the previously

known structures of some viral SSBs [3^6]. However, whereas

the molecular size and oligomeric state of these proteins vary

dramatically between the members of the functional family, it

has recently been proposed that portions of their DNA-bind-

ing domains show some resemblance to the oligomer-binding

(OB) fold [7]. The SSB from E. coli (EcoSSB) consists of 177

amino acids (excluding the N-terminal methionine) and forms

a very stable homotetramer [8^11]. Crystallisation studies by

us [12] and others [13^16] were complicated by the fact that of

the four polypeptide chains, at least two have to be truncated

at their carboxy termini to obtain X-ray-grade crystals [12^14]

(Pasutto et al., in preparation). Removal of the C-terminal

fragments actually results in a protein with a higher a¤nity

for single-stranded DNA (ssDNA) [17,18]. However, the C-

terminal domain is essential for the in vivo functioning of

EcoSSB, possibly by virtue of interactions with other proteins

in the cell [18].

We have now determined the crystal structure of an

EcoSSB mixed tetramer, containing two full-length polypep-

tide chains and two chains terminating at residue 151. Com-

parison of the N-terminal DNA-binding domain of EcoSSB

with HsmtSSB [2] revealed an overall similarity as well as

interesting di¡erences.

2. Materials and methods

2.1. Crystallisation

Crystals of EcoSSB were obtained by equilibrating a 3^4 mg/ml

solution of the protein against a reservoir containing 5% PEG 400,

40 mM sodium cacodylate and 10 mM L-mercaptoethanol at pH 6.4.

The protein used was a 1:1 mixture of native (177 residues) and

carboxy-terminal truncated (151 residues) polypeptide chains, which

had been incubated for at least 36 h at room temperature [18,19]. The

monoclinic crystals produced are of space group C2 (a=104.72,

b=63.86, c=98.42 A

î

, L=112.30³) and are isomorphous to EcoSSB

crystals described earlier [12^15]. From packing considerations [20],

supported by SDS gel electrophoresis (Pasutto et al., in preparation),

the content of one asymmetric unit was determined to be two intact

and two truncated SSB chains.

2.2. Structure determination

Native di¡raction data were collected using a Mar 18 cm image

plate mounted on the X-ray di¡raction beamline at the Elettra syn-

chrotron in Trieste, Italy. The data were collected at a wavelength of

1.0 A

î

, to a maximum resolution of 2.5 A

î

, and were processed using

the HKL suite of programs [21] to yield a scaled set of di¡raction

intensities (Table 1). The structure was determined by the technique of

molecular replacement, using the program AMoRe [22] with the hu-

man mitochondrial SSB structure [2] (36% sequence identity) as the

search model (see Table 2). The HsmtSSB model, oriented according

to the molecular replacement solution found with AMoRe (with an

initial R-factor of 49.3%) was used as a template upon which to build

the EcoSSB sequence into electron density maps. These maps were

calculated with weighted Fourier coe¤cients obtained from the SIG-
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Table 1

Summary of X-ray di¡raction data for EcoSSB

Space group C2 (unique axis b)

Unit cell parameters 104.72, 62.19, 97.41 A

î

90.0, 112.63, 90.0³

Resolution range 30.0^2.5 A

î

Total number of re£ections 51 106

Number of unique re£ections 18 545

Rmerge 0.169

Completeness 91.9%

Mean I/c(I) 3.2

Overall redundancy 2.8

Statistics quoted are for all data to 2.5 A

î

(no re£ections excluded).
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MAA procedure [23] to reduce the e¡ects of model bias. All model-

building operations were carried out using the programs O [24] or

FRODO [25]. The resultant model was subjected to rigid-body, posi-

tional, simulated annealing and B-factor re¢nement using X-PLOR

3.1 [26] with the Engh and Huber geometric and force parameters

[27]. After further model re¢tting and re¢nement, the R-factor was

reduced to 25.5% for all data from 10 to 2.5 A

î

, for the model con-

taining 107 residues of the structured N-terminal DNA-binding do-

main. The C-terminal domain is currently still under construction,

and it is clear that much of this region of the protein is disordered

in the crystal form described here.

2.3. Structure comparison

The crystal structures of EcoSSB and HsmtSSB were compared

using the program LSQKAB [28]. Visual comparisons were made

using O [24].

3. Results and discussion

We successfully used the three-dimensional model for

HsmtSSB [2] to determine the crystal structure of EcoSSB

by molecular replacement (see Table 2). Despite their rela-

tively low sequence identity (36%), the two proteins share

very similar biophysical properties [29]. They form stable tet-

ramers with an overall D2
symmetry, comprised of two dimers

interacting head to head, across a relatively £at interface (Fig.

1). In both structures, the tetramer is comprised of two dimers

related by the twofold crystallographic symmetry axis. How-

ever, while the asymmetric unit of the HsmtSSB crystals con-

tains only one dimer [2], there are two dimers per asymmetric

unit in the EcoSSB crystals. This is probably due to the di¡er-

ence in polypeptide chain lengths in the mixed EcoSSB tet-

ramers.

In both structures, the individual monomers are composed

of a small K-helical segment (residues 63^68 in EcoSSB) and

two L-pleated sheets that form a L-barrel whose front and

back faces consist of three and four antiparallel strands re-

spectively. The overall r.m.s deviation of CK atoms between

the DNA-binding domains of the two structures is 1.56 A

î

. In

the HsmtSSB structure [2], there are two long hairpin loops

between antiparallel strands (residues 30^37 and 103^110) ex-

hibiting large atomic temperature factors. Not unexpectedly,

these loops (residues 21^28 and 88^95) show a signi¢cantly

di¡erent structure in EcoSSB. The segment between residues

51 and 65 is apparently very mobile in HsmtSSB, lacking

electron density altogether [2]. EcoSSB has a shorter but still

£exible loop at this point (residues 42^51), exhibiting only

weak and discontinuous electron density for the outermost

two or three residues.

In both structures, the polypeptide chains show no secon-

dary structural features beyond residue 107 (EcoSSB) and 122

(HsmtSSB), respectively. This seems to hold true for much of

the C-terminal domain in EcoSSB which is not present in

HsmtSSB. Such a lack of secondary structure and a possible

corresponding degree of disorder is not unexpected in view of

the amino acid sequence of this domain, which consists of

31% glycine, 15% proline, and 20% glutamine residues for

the segment 113^167. Only for the ultimate 10 residues of

the intact EcoSSB polypeptide chain can regular secondary

structure (perhaps K-helical) be expected, since there is a

high proportion of negatively charged side chains in this seg-

ment. However, our electron density maps have so far failed

to indicate the position of the two copies of this segment

present in the 2:2 heterotetramer form of EcoSSB that was

crystallised here. Interestingly, it has been shown that removal

of this negatively charged C-terminal region leads to an en-

hanced a¤nity of the resulting truncated EcoSSB protein for

ssDNA [18].

While the C-terminal domain is neither required nor present

in HsmtSSB and seems to play no role in DNA binding, it is

required for the in vivo functioning of EcoSSB [18]. Its im-

portance is illustrated by the ssb113 mutation of the penulti-

mate proline 176 to a serine, giving rise to a UV and temper-

ature-sensitive phenotype [30,31]. Since it seems that these last
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Table 2

Summary of molecular replacement procedure for EcoSSB

Resolution range 20.0^4.0 A

î

Rotation and translation function (1st dimer)

Best solution K=337.40 L =99.91 Q =12.79

tx=0.2946 ty=0.0000 tz=0.2500

Correlation

coe¤cient

0.238

R-factor 53.8%

Rotation and translation function (2nd dimer)

Best solution K=173.87 L =72.56 Q =247.85

tx=0.0230 ty=0.4135 tz=0.1935

Correlation

coe¤cient

0.320

R-factor 51.7%

Re¢nement of combined solution

Dimer 1 K=338.19 L =100.76 Q =13.55

tx=0.29622 ty=0.00013 tz=0.25197

Dimer 2 K=172.80 L =72.10 Q =248.93

tx=0.01915 ty=0.41481 tz=0.19640

Correlation

coe¤cient

0.431

R-factor 49.5%

Fig. 1. (A) Secondary structure ribbon diagram of the DNA-binding

domain of the EcoSSB tetramer, generated using MOLSCRIPT [39].

The asterisk (*) denotes the position of the putative DNA-binding

cleft. (B) The superposition of the EcoSSB (shown in bold) and

HsmtSSB tetramers, plotted using MOLSCRIPT [39].
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10 residues of the C-terminal have some role other than DNA

binding, perhaps being involved in protein-protein interac-

tions, it has been supposed that the rest of the C-terminal

domain in EcoSSB serves merely as a spacer, keeping these

negative charges away from the bound DNA [18]. This pro-

posal is certainly in accordance with the seeming lack of struc-

ture in this region of the protein. It has also been previously

shown that the C-terminal third of EcoSSB becomes more

accessible to proteolysis upon binding of the protein to sin-

gle-stranded DNA, and that removal of this entire region

enhances DNA-binding a¤nity [17]. The presence or absence

of the C-terminal 26 residues also has implications for the

crystallisation of EcoSSB, as illustrated by the necessity to

remove them in (at least) two of the four polypeptide chains

of the tetramer, in order to obtain di¡racting crystals [12^14].

In HsmtSSB, a cluster formed by the imidazole moieties of

four symmetry-related histidine residues (His-18) has been

found to stabilise the tetramer interface (Fig. 2b), and it

was speculated that these could constitute a binding site for

zinc ions, although there is no evidence for a role of divalent

cations in SSB assembly and function [2]. In EcoSSB, these

histidines are substituted for Ile-9, the four copies of which

are closely packed across the crystallographic and non-crys-

tallographic two-fold axes (Fig. 2a). This di¡erence in an oth-

erwise very similar dimer-dimer interface might be the reason

for the inability of EcoSSB and HsmtSSB to form cross-spe-

cies heterotetramers [18], in contrast to many bacterial SSBs

[19]. A central role in the tetramerisation of EcoSSB has also

been demonstrated for the histidine residue at position 55,

replacement of which by a bulkier side chain leads to destabil-

ization of the tetramer [32,33]. This can now be clearly under-

stood in the light of the present structure, since this residue is

very tightly enclosed on all sides, in a pocket formed by sur-

rounding residues (Leu-10, Thr-36, Glu-53, and residues Asn-

6 and Leu-83 from the other monomer in the non-crystallo-

graphic dimer) close to the tetramer interface. Prior to the

existence of any structural information on SSB, it was widely

accepted that the ssDNA-binding domain was K-helical [34],

yet it was known that His-55 was implicated in tetramer for-

mation, whilst the adjacent Trp-54 was a major determinant

of ssDNA binding. Whereas the K-helical structure predicted

for this region would be inconsistent with this ¢nding, the L

conformation that is actually observed does indeed allow two

adjacent residues to have very di¡erent environments, with

one being buried in the tetramer interface, whilst the other

projects into the solvent region, making it accessible for

ssDNA binding.

The tryptophan residues 40, 54, and 88 in EcoSSB have

been shown to play a central role in DNA binding [35,36].

The £uorescence of Trp-54 is 95% quenched upon binding of

FEBS 18895 12-9-97

Fig. 3. The interaction of the conserved Trp-54 with Gly-15, ac-

counting for the observed reduction of ssDNA-binding a¤nity in

the ssb3 mutant where Gly-15 is substituted for Asp. The electron

density shown is from a 2Fo3Fc map contoured at 1 c.

Fig. 2. The cluster of crystallographically and non-crystallographi-

cally related Ile-9 and His-18 residues in the interfaces of the

EcoSSB (a) and HsmtSSB (b) tetramers, respectively.
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single-stranded DNA to EcoSSB [36]. This group of Trp res-

idues, along with other important DNA-binding residues such

as Phe-60, are distributed along the putative DNA-binding

cleft in EcoSSB, enabling them to interact with the DNA.

Additionally, two of three lysine residues in the N-terminal

domain, Lys-49 and Lys-62, are oriented towards the DNA-

binding cleft, consistent with the observation that at least one

of the N-terminal domain lysines is involved in ssDNA bind-

ing [37]. Although it has been previously believed that no

arginine residues were involved in ssDNA binding [37], six

of them in this region of the protein (arginines 21, 41, 56,

72, 86 and 96) are also oriented into the DNA-binding cleft

in a manner that may suggest a possible role in ssDNA bind-

ing. Interestingly, the EcoSSB ssb3 mutation, in which Gly-15

is substituted for aspartic acid, giving rise to an extremely

UV-sensitive phenotype in a¡ected cells [38], can also now

be explained by the EcoSSB structure: the observed mutation

would produce a striking clash with the essential Trp-54

residue that is one of the key determinants of DNA binding

(Fig. 3).

The structure presented here correlates very well with the

existing wealth of biochemical and biological data that has

been accumulated for EcoSSB, and is able to shed light on

many aspects of it that remained hitherto unexplained.
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