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ABSTRACT. A series of C- and N-terminal deletion mutantssicherichia colsingle-stranded DNA binding
protein (SSB) was constructed, purified, and characterized in terms of ability to self-multimerize and to
bind to DNA. High-performance gel filtration chromatography revealed that the amino aciets089

play a key role in the maintenance of homotetramer for native SSB of 177 amino acids. Interestingly, all
of the N-terminal deletion mutants studied here were eluted as octamers, indicating that the N-terminal
11 residues are involved in the prevention of the formation of octamers. The binding of SSB and its
deletion mutant proteins to single-stranded d{@as examined by gel mobility shift assay and circular
dichroism spectroscopy. C-terminal deletion mutant proteins, S3B% and SSB1115, maintained

high affinity and may be wrapped by single-stranded DNA (ssDNA) in the same way as in the case of
native SSB. In contrast, deletion of the C-terminal region (residue4d 89) or N-terminal region (residues
1—-11) caused a dramatic decrease in the binding affinity. Furthermore, two different stoichiometries of
SSB in the complexes with d(dz) but not with d(T},, were observed for native SSB, SSB1135, SSB1-

115, and SSB3%177, suggesting that the (SSBand (SSBys binding modes, as previously demonstrated
[Lohman, T. M., & Overman, L. B. (1985). Biol. Chem260, 3594-3603; Bujalowski, W., & Lohman,

T. M. (1986)Biochemistry25, 7799-7802], occurred at lower and higher SSB concentrations, respectively.
A functional map for SSB molecule was presented and discussed.

Proteins that specifically bind to single-stranded DNA et al., 1988; Curth et al., 1993; Lohman & Bujalowski, 1994).
(ssDNAY} play an essential role in DNA replication, repair, Three distinct binding modes with site sizes of approximately
and recombination of both prokaryotes and eukaryotes. The35, 56, and 65 nucleotides per tetramer are identified under
single-stranded DNA binding protein dEscherichia coli various conditions [Lohman & Overman, 1985; Bujalowski
(SSB) is one of the most intensively studied among these & Lohman, 1986; Bujalowski et al., 1988; also see review
proteins [see reviews by Meyer and Laine (1990), Lohman by Lohman and Bujalowski (1990)]. It was suggested that
and Bujalowski (1990), and Lohman and Ferrari (1994)]. In the switching among these binding modes might be involved
physiological conditions SSB exists as a homotetramer of ain biological processes (Lohman & Bujalowski, 1990; Ferrari
subunit of M, 18 843 (177 amino acid residues) and binds et al., 1994).
specifically and cooperatively to ssDNA.

Lohman and his colleagues [see reviews by Lohman and
Bujalowski (1990) and Lohman and Ferrari (1994)] showed
the variety of the interactions of SSB with ssDNA. For
example, increasing salt concentration reduces the cooper
ativity of SSB binding to ssDNA (Bujalowski & Lohman,
1989a,b). The binding stoichiometry is also affected by salt
concentration, type of cation and anion, pH and binding
density of SSB (Bujalowski & Lohman, 1986; Bujalowski

Notably, SSB activates N4 early promoters by stabilizing
a DNA hairpin required for promoter recognition by viron
RNA polymerase, and no other single-stranded DNA binding
proteins can substitute it (Markiewicz et al., 1992; Alexandra
et al., 1996). Moreover, SSB alters the structure of intramo-
lecular DNA triplexes in supercoiled plasmids (Klysik &
Shimizu, 1993). Thus, the interaction of SSB with DNA is
not simple and is not yet been well understood.

A proteolytic study has demonstrated that the N-terminal
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SSB tetramer (Williams et al., 1984; Bujalowski & Lohman, %, and 1 mL of 16 w/w % ammonium sulfate in a T-buffer
1991a), and the resultant SSB-1 monomer still binds to [50 mM Tris-HCI (pH 7.5), 10 v/v % glycerol, 1 mM EDTA
ssDNA (Bujalowski & Lohman, 1991b). These analyses of and 10 mM 2-mercaptoethanol]. After dialysis against
point mutants give important but limited information on the I-buffer [50 mM imidazole (pH 6.9), 20 v/iv % glycerol, 1
binding regions in the protein. Thus, a global view of the mM EDTA, and 10 mM 2-mercaptoethanol] containing 200
structure of SSB such as functional domains remains to bemM NaCl, the native SSB, SSB1135, SSB1+115, and
clarified. SSB37 115 were subjected to phosphocellulose (Whatman)

Herein, we constructed and purified a series of N- and column (2.5 cmx 25 cm) chromatography and eluted with
C-terminal deletion mutants of SSB using T7 overexpression a linear gradient of 0.050.6 M NaCl in the same buffer
system. Their affinity for single-stranded oligo d{Tyas (300 mL each). SSB12177 and SSB3#177 were sub-
characterized by gel mobility shift assay and by circular jected to a DEAE-Cellulofine (Seikagakukogyo, Japan)
dichroism spectroscopy. Their oligomerization was moni- column (2.5 cmx 25 cm) chromatography and eluted with
tored by high-performance gel filtration chromatography. On a linear gradient of 0.050.6 M NacCl in the same buffer
the basis of these results, a functional domain map for SSB(300 mL each).

molecule was presented and discussed. SSB1-105, SSB188, and SSB3%105 overexpressed in
inclusion bodies were recovered in pellet from the cell lysate
MATERIALS AND METHODS (60 mL) by centrifugation at 18 0@Qand washed twice with

30 mL of H-buffer (50 mM NaHPO,, 20 viv % glycerol,
and 400 mM NaCl) and once with 30 mL of L-buffer (50
mM NaH,POy, 20 v/v % glycerol, and 400 mM NacCl). The
All DNA fragments Containing thssbcoding sequence precipitates for SSB1105 and SSB%88 were solubilized
were prepared by polymerase chain reaction (PCR) usingWith 15 mL of I-buffer containig 3 M guanidine hydro-
plasmid pNI6 (Shimamoto et al., 1987) that carries the entire chloride, whereas SSB371.05 was solubilized with 15 mL
ssbgene ofE. coli (Sancar et al., 1981) as a template. of I-buffer containig 6 M urea. The solutions were then
The PCR products for native SSB and the C-terminal centrifuged at 18 0Ggfor 20 min at 4°C, and the supernatant
deletion mutants (SSB1135, SSB1+115, SSB+105, and was diluted 10-fold with I-buffer. SSB1105 and SSB%
SSB1-88) were digested witkhd andHindlll or Saland 88 were then subjected to phosphocellulose column (2.5 cm
were ligated into pT7-5 (Tabor & Richardson, 1985; Tabor, X 25 cm) chromatography and eluted with a linear gradient

1989) betweerxhd and Hindlll sites or betweeixhd and ~ 0f 0.05-1.0 M NaClin I-buffer (300 mL each). The protein
Sal sites. These constructs have the T7 promoter with the SSB37-105 was subjected to DEAE-Cellulofine column (2.5

ssbtranslation initiation region. cm x 25 cm) chromatography and eluted with a linear

The PCR products for the N-terminal deletion mutants 9radient of 0.050.6 M NaCl in the same buffer (300 mL
(SSB12-177, SSB37177, SSB37115, and SSB37105)  €ach).
were digested wittNdd andHindlll or Sal and were ligated The peak fractions containing native and deletion mutant
into pT7-7 (Tabor & Richardson, 1985; Tabor, 1989) SSB proteins were further subjected to Heparin-Sepharose
betweerNdd andHindlll or betweerNdd andSal. These  CL-6B (Pharmacia) column (1.0 cm 20 cm) chromatog-
constructs have the T7 promoter with the T7 translation raphy and eluted with a linear gradient of 0-:660 M NaCl
initiation region. in I-buffer (120 mL each).

All of the plasmids constructed here were checked by The purity of the proteins was checked by SBS
DNA sequencing (Sambrook et al. 1990). Tésbcoding  polyacrylamide gel electrophoresis (PAGE) (Figure 1). Each
sequence for all of the deletion mutant proteins was verified SSB mutant protein was also checked by the immunoblotting
to be identical to that for wild type SSB, except that SSB37  using anti-SSB serum (Shimamoto et al., 1987). Protein
115 had a point mutation of Ser (ACC) to Pro (CCC) at concentration of native SSB was determined by UV absor-

Construction of Plasmids for Expression of Natiand
Deletion Mutant SSB Proteins

amino acid residue 108. bance using an extinction coefficient of 29 200 Mem™!

at 280 nm (Shimamoto et al., 1987). Concentrations of the
Expression and Purification of Nag and Deletion SSB deletion mutants were determined by the BAC method
Mutant SSB Proteins (Pierce) using native SSB as a standard.

CD spectra of native SSB and mutant proteins were
measured as a function of guanidine hydrochloride concen-
tration to conform refolding of proteins expressed in inclusion
bodies.

E. colistrain BL21 (DE3) pLysS was used for expression
of the native SSB and its deletion mutants. The transformed
cells were incubated at 37C in 2 L of LB medium
containing 100ug/mL of ampicillin. When the culture
reached at OBy = 0.5, expression was induced by adding

1 mM IPTG. After further incubation for 3 h, cells were Gel Filtration Chromatography

harvested and stored a80 °C until use. All SSB mutant Purified native SSB and its deletion mutants aul9
proteins were purified as described previously (Shimamoto protein concentration were applied on a Superdex 75 gel
et al., 1987) with the following modifications. filtration column using a Smart system (Pharmacia). Proteins

Native SSB, SSB%135, SSB1+115, SSB12177, were eluted with a high salt buffer containing 300 mM NacCl,
SSB37%177, and SSB37115 were precipitated from the 0.1 mM EDTA, and 10 mM Tris-HCI (pH 7.5) to avoid a
supernatant of the cell lysate (60 mL) by incubation with nonspecific interaction of proteins with the gel matrix.
0.27 g/mL of ammonium sulfate for 30 min and centrifuga- Fractions of 0.05 mL were collected at a flow rate of 0.05
tion at 18 00@ for 30 min. The pellets were washed mL/min, and applied on SDSpolyacrylamide gel electro-
subsequently with 2.5 mL of 20 w/w %, 1.25 mL of 20 w/iw phoresis (SDSPAGE). Phosphorylase B, conalbumin,
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Ficure 1: Native SSB and its deletion derivatives used in this study. (a) Abbreviations for deletion mutants of SSB as indicated, (b)
Coomassie Brilliant Blue stain of SB$olyacrylamide gel electrophoresis, and (¢) immunoblot analysis. Amino acid sequences of all the
mutant proteins were identical to wild type SSB, except that SSB35 had a Ser to Pro mutation at amino acid residue 108. Molecular

weight markers used in panel (b) are phosphorylasBd@ 000), albumin ¥, 67 000), ovalbuminNl,; 43 000), carbonic anhydraskl,(

30 000), trypsin inhibitor i1, 20 100), andx-lactglobin (M, 14 400).

ovalbumin, and cytochronteé were used as molecular weight
markers.

Gel Mobility Shift Assay

Oligonucleotides were radioactively labeled at the 5
terminus with T4 polynucleotide kinase (New England
Biolabs) in the presence of {*2P]ATP (4500 Ci/mmol, ICN

Pharmaceuticals, Inc.), and unreacted ATP was removed by

passage through a Sephadex G-50 (Pharmacia) spun colum
(Sambrook et al., 1990). The oligonucleotides (0.5 pmol
each in total volume of 5@L, i.e, 1.0 x 1078 M) were
mixed in a binding buffer [50 mM NacCl, 0.1 mM EDTA,
and 10 mM Tris-HCI (pH 8.0)]. Then, the DNA mixture
was titrated with SSB. After incubation on ice for 30 min,
each mixture was loaded and run on an 12% polyacrylamide
gel electrophoresis at€. The DNA bands were visualized
by autoradiography.

CD Measurements

CD spectra were recorded at 2€ on a JASCO J-720
spectropolarimeter (Japan Spectroscopic Co., Ltd). z6(T)
(final concentration, kM) was mixed in a binding buffer
[50 mM NacCl, 0.1 mM EDTA, and 10 mM Tris-HCI (pH
8.0)]. Then, the DNA solution was titrated with concentrated
solution of the proteins. The CD difference spectra of the
proteins-ssDNA complex were recorded as the mean residue
ellipticity of the ssDNA.

RESULTS

Expression and Purification of Nat and Deletion
Mutant SSB Proteins

Three series of SSB deletion mutantg., C-terminal,
N-terminal, and both C- and N-terminal deletions are shown
in Figure la. Native SSB and C-terminal deletion mutants
were expressed using T7 promoter with Bgbtranslation

initiation region, while N-terminal deletion mutants were
expressed using the T7 promoter with the T7 translation
initiation region. The N-terminal deletion mutants were
expressed at levels—5-fold higher than native SSB and
C-terminal deletion mutants. The difference in SD sequences
may account for the difference in the degree of expression
of proteins.

The purity of the proteins was checked by SEFSAGE

nnd immunoblot as shown in Figure 1b and c. Deletion
mutants SSB%+105 and SSB37105 migrated more slowly
than expected from their molecular weights by unknown
reason.

a

Analysis of Multimerization by High-Performance Gel
Filtration Chromatography

To characterize the regions required for tetramerization
of SSB, the series of deletion mutants were analyzed by high-
performance gel filtration chromatography to estimate ap-
parent molecular weights. Multimer formation was deter-
mined by the ratio of estimatéd, to monomemM, as shown
in Table 1. Native SSB was eluted normally at a volume
corresponding to tetramek), = 78 000. The C-terminal
deletion mutants, SSB1135 and SSB%115, were eluted
at volumes corresponding to trimers), = 46 000 and
38 000, respectively. These behaviors in gel filtration are
in good agreement with the previous report that N-terminal
fragments, SSB(1—135 amino acid residues) and SSB—

115 amino acid residues), obtained from digestions of SSB
with chymotrypsin and trypsin, respectively, were eluted in
the position of trimeric form (Williams et al., 1983).

The trimer can be interpreted in three ways, the true trimer,
a tetramer with an compacted conformation or a mixture of
tetramer and dimer rapidly equilibrated. Neither the true
trimer with a 3-fold symmetry nor the421 type trimer may
be harmonized with the tetrameric structure of the native
SSB molecule. Since SSB105 maintained tetrameric form
as eluted at volume corresponding My = 44 500, the
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Table 1: Multimer Formation and Relative Binding Affinty &
coli SSB and Its Mutant Proteins

Binding Affinity and Modes of SSB and Its Deletion
Mutants to Oligonucleotide d(T)

relative
SSB Me multimer binding To identify the DNA binding domain of SSB, we measured
mutants  estimatéd monomer  formatior? affinity* the binding affinities of SSB and its deletion mutants to
native SSB 78000 18843 4.1 (tetramer) 1 d(T)s2 by gel mobility shift assay (Figure 2). The band of
gggi—ﬁg gg 888 1421 47123 gg ggggmgg ig nativ'e SSB-d(T)s2 complex was retarded by the stoichio-
SElE LI BTl Tuoo  Jec smans o Son e he e ooy
SSB1-88 10 500 9877 1.1 (monomer)<1/500 :
SSB12-177 140000 17706 7.9 (octamer) 1/200 mutants, SSB1135 and SSB1115, completely retarded
SSB37177 130000 16796 7.7 (octamer) 1/50 the DNA at [SSB]/[ssDNA] = 4—8, showing similar
gggg;%g g 888 98’ ggi 1(7)-3 ((gggmzfr)) no%/dze(:)t(()actable affinities of native SSB and these two mutant proteins. Thus,
33000 4.0 (tetramer) deletion of amino acid residues 12677 did not severely

affect the ssDNA binding ability. These results were
" : : consistent with the report obtained by fluorescence spec-

of Superdex 75 gel filtration chromatograpfMultimer formation o )

was determined by the ratio of estimatédto monome,. ¢ SSB1- trometry (Williams et al., 1983; Curth et al., 1996) that the

135 and SSB4115 would exist as tetramers with compacted confor- C-terminal third (16-177 residues) is not essential for ss
mations or as a rapidly equilibrating tetramer/dimer mixture, and hence DNA binding.

they were regarded as putative tetramers (see tER@lative binding However, further deletion in C-terminal region, as seen

affinity of SSB and its deletion mutants for a single-stranded (T) . ) ' A
was determined by gel retardation assay (see text). in the panel of SSB%105 in Figure 2, caused a dramatic
decrease in the binding affinity. Half of the DNA remained

compacted tetramers of SSB135 and SSB+115 would ~ free at [SSB]/[ssDNA]= 128. It is convenient to define
be plausible. This idea is also consistent with a recent reportelative binding affinities of mutant proteins and native SSB
by Curth et al. (1996) that chemical cross-linking tetramers for SSDNA as the reciprocal of the molar ratio of SSB to
of ECoSSB Q152* (+151 residues) and EcoSSB G117+ SSDNA at which the amounts of bound and unbound ssDNA
(1-116 residues) were observed. Thus, as shown in TableWere equal. Here, the relative binding affinity of native SSB
1, we regarded SSB1115 and SSB*135 as putative IS taken to be unity. Table 1 shows that the affinity of
tetramers. SSB188 was eluted at volumes corresponding SSB1-105 for d(T), decreases by about 50-fold from the
to monomer (Table 1). These results indicate that the level of native SSB. Consistently for SSB&8, although a
deletion of residues 89105 causes instability of the tet- faint band due to the proteitDNA complex appeared at
rameric structure of the SSB. [SSB]/[SSDNA] - 256, a |al’ge fraCtion Of free d(a-g)
On the other hand, the N-terminal deletion mutants, femained at [SSBJ/[ssDNAJ= 1024 where SSB188
SSB12-177, SSB37177, and SSB37115 were eluted as ~ S€émed to be aggregated (data not shown), indicating very
octamers (Table 1), indicating that the deletion of the Weak affinity of SSB188 for the ssSDNA. Thus, the region
N-terminal 11 amino acids seemed to dimerize tetramers. Of residues 89115 plays a crucial role in DNA binding
Interestingly, SSB37105 was eluted as two peaks at ability of SSB.
molecular weights corresponding to tetramer and octamer. The N-terminal deletion mutant proteins retarded half of
The relative intensity of the two peaks varied in different the free d(T), at [SSB]/[ssDNA] = 512 (the panel of
protein concentrations at injectione., tetramer increased SSB12-177 of Figure 2), showing that the affinity of
at lower concentration but decreased at higher concentrationSSB12-177 for d(T), was about 200-fold smaller than that
leading to a slow equilibrium between tetramer and octamer. of native SSB (Table 1). Thus, the deletion of N-terminal

2 The molecular weightN];) was estimated from the elution profile
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SSB1-135

0 © o
OO0~ N <FTO-®

SSB1-115

08« a v w28 SSBissDNA

e |
e ——
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Ficure 2: Gel mobility shift assay for d(E) with native and deletion mutant SSB proteins. Numbers at the top of each lane represent the
molar ratio of SSB monomer to ssDNA. ssDNA concentration was fixed to be 1.08 M. Experimental details are described in Materials
and Methods.

free
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Native SSB SSB1-135 in the panel of native SSB, about a half of the amount of
0 d(T)ss was retarded at [SSB]/[ssDNA} 4, and the complete
retardation occurred at [SSB]/[ssDNAF 8. Thus, the
minimum amount of protein required for the complete
retardation of d(Tegy was about twice as much as for d¢T)
(see Figure 2). This was also true for the binding affinities
}complex ; } complex of SSB1-135 and SSB%115 for d(Tks and d(T},. This
~~ires A"ﬁee implied that the stoichiometry of the SSEDNA complex

' - ) ) ) is different, depending upon the length of oligonucleotides.
Ficure 3: Gel mobility shift assay for single-stranded dgfyith Notably, two stable complexes of SSBSDNA, correspond-
native SSB and SSB1135. Experimental conditions were the same . ’ - '

ing to two retarded bands (indicated as compldxandll

as in Figure 2.

. . . . .. in Figure 4) were formed for native SSB, SSBI135,
11 amino acid residues severely affected the sSDNA binding 88819—115 Z;md SSB37177 with d(T)s. It can be simply
ability compared to the deletion of the last 62 residues in interpreted that at lower concentrations of native SSB, one

the C-terminal. As seen in the panel of SSB377 of : -

) molecule of native SSB tetramer binds to one molecule of
Figure 2, half of the d(T) was reta(ded at [.SSB]/[SSD.NA] d(T)es, forming complexi, whereas two molecules of SSB
between 64 and 128, and the relative affinity was eSt'matedtetramer bind to one molecule of d¢E)forming complex

to be about 1/50 relative to that of native SSB (Table 1). II. Such two complexes may represent two distinct binding

Interestingly, the further deletion of the N-terminal region ; N
up to Thr-36 caused an increase of the affinity for sSDNA. m_odes qf SSB rather than solely dlffer_ent st0|ch|ometry as
will be discussed later. Thus, the deletion of residue38a

The relative binding affinity of SSB37115, the mutant with or 116-177 did not affect the binding mode of SSB. In

both N-terminal and C-terminal deletions, was estimated to contrast, SSB488, SSB12-177, and SSB37115 formed

be about 1/200, and the binding of SSB305 to d(T). )
was not detected under the conditions employed (Table 1)_onl_y one type of the complex W'th.q(a:‘)(data not shown).
This would be only due to affinities too small to form

This result also suggested that the region of residues-106
115 is important for ssDNA binding. complext.

To investigate the binding modes of SSB, we determined ) )
the effect of oligonucleotide length on the binding affinity CD Spectra of Natie SSB and Its Deletion Mutants
of SSB deletion mutants using d¢§) d(T), and d(T})u. Complexed with d(E)
Figure 3 shows the gel mobility shift assay for native SSB ) ) )
and SSB+135 to d(T)e. The bands of d(T) were not CD spectra of the complex of d(a%)tltratgd with native
completely shifted even at [SSB]/[ssDNA] 32, indicating SSB, SSB1135, or SSBt115 were investigated (data not
small aff|n|ty for d(T)16 Furthermore, the band of DNA ShOWn). |aneaSing the amount of native SSB resulted in
protein complex was smeared for both native SSB and decreasing intensity of the CD of dgE)n the range from
SSB1-135, indicating a rapid dissociation of the complex. 240 to 300 nm, producing a change of dgigonformation
A similar result was obtained for SSB115 (data not upon SSB binding. This result is consistent with the previous
shown). This is consistent with the results of Krauss et al. reports (Anderson & Coleman, 1975; Kuil et al. 1990) that
(1981) and Bujalowski and Lohman (1989a) that interaction the intensity of the CD spectra of single-stranded polynucle-
of SSB with d(T)e is weak compared to that with longer otide and natural DNA is decreased upon binding to SSB.
d(T)s0-40, as shown by fluorescence titrations. These results Similar profiles of CD spectra were observed in the titration
implied that a certain length of ssDNA longer than 16 of d(T)s, with SSB1-115 and SSB%135, suggesting that
nucleotides was required to form a stable SEBNA SSB1-115 and SSB%*135 interact with d(T, in the same
complex. way as in the case of native SSBe., the deletion of the

Figure 4 shows gel mobility shift assay for native SSB, C-terminal residues up to 116 does not affect the wrapping
SSB1-135, SSB1115, and SSB37177 to d(T}s. As seen of SSB molecule by ssDNA.

Native SSB SSB1-135

0 © o © o
OO~ AT~ ® O+~ a + ®~ ™ o© SSB/ssDNA

o)
‘ [3Y) g o
_ocn—mvoov«—’m cor~a<o~®m SSB/ssDNA

complex II

~a=complex II
complex I

~=complex |
-a=free

SSB1-115 SSB37-1

77
<
© o< © o XYY SSB/ssDNA
O~ ¥ Or-®O o+ ™ -~ Qb - SS
P ~a=complex II
~=complex II ~a=complex |

complex I

—~a=free -a=free

Ficure 4: Gel mobility shift assay for single-stranded d{ith native and deletion mutant SSB proteins. Experimental conditions were
the same as in Figure 2. Two retarded bands indicated as complexed| are seen in each panel.
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ssDNA binding in vivo function
40 5455 60 89 115 136 177

Al R 77
| S%B LCOOH

11 55
prevention of tetramer tetramer
octamer formation formation
formation

Ficure 5: Functional dissection of SSB referred to as the abilities for DNA binding and multimerization of deletion mutant proteins. At
the top, black boxes represent the region involved in ssDNA binding, and the shaded box represents the region impiartaimb for
function of SSB. At the bottom, gray boxes represent regions essential for intermolecular interaction to form multimers. Bars on both sides
indicate amino acid residues revealed to be involved in ssDNA binding or tetramer formation from characterization of amino acid substitution
mutant proteins (Merril et al., 1984; Williams et al., 1984; Casas-Finet et al., 1987; Khamis et al., 1987; Bujalowski & Lohman, 1991a,b).

DISCUSSION reduced the stability of the tetramer with respect to the
monomer and thereby lowered the binding affinity (Williams
et al., 1984; Bujalowski et al., 1991). Taken together, the
formation of the tetramer is a critical factor of the high
affinity for ssDNA, suggesting that the ssDNA binding

We have examined the roles of N- and C-terminal regions
of SSB in terms of the abilities of DNA binding and self-
oligomerization, and the results obtained are illustrated in
the functlonal_map of SSB monomer in Figure S. None of domains may be formed on the surface of the tetramer and/
common motifs corresponding to the SSB domains was

S . ; .. or at the interface between SSB subunits.
found, judging from a search for amino acid sequence matifs. L . . .
As described in the Results, C-terminal deletion up to the Site-directed mutagenesis and spectroscopic studies showed

106th amino acid residue did not affect tetramer formation &t Trp-40 and Trp-54 are important for high-affinity binding
of SSB (Table 1), and hence a critical region for tetramer {© SSDNA, whereas Trp-88 and Trp-135 are not (Casas-Finet
formation was attributed to amino acid residues-895 et al., 1987b; Khamis et al., 1987a,b). UV credisking
(Figure 5). On the other hand, the N-terminal deletion of SSB to the d(Tgwas found to occur almost excluswe_ly
mutants, SSB12177 and SSB37177 exist as octamers, at Phe-60 (Merril et aI.., 1984). Taken together, the regions
suggesting that SSB has a region to control the dimerizationimportant for ssDNA binding were mapped as shown in the
of tetramer to form octamer. The same N-terminal deletion Plack boxes in Figure 5.
severely decreased the affinity for sSDNA (Table 1). This It was shown that the C-terminal deletion up to the 116th
suggests a reverse correlation between octamerization andesidue does not significantly affect either the ssDNA binding
an enhancement in DNA bmdmg The structure of T4 gene afflnlty or multimer formation. To evaluate the function of
32 protein and a hexadeoxynucleotide (Shamoo et al., 1995)this regionin zivo, we introduced plasmids harboring the
revealed that a hydrophobic pocket is included in the ssDNA genes of SSB188, SSB1-115, and SSB1135 into anE.
binding domain of T4 gene 32 protein. The N-terminal 11 coli strain that carries the wild typesb gene under
amino acids of SSB contain five hydrophobic residues. If regulatable promoter. In spite of the high expression of these
the N-terminal hydrophobic residues are used in the ssDNA mutant proteins, the cells were not viable if expression from
binding, the N-terminal deletion may cause an effect similar the wild typessbgene was shut off (data not shown). This
to the DNA binding, namely, octamerization upon DNA result indicates that the C-terminal region is important for
binding, as proposed by Lohman and colleagues that SSBthe function of SSBin wivo, and this region might be
tetramer binds cooperatively to ssDNA to form octamer in involved in the interaction with other proteins in DNA
the complex (Lohman & Bujalowski, 1990; Ferrari et al., Mmetabolism (see the shaded box in Figure 5). This idea is
1994; Lohman et al., 1986). Alternatively, if the N-terminal consistent with properties of tresb-113mutation (Pro-176
hydrophobic residues are a part of the hydrophobic core to Ser), which exhibits a temperature sensitive defect in
determining the general folding of the protein, the N-terminal replication (Vales et al., 1980). Since there does not seem
deletion may cause a drastic change in the general structurdo be any major change in ssDNA binding properties of SSB-
of SSB, leading to loss of the affinity for DNA and exposure 113 protein compared to wild type SSB, it has been
of a hydrophobic surface to promote octamerization. postulated that the defect in the SSB-113 protein may result
Williams et al. (1984) showed that the SSB-1 mutant from the perturbation of interactions with other replication
protein (His-55 to Tyr) exist as monomer at relatively lower proteins [Chase etal., 1985; see reviews by Meyer and Laine
protein concentrations. Therefore, oligomer formation is (1990), Lohman and Bujalowski (1990), and Lohman and
attributed to at least three distinct regions: residuedtl ~ Ferrari (1994)]. Quite recently, Curth et al. (1996) have
and 89-105 and near the His-55 residue (see Figure 5). reported that mutant SSB proteins lacking the last 10 amino
As seen in Table 1, there is a considerable difference in acids are unable to substitute wild type SSB, indicating that
the relative affinities for d(T between SSB%115 and the C-terminal region is involved in proteitprotein interac-
SSB1-105 (1/2versusl/50). Further deletion of C-terminal  tion in the E. coli cells.
region (89-106) caused a remarkable reduction of sSDNA  We observed two species of SSBNA complexes with
affinity. It is worth noting that the important regions for  d(T)ss and one with d(Ty; by the gel mobility shift assay. It
both ssDNA binding and multimerization are overlapped in is explained that the complexésandIl were formed with
the functional map of SSB (black boxesrsusgray boxes molar ratios of d(Tg/SSB tetramer of 1:1 and 1:2, respec-
in Figure 5). Moreover, the substitution of His-55 to Tyr tively. Lohman’s group identified as many as three binding
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modes processing site sizes of approximately 35, 56, andChase, J. W., L'ltalien, J. J., Murphy, J. B., Spicer, E. K., &
65 nucleotides per tetramer under various conditions [see Williams, K. R. (1984)J. Biol. Chem. 259805-814.
review by Lohman and Bujalowski (1990)]. The site size Curth. U., Greipel, J., Urbanke, C., & Maass, G. (19B&)chem-
. . istry 32 2585-2591.

of sSDNA varies between 3% 5 and 65+ 5 nucleotides ¢y, U., Genschel, J., Urbanke, C., & Greipel, J. (1996}leic
per tetramer, depending on the solution conditions, particu-  Acids Res. 242706-2711.
larly on the salt concentration and type. Furthermore, Ferrari, M. E., Bujalowski, W., & Lohman, T. M. (1994) Mol.
fluorescence titrations showed that the (S§Bhd (SSBYs lB";L 236 106-123. _ ciew o
modes are favored at high and low SSB binding densities, Glucksmann-Kuis, M. A, Dai, X., Markiewicz, P., & Rothman-

. . . Denes, L. B. (1996 ell 84, 147-154.
respectivelyj.e, one SSB molecule can bind all 65 nucle-  knamis, M. 1., Casa-Finet, J. R., & Maki, A. H. (19874) Biol.
otides at large excess of binding sites, while two SSB  Chem. 2621725-1733.
molecules share 65 nucleotides with an excess of proteinkKhamis, M. 1., Casa-Finet, J. R., Maki, A. H., Murphy, J. B., &
over binding sites (Bujalowski et al., 1986; Ferrari et al., Klﬁ?lfsf’ :]&- ghi(nlw?z%?bl\)/'l B(g-g %;‘Ergszfﬁogg;é%%?
1994). _The trar_15|t|on b_etween _the (SeBand (SSBds Kraus:s, G Sinderménn', H., Schomburg, U & Maass, G. (1981)
modes is reversible at high density (Lohman et al., 1985). " gjochemistry 205346-5352.
Thus, complexekandll as seen in Figure 4 are most likely ~ Kuil, M. E., Holmlund, K., Vlaanderen, C. A., & van Grondelle,
to be in the binding modes of (SSB)[or (SSB)¢ and R. (1990)Biochemistry 298184-8189. _
(SSB)s, respectively. Herein, our results clearly show that Lohman, T. M., & Overman, L. B. (1985). Biol. Chem. 260

the transition of the binding modes is induced by changing Loﬁf’ng:f?osm & Bujalowski, W. (1990) irThe Biology of

the SSB concentrationg., the (SSBgs and (SSBys binding Nonspecific DNA-Protein Interactions(Revzin, A., Ed.) pp
modes occur at lower and higher SSB concentrations, 131-168, CRC Press, Inc., Boca Raton, FL.
respectively. The change of the binding modes, which may Lolgrln%n, T. M., & Bujalowski, W. (1994iochemistry 336167~
be used selectively in DNA replication and recombination : , .

as proposed previously (Lohman & Bujalowski, 1990; Ferrari Loggainé% M., & Ferrari, M. E. (1994jnnu. Re. Biochem. 63

etal., 1994), would be governed by the local concentrations | ghman, T. M., Overman, L. B., & Datta, S. (1988) Mol. Biol.

of SSB in the cells. 187, 603-615.
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