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Abstract

Bacteria encode homooligomeric single-stranded (ss) DNA-binding proteins (SSBs) that coat and
protect ssDNA intermediates formed during genome maintenance reactions. The prototypical
Escherichia coli SSB tetramer can bind ssDNA using multiple modes that differ by the number of
bases bound per tetramer and the magnitude of the binding cooperativity. Our understanding of the
mechanisms underlying cooperative ssDNA binding by SSBs has been hampered by the limited
amount of structural information available for interfaces that link adjacent SSB proteins on
sSDNA. Here we present a crystal structure of Bacillus subtilis SsbA bound to sSDNA. The
structure resolves SshA tetramers joined together by a ssDNA “bridge” and identifies an interface,
termed the “bridge interface”, that links adjacent SSB tetramers through an evolutionarily-
conserved surface near the ssDNA binding site. £. colf SSB variants with altered bridge interface
residues bind ssDNA with reduced cooperativity and with an altered distribution of DNA binding
modes. These variants are also more readily displaced from ssSDNA by RecA than wild-type SSB.
In spite of these biochemical differences, each variant is able to complement deletion of the ssb
gene in E. coli. Together our data suggest a model in which the bridge interface contributes to
cooperative sSDNA binding and SSB function but that destabilization of the bridge interface is
tolerated in cells.
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Introduction:

Single-stranded (ss) DNA-binding proteins (SSBs) bind ssDNA intermediates formed during
cellular processes such as DNA replication, recombination, and repair [1-5]. SSB binding
protects ssDNA from damage and suppresses formation of secondary structures that can
block genome maintenance reactions. In bacteria, SSBs most commonly exist as tetramers
that coat ssSDNA by binding cooperatively to shared ssDNA molecules [6-11]. However, the
structural mechanisms responsible for cooperative interactions remain ill-defined. SSBs have
a second function in which they interact directly with numerous genome maintenance
proteins [1, 12-18]. These interactions provide access to SSB/ssDNA substrates for proteins
that associate with SSB.

Bacterial SSB subunits, including those of the prototypical Escherichia coli SSB (ECSSB),
are comprised of an N-terminal DNA binding/tetramerization domain and a C-terminal
protein interaction motif (Fig. 1a). The N-terminal domain is made up of an oligosaccharide/
oligonucleotide-binding (OB) fold whereas the C-terminal region is comprised of an
intrinsically disordered linker (IDL) capped by a highly-conserved “SSBCt” protein-docking
motif. Within the OB domain, the ssDNA-binding interface is defined by aromatic residues
that stack with the ssDNA bases and basic and polar residues that interact electrostatically
with the ssDNA backbone [19-24].

EcSSB binds DNA in multiple modes that vary by the number of ssDNA nucleotides that are
occluded per SSB tetramer and intermolecular cooperativity [5, 9, 25-32]. One binding
mode, called SSBgs, wraps 65 nucleotides of sSSDNA around each tetramer and residues
from all four protomers contact the DNA [33-35] (Fig. 1b). The SSBgs mode is favored
under high-salt conditions (>200 mM NaCl, >10 mM MgCl,) and low SSB/ssDNA ratios /n
vitro [9, 30]. A second mode, SSB35, wraps 35 nucleotides of ssDNA around each SSB
tetramer, engaging an average of only two OB domains per tetramer for sSDNA binding
(Fig. 1b). The SSB35 mode is favored under low-salt conditions (< 20 mM NaCl, <1 mM
MgCl,) and high SSB/DNA ratios [11, 36]. In addition to these modes, a third mode
(SSBsg) is observed at intermediate salt concentrations [5, 26, 30]. The physiological
concentration of SSB is estimated to range from ~500 tetramers/cell in minimal media to
upwards of 3,600 tetramers in rich media [37, 38].

SSB modes also vary in their observed cooperative binding to sSDNA /n vitro. The SSBgsg
mode has limited positive cooperativity, wrapping DNA in “beaded” octameric units [6, 28,
29, 39, 40]. In the SSB35 mode, DNA binding cooperativity is very highly positive [9] and
SSB/ssDNA complexes can be visualized as large protein clusters by electron microscopy
[40, 41]. Recently, it has been shown that highly cooperative binding of ECSSB to ssDNA is
dependent on the IDL [10, 11]. This highly cooperative binding likely has contributions
from interactions between non-nearest neighbor SSB tetramers and is known to be enhanced
in the presence of glutamate, an abundant free metabolite in bacteria [10, 11, 72]. SSB
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binding modes have been shown to have differential effects on SSB/ssDNA substrate
utilization by RecA, a recombinase that is dependent upon ssDNA binding for ATP
hydrolysis. Specifically, the SSBg5 mode stimulates RecA ATP hydrolysis in a condition-
dependent manner /n vitro [40, 42-45].

Although SSB binding modes and cooperativity have been investigated for decades, the
inter-protein interfaces that mediate cooperative interactions in any binding mode remain
poorly defined.

To better understand how bacterial SSBs bind ssSDNA, we have determined X-ray crystal
structures of free and ssDNA-bound forms of the essential SSB from Bacillus subtilis,
BsSsbA. A ssDNA “bridge” was observed between BsSsbA tetramers in the DNA-bound
structure and a novel intermolecular interface (termed the “bridge interface”) was formed
near the sSDNA linking two BsSsbA tetramers. Two EcSSB bridge interface variants
displayed reduced ssDNA binding cooperativity and altered distributions of DNA binding
modes relative to the wild-type protein. These variants were also more readily displaced
from ssDNA by RecA than EcSSB. Despite these differences, the ECSSB bridge interface
variants complemented an ssb gene deletion in £. coli, with only a minor DNA repair defect
observed for one of the variants. These results suggest that the bridge interface has a role in
formation and stabilization of higher-order SSB/ssDNA complexes but that changes to these
properties are tolerated in bacteria.

Crystal structures of B. subtilis SsbA in free and ssDNA-bound forms

To better understand the structural basis of bacterial SSB ssDNA binding, we crystallized
BsSsbA (36% identical to EcSSB) in the presence of dTss sSDNA. Two crystal forms were
observed and both structures were determined by molecular replacement (Table 1). One
crystal form diffracted to 2.2-A resolution and contained two BsSsbA tetramers per
asymmetric unit but lacked electron density for ssDNA. The second crystal form diffracted
to 2.9-A resolution — it contained a single BsSsbA tetramer per asymmetric unit and had
clear electron density for ssSDNA (Fig. 2 and 3). Differences between the free and ssSDNA-
bound BsSsbA structures were apparent in the L1, and L45 loops, which are involved in
ssDNA binding and/or inter-tetramer interfaces (Fig. 4, and see below). These loops are
named based on their positions between beta strands 1 and 2 (L1) or 4 and 5 (L4s) within
the OB fold [46]. C, atoms in the L12 and L45 loops differ between the two structures with
root mean square displacements of 1.4 and 3.6 A, respectively.

Electron density for two discrete segments of ssSDNA was observed in the BsSsbA/ssDNA
structure (Fig. 2d). The first segment (dT1-dT,) is bound by a single BsSsbA tetramer
whereas the second (dT;-dT43) bridges two symmetrically-related BsSsbA tetramers. Each
segment was shorter than the 35-base DNA ligand that was included in the crystallization
conditions. Similar short segments have been resolved in other SSB/ssDNA crystal
structures [19, 47, 48] and the segments likely represent stably bound portions of the longer
ssDNA included in the crystallization conditions. Even though SSB is able to diffuse along
sSDNA [44], the short DNA segments resolved in the structure likely represent base- or
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phosphodiester backbone-binding regions that are most significantly occupied within in the
crystal system.

Apparent protein contacts to the phosphodiester backbone and bases of the ssSDNA form the
SSB/DNA interface (Fig. 2 and 3). The dT1-dT4 segment is contacted by the side chains of
Asn50 (binding dT», through a water molecule) and Asn34 (dT3). Additionally, Phe48 stacks
with the base of dT», which in turn stacks against dT4. The dT;-dT3 segment shows
stacking interactions with Phe102 (dT, dT1g) and Phe37 (dTq;). Interactions are also
formed with the phosphodiester backbone via Asn60 and Arg56 (dTg, dTq1), and Arg55
(dT43). Additional contacts are made by main-chain carbonyl or amide groups of Val100
(dT7, dTqg), Phel02 (dT7), Phe37 (dTg), HisO (from His-tag, dT42), and Tyr19 (dT13).
Finally, the side-chains of GIn57 (dT42) and Arg55 (dTy3) contact bases.

Superimposition of a ssDNA-binding model derived from the EcSSB/ssDNA complex
crystal structure [19] with the BsSsbA/ssDNA structure shows that a portion of the sSDNA
binding groove in ECSSB corresponds to the dT,-dT4 segment (Fig. 2a). The EcSSB
structure resolved more ssDNA however, with DNA wrapping observed around all four
protomers. In ECSSB, the segment corresponding to dT1-dT, is the entry/exit site in a model
of its fully-wrapped SSBgs5 binding mode. This similarity suggests that the dT,-dT4 segment
may also mark the exit/entry point for ssDNA wrapped around BsSsbA.

Bridge interface in ssDNA-bound BsSsbA

The ssDNA-bound BsSsbA structure revealed a protein interface that links adjacent BsSsbA
molecules within the crystal lattice (Fig. 2b). The interface was formed near the sSSDNA
bridge where BsSsbA tetramers abut one another on sSDNA. We refer to this interface as the
bridge interface. A second interface was formed between L5 loops of two BsSsbA tetramers
docking against one another (Fig. 2c). However, since this interface is observed in both the
free and ssDNA-bound BsSsbA structures and similar packing has been observed in many
prior SSB structures either with or without bound ssDNA [19, 46, 49-57], our subsequent
studies focused on the bridge interface.

The BsSsbA bridge interface buries 431 A2 of surface area, comprised primarily of Tyr19
from one tetramer docking into a pocket formed by several residues (Arg10, Thr12, Ala32,
and Phe48) from the adjacent tetramer (Fig. 2b, Fig. S1). Additionally, Lys67 contacts the
main-chain carbonyl of Leul7 from the adjacent tetramer in the interface and Asn22
contacts Arg44 and Glu45 through side-chain and main-chain contacts, respectively. Most of
the bridge interface residues are evolutionarily well conserved among bacterial SSBs (Fig.
S1), suggesting that the interface is preserved broadly across bacteria. The average
crystallographic B value for bridge interface residues in the BsSsbA/ssDNA structure was
45.1 A2, compared to 47.5 A2 for all residues from interfacing monomers. In contrast, the
bridge interface residues had higher B values in the DNA-free structure (61.9 A2), compared
to the average value for all residues from the monomers containing these residues (50.5 A?)
(Fig. 4 and S1). This is consistent with stabilization of the bridge interface in the sSDNA-
bound complex.
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To examine possible roles of the bridge interface in sSSDNA binding and cooperativity, we
created variants that altered bridge interface residues in ECSSB (Fig. S2a). EcSSB was
chosen to carry out these experiments due to its well-defined binding modes and
cooperativity, the large number of biochemical assays that have been developed to analyze
its sSSDNA binding properties, and because the bridge interface was well conserved between
BsSsbA and EcSSB. Bridge interface EcSSB variants included Tyr22Ala (equivalent to
Tyrl9 in BsSsbA), Lys73Glu (Lys67 in BsSsbA), and a Tyr22Ala Lys73Glu double variant.

The EcSSB variants were purified and their folding stabilities were assessed via differential
scanning fluorimetry [58] (Fig. S2). EcSSB had a midpoint of denaturation (T,) of 66°C,
similar to earlier Ty, measurements of 69 and 71°C [59, 60]. The EcSSB variants had
modestly altered thermal stabilities, with T, values of 56.3 to 61.7°C, and appeared to
unfold cooperatively. Therefore, the EcSSB variants are folded at temperatures tested in this
study.

Gel shift analysis of ssDNA binding by EcSSB interface variants

To assess the contributions of the bridge interface to sSDNA binding and intermolecular
cooperativity, the DNA binding properties of the ECSSB variants were first investigated
using an electrophoretic mobility shift assay (EMSA). Previous EMSA analyses of EcCSSB
have demonstrated a strong salt dependence in binding to long ssDNA such as the circular
M13 bacteriophage genome (7.2 kb in length) [9, 48]. Consistent with published results,
M13 ssDNA binding by SSB was found to be very highly cooperative in low salt conditions
(20 mM NaCl), with the DNA migrating in a bimodal distribution reflecting DNA with
little/no SSB bound in the same population with SSB-coated DNA (Fig. 5). In a higher salt
concentration (300 mM NacCl), however, SSB binding to M13 was far less cooperative, with
partially-coated SSB/ssDNA bands observed in an SSB concentration-dependent manner.
Each of the EcSSB variants tested by EMSA displayed similar binding to that of EcSSB
under high salt conditions. However, differences were observed in the low-salt binding
assays. Each of the variants appeared to bind M13 ssDNA with mixed cooperativity, with the
simultaneous appearance of both fully- and partially-coated ssDNA bands in subsaturating
protein concentrations (Fig. 5). This difference is consistent with sequence changes in the
bridge interface altering cooperative intermolecular interactions.

Binding modes and cooperativity in the bridge interface EcSSB variants

We next examined the impact of sequence changes in the ECSSB bridge interface on the
cooperativity and site size of sSDNA binding. We first used a single-molecule (sm) FRET
approach that monitors SSB binding modes on a sSDNA segment with Cy3 and Cy5 (donor
and acceptor fluorophores) separated by 70 nt of ssSDNA [27, 44] (Fig. 6a). In the absence of
SSB, the average distance between the donor-acceptor pair is large, leading to a low FRET
signal (EpgreT ~0.1). Upon addition of EcSSB under conditions that favor the SSBgs mode,
such as high salt (>200 mM NacCl) or low [SSB], a high FRET signal (EgreT ~ 0.65-0.75) is
observed. This high FRET has been attributed to the FRET pair being brought close together
near the entry/exit sites of the DNA in the SSBgg mode [27, 44, 61]. An intermediate FRET
signal (EggeT ~ 0.2) is observed under low salt (10 mM NacCl) or high [SSB] conditions that
favor the SSB35 mode. In this state, two SSB tetramers bind along the 70 nt ssSDNA and the
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donor/acceptor pair are further apart than in the SSBgs mode but closer together than in the
free ssDNA state.

Two of the bridge interface variants differed from EcSSB in their binding behavior in the
SmMFRET assay. When ssDNA was bound in intermediate NaCl concentrations (100 mM),
binding by low concentrations of the Lys73Glu and Tyr22Ala Lys73Glu variants produced
FRET signals (EggeT ~ 0.5) that were not consistent with either the SSB35 or the SSBgs
state (Fig. 6b and 6¢). Moreover, these ECSSB variants had a maximum FRET (Egggt ~ 0.6)
under high salt conditions that differed from the SSBgg state for ECSSB. The Tyr22Ala
variant behaved similarly to EcSSB under most of these conditions, except that with 100 nM
Tyr22Ala EcSSB and 100 mM NacCl the variant appeared to show a somewhat stronger bias
toward the SSBgs mode binding than EcSSB. Under high [SSB] and low salt conditions, the
variants displayed SSB3s-mode FRET efficiencies (EgreT ~ 0.2) normally observed with
EcSSB, except that the Lys73Glu had an unusually low FRET signal that was below that of
the free ssSDNA (Fig 6b). These data are consistent with the Lys73Glu and Tyr22Ala
Lys73Glu EcSSB variants binding ssDNA in an unusual, condition-specific manner. In
particular, the lower FRET signals for the Lys73Glu and Tyr22Ala Lys73Glu variants
(ErreT ~ 0.5-0.6) compared to ECSSB in the SSBgg state could be due to ssDNA fraying in
an otherwise wrapped state, which would decrease the observed FRET signal.

Time-resolved smFRET traces of the Lys73Glu and Tyr22Ala Lys73Glu EcSSB further
confirm that the variants access a lower maximum Egggt (~ 0.5-0.6) compared to EcSSB
and Tyr22Ala EcSSB (~0.65 — 0.75), but that fluctuations between multiple FRET states are
observed for all SSB variants examined (Fig. S3). The observation that Lys73Glu and
Tyr22Ala Lys73Glu EcSSB reach a lower maximum Egget may be due to the variants
forming a frayed complex in which a portion of the sSSDNA peels away from the SSB
tetramer, rather than the fully wrapped mode in its maximal FRET state.

We next investigated the occluded site size and cooperativity of the Tyr22Ala Lys73Glu
EcSSB variant. EcSSB tryptophan fluorescence quenching upon binding ssDNA is
commonly used to estimate the occluded binding site size on sSDNA and to measure salt-
dependent transitions between different binding modes [25, 26, 62]. Figures 7a and 7b show
plots of the occluded site sizes (poly(dT) nucleotides occluded per SSB tetramer) as a
function of [NaCl] for EcSSB and the Tyr22Ala Lys73Glu EcSSB variant. At low salt
concentrations (<20 mM NaCl) EcSSB binds to poly(dT) in the SSB35 mode occluding ~35
nucleotides per tetramer accompanied by ~50% quenching of its Trp fluorescence. At high
salt concentrations (>200 mM NacCl) the fluorescence is quenched by ~90% and with 65
nucleotides bound per tetramer (SSBgs mode) [25, 26, 62]. An intermediate SSBgg mode is
populated for EcSSB at a narrow range of 50 to 100 mM NacCl. Titrations of the Tyr22Ala
Lys73Glu variant with poly(dT) displayed similar [NaCl]-dependent Trp fluorescence
quenching behavior (Fig. 7a) and similar occluded site sizes (Fig. 7b) with some notable
differences. The [NaCl] required to transition from the SSB3s5 to the higher site size binding
modes is notably higher, indicating a more stable SSB35 binding mode for the variant, and
an explicit plateau reflecting the SSBsg mode is not observed for the variant (Fig. 7b). In
addition, the binding site size appeared to increase beyond the 65 nt plateau observed for
EcSSB at [NaCl] above 0.5M (Fig. 7a and b). These data indicate a deviation from the
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expected binding behavior at NaCl concentrations above 300 mM for the Tyr22Ala
Lys73Glu EcSSB variant.

Sedimentation velocity experiments were next used to examine cooperative binding of the
Tyr22Ala Lys73Glu EcSSB variant to M13 ssDNA. In these experiments, SSB binding to
M13 ssDNA is detected as an increase in the average sedimentation coefficient of the DNA.
The observation of a single peak in the distribution of sedimentation coefficients (spo w) at
less than saturating protein to DNA ratios is an indication of low cooperativity [10, 11]. At
sub-saturating concentrations of ECSSB (Rgs = 0.56, which is 56% saturating assuming a
65-nt binding site size) and low [NaCl] (0.01 M), EcSSB binds to M13 ssDNA with high
cooperativity as indicated by the presence of a clear bimodal distribution of sy \y values of
~18S and ~45-50S (Fig. 7c). At a high SSB concentration (Rgs = 1.49), only a single peak,
corresponding to SSB-saturated sSDNA, is observed. In contrast, at sub-saturating
concentrations (Rgs = 0.56) of the Tyr22Ala Lys73Glu EcSSB variant a much broader
distribution is observed (sy9 w = ~20-40) indicating a decrease in cooperativity relative to
EcSSB (Fig. 7d). Higher concentrations of the Tyr22Ala Lys73Glu EcSSB variant (R=1,
1.49 and 1.86) produced single peaks that shift to higher syq , values, but these sy, \y values
were lower than observed for ECSSB at the equivalent ratios (Fig. 7c). This likely indicates
that, in addition to a reduction in apparent cooperativity, the Tyr22Ala Lys73Glu EcSSB
variant also has a lower overall affinity for M13 ssDNA.

The sedimentation velocity experiments were repeated in potassium glutamate, which
enhances cooperativity of the SSBgs mode in ECSSB [10], to assess whether reduced
cooperativity of the Tyr22Ala Lys73Glu EcSSB variant depends on the identity of the salt in
the experimental condition. The data indicate that unlike EcSSB, which displayed
cooperative binding, the variant did not appear to bind ssSDNA cooperatively even in
potassium glutamate (Fig. S4). These sedimentation velocity results are consistent with the
EMSA data (Fig. 5) indicating a reduction in binding cooperativity in this bridge interface
variant.

Impact of SSB bridge interface variants on use of SSB/ssDNA as a substrate by RecA

We next probed whether changes in the bridge interface that alter cooperativity and SSB
binding modes have an impact on SSB function in an /n vitro biochemical reaction. When
bound first at saturating levels, SSB strongly inhibits RecA filament nucleation, leading to
the observation of a long lag period in RecA-mediated ATP hydrolysis assays [63-66].
Conversely, if SSB is absent, RecA does not completely saturate SSDNA due to its poor
binding to regions containing secondary structure (base pairing); subsequent addition of SSB
stimulates RecA activity by melting out inhibitory DNA secondary structures that block
RecA filament extension on ssSDNA [42, 63]. Moreover, SSB is most effective in high
MgCl, concentrations that stabilize the SSBgg binding mode at equilibrium. SSB mode-
dependent differences have been proposed to be due to SSB allowing RecA access to
exposed ssDNA between bound SSBs along the DNA in the SSBgs binding mode but not in
the more cooperative SSB35 mode [42, 67]. Based on the altered cooperativity of the
Lys73Glu and Tyr22Ala Lys73Glu bridge interface SSB variants, we predicted that they
would behave differently from EcSSB in RecA ATPase assays.
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We first examined the impact of ECSSB or the bridge interface variants under assay
conditions where RecA is preloaded onto M13 ssDNA, followed by the addition of ATP and
SSB. Consistent with previously-observed SSBgs-mode stimulation [42], the k4 for RecA
ATPase activity in high (10 mM) MgCl, was elevated ~2.4-fold by the addition of EcSSB
(Fig. 8a and S6). With low (1 mM) MgCls,, which stabilizes the SSB35 mode, the k.4 value
was unaffected by the addition of EcSSB. At 10 mM MgCl,, the Tyr22Ala SSB variant
stimulated RecA ATP hydrolysis (kzz= 64.7 = 5.8 min™1), consistent with its unaltered
binding cooperativity as observed in the sSmFRET assay. However, both the Lys73Glu and
Tyr22Ala Lys73Glu variants were unable to stimulate RecA, closely matching results from
conditions lacking ECSSB. These data support a model where the Lys73Glu and Tyr22Ala
Lys73Glu bridge interface variants are destabilized on DNA leading to an inability to
remove inhibitory secondary structures.

We next examined assays in which M13 ssDNA was first coated with SSB, followed by
RecA and ATP addition. In this case, RecA must compete with SSB to find filament
nucleation sites, leading to a prolonged lag time required for RecA to reach steady-state
ATPase activity [42, 63-66, 68] (Fig. 8c and d). In the absence of SSB, RecA displayed lag
times of 5.5+ 1.0 or 4.3 + 1.0 min in 1 or 10 mM MgCly, respectively (Fig. 8b). Pre-binding
of EcSSB to ssDNA increased RecA lag timesto 18.4 + 1.7 0r 8.2+ 1.1 minin 1 or 10 mM
MgCl,. Consistent with its similar binding properties to ECSSB, the Tyr22Ala EcSSB
variant showed lag times of 19.3 + 1.5 min or 11.8 + 1.1 min in 1 mM or 10 mM MgCl,. In
contrast, both the Lys73Glu and Tyr22Ala Lys73Glu variants produced significantly shorter
lags that were more similar to the SSB-free control reaction in both 1 and 10 mM MgCl,.
These results are consistent with the altered sSDNA binding properties of the Lys73Glu and
Tyr22Ala Lys73Glu bridge interface variants providing RecA greater access to the sSDNA
and being displaced more readily by RecA.

Impact of SSB bridge interface variants in vivo

We next assessed whether the altered cooperativity and DNA-binding modes of the bridge
interface variants affected SSB activity /7 vivo using a plasmid complementation assay. This
assay takes advantage of an £. colistrain (RDP317) in which the genomic ssb gene has been
deleted. Since ssbis essential, RPD317 requires a plasmid-borne copy of the ssb gene for
viability [69]. This strain was transformed with compatible plasmids that included either
wild-type ssb (positive control), vector alone (negative control), or an ssb gene encoding a
bridge interface variant. Antibiotic selection for the variant plasmids and loss of the original
wild-type ssb plasmid (not selected) was monitored by plating after several growth/dilution
cycles. In addition, we analyzed a control SSB variant (Trp54Ser) that has an established
ultraviolet (UV) light-sensitivity phenotype [70, 71]. With the exception of the vector-only
negative control, all strains were able to survive without the original wild-type SSB-
encoding plasmid, indicating that they were functional /n vivo. Thus, the alterations to the
bridge interface were tolerated in cells.

To determine whether DNA repair functions were compromised by the bridge interface
changes, sensitivities to UV light were measured for the transformed RDP317 strains cured
of the plasmid encoding EcCSSB. As expected [70, 71], the Trp54Ser EcSSB variant-
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encoding £. colf strain was hypersensitive to UV light, even at the lowest level tested (10
JIm2) (Fig. 9). In addition, the strain carrying the Tyr22Ala SSB bridge interface variant was
mildly sensitive to UV light exposure relative to the EcSSB control strain. UV light
resistance of the Lys73Glu and Tyr22Ala Lys73Glu EcSSB strains was indistinguishable
from the strain transformed with the wild-type ssb gene.

To assess sensitivity to a different form of DNA damage, variant strains were also plated on
media containing the DNA-damaging agent ciprofloxacin. The Trp54Ser EcSSB variant
failed to grow in the presence of 0.01 pug/mL ciprofloxacin whereas the Tyr22Ala variant
displayed a modest plating defect. In contrast, strains carrying the Lys73Glu or Tyr22Ala
Lys73Glu bridge interface variants were indistinguishable from the wild-type strain (Fig. 9).
Overall, the complementation results suggest that cells tolerate alterations to the SSB bridge
interface, with only a modest sensitization to DNA-damaging agents for a single variant.

Discussion:

SSB proteins are essential for genome maintenance processes in all cells. Our understanding
of how bacterial SSBs bind DNA in a cooperative manner and the impact of cooperativity on
SSB function are not well understood. SSB binding modes display different cooperativities
[5, 6, 9, 40] and there are likely multiple contributions to cooperative binding, including

both nearest neighbor and non-nearest neighbor SSB interactions [10, 11, 36, 72]. This study
examined the structural and biochemical basis of cooperative DNA binding in bacterial
SSBs and tested the impact of altered ssSDNA binding properties in cells. A crystal structure
of ssDNA-bound BsSsbA identified an interface that formed near ssDNA to bridge
symmetrically-related tetramers. Two EcSSB variants with altered residues in this bridge
interface, Lys73Glu and Tyr22Ala Lys73Glu EcSSB, displayed a reduction in their
cooperative binding behavior and an altered distribution of DNA binding modes. These
variants were also more readily displaced from ssDNA by RecA than EcSSB. Interestingly,
each of the variants complemented deletion of the ssb gene in £. coli. Our findings suggest
that the bridge interface contributes to cooperative ssSDNA binding and SSB function but that
destabilization of the bridge interface is tolerated in bacterial cells.

The ssDNA-bound BsSsbA structure presented here identifies a ssSDNA bridge linking two
SSB tetramers. The SSB tetramers interact via a bridge interface that is evolutionarily well
conserved among bacterial SSB proteins and is formed by residues from the L1, loop along
with contributions from a small number of additional residues (Fig. 2 and S1). Previous SSB
structures have shown L1, loops to be in proximity to one another within crystal lattices [50,
51, 53, 54, 73], but the present structure identified novel L1,/L 15 interactions that formed
near sSDNA that links SSB tetramers. L45 loop interactions, which have previously been
implicated in cooperative interactions [19, 46], were also observed between BsSsbA
tetramers. The presence of these interfaces in the BsSsbA structure could indicate that both
(and perhaps more interfaces) play roles in inter-SSB interactions. Indeed, sequence changes
that affected the bridge interface only partially reduced cooperative binding as observed in
each of our assays (Fig. 5 and 7). The observed intermediate cooperativity may mean that
SSB variants require increased SSB concentrations on DNA to nucleate and allow for
cooperativity. It is also likely that multiple interfaces are important for SSB/SSB interactions
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on ssDNA. In fact, it has recently been shown that the presence and composition of the C-
terminal IDL that connects the DNA binding core to the SSB-Ct is essential for highly
cooperative binding of EcSSB to ssDNA [11]. Hence, multiple regions of EcSSB contribute
to cooperative sSDNA binding and interactions between both nearest neighbor (adjacent)
SSBs and non-nearest neighbor SSBs likely contribute to the observed cooperativity [10, 11,
72].

Sequence changes in the bridge interface affect DNA wrapping and cooperativity of binding.
Tryptophan quenching data showed that, compared to EcSSB, one of the bridge interface
variants, Tyr22Ala Lys73Glu EcSSB, preserves the SSB3s mode in higher salt
concentrations (Fig. 7). Further, single-molecule FRET data suggest that both the Lys73Glu
and Tyr22Ala Lys73Glu EcSSB variants bind sSDNA in modes that differ from both the
SSB35 and the SSBgs modes. Together these data show that both the Lys73Glu and
Tyr22Ala Lys73Glu variants bind ssDNA using aberrant modes.

The altered cooperativity of the Lys73Glu and Tyr22Ala Lys73Glu bridge interface variants
made them useful tools for examining the impact of cooperativity changes to SSB function.
We tested the effect of these changes on the ssDNA-dependent ATPase activity of RecA. In
RecA ATPase assays, both Lys73Glu and Tyr22Ala Lys73Glu failed to stimulate RecA ATP
hydrolysis or to offer a barrier to RecA loading onto M13 ssDNA (Fig. 8). This may be due
to their altered cooperativity and destabilized binding to M13 ssDNA. These altered
properties would be expected to make displacement by RecA, which limits RecA nucleation
on ssDNA [68], quite facile. The effects may also be related to the altered binding modes
that were observed for each in SmFRET experiments (Fig. 6 and S3). We noted that the
FRET signal for both variants was unusually low for the SSBgs mode, which is consistent
with the donor/acceptor pair being further apart than would be found in the ECSSB complex.
This reduction could reflect fraying of ssDNA away from the surface of SSB at the entry/
exit point between SSB tetramers. Such fraying may provide RecA greater access to SSDNA,
allowing RecA to establish filaments more readily. Notably, the bridge interface includes
Lys73, which has been shown to interact with DNA [24]. Sequence changes for Lys73 Lys73
could destabilize normal DNA wrapping around SSB leading to reduced cooperativity and
affinity, and fraying ssDNA away from the SSB tetramer (Fig. 10).

Genes encoding each of the ECSSB bridge interface variants were able to complement
deletion of the native ssb gene. Only the Tyr22Ala variant showed a modest growth defect
when stressed with DNA damaging agents (Fig. 9), although this variant appeared to bind
DNA normally /n vitro Thus, alterations in sSDNA binding properties of bridge interface
variants observed /n vitro are not sufficiently detrimental to render the protein non-
functional in £. coli. This may be because cooperative sSSDNA binding is not essential for
SSB function in cells or because other self-interaction elements in SSB are sufficient to
support the level of cooperativity needed for function in £. coli. Indeed, an EcSSB variant
with a deleted IDL that binds ssDNA with low cooperativity can also complement ssb
deletion in E. coli[11]. While additional factors beyond the bridge interface are clearly
involved in modulating SSB ssDNA binding properties /n vitro and in vivo, our studies have
identified a new interface that plays a role in cooperative sSSDNA binding by SSBs.
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Materials and methods:

DNA substrates and plasmids

Proteins

dT35 was purchased (IDT) and purified by polyacrylamide gel electrophoresis. For sSmFRET
experiments, two DNA strands were annealed: 5°- /Cy5/GCC TCG CTG CCG TCG CCA -/
biotin/ -3’ and 5’- TGG CGA CGG CAG CGA GGC (T)7,-/Cy3/ -3’ [27]. Bacteriophage
M13mp18 ssDNA was prepared as previously described [74-76]. Overexpression plasmids
encoding EcSSB and N-terminally His-tagged BsSsbA were created by cloning the
respective open reading frames into pET21a and pET11a, creating pET21a-EcSSB and
pET11a-SsbA. Mutations of pET21a-EcSSB were made by single primer site-directed
mutagenesis.

SSBs: E. coliBL21 (DES3) pLysS cells transformed with pET21a-SSB, a pET21a-SSB
mutant, or pET11a-BsSsbA were grown to midlog phase (ODggg ~0.6) at 37°C in Lysogeny
Broth (LB) medium [77] supplemented with 50 pg/mL ampicillin and 25 pg/mL
chloramphenicol. Protein expression was induced by the addition of 1 mM isopropyl p-D-
thiogalactopyranoside and cells were grown for an additional 3—4 hours. ECSSB and variants
were purified as previously described [39]. Cells overexpressing BsSsbA were resuspended
in Lysis buffer (50 mM Tris-HCI, pH 8.0, 50 mM NaCl, 10% w/v glycerol, 20 mM
imidazole, 2 mM phenylmethanesulfonyl fluoride, 2 mM benzamidine, and 1 protease
cocktail inhibitor tablet (Pierce)) and disrupted using sonication. BsSsbA in the soluble
fraction was incubated with Ni-NTA Agarose resin (GE) equilibrated with Lysis buffer.
BsSsbA was washed with 0.1 L Lysis buffer and eluted after incubation with Elution buffer
(10 mM Tris-HCI, pH 8.0, 0.5 M NaCl, 0.5 M imidazole, 10% wi/v glycerol). The
concentrated BsSsbA eluent was further purified using a Sephacryl S-100 size exclusion
column equilibrated with S100 buffer (10 mM Tris-HCI, pH 8.0, 1 M NaCl, 1 mM EDTA).
Pure protein was pooled and concentrated. Protein concentrations were determined
spectrophotometrically using esgg = 2.8 x 104 M~ cm~1 for monomeric SSB and Lys73Glu
ECSSB, e2g9 = 2.6 x 104 M~ cm™1 for monomeric Tyr22Ala and Tyr22Ala Lys73Glu
EcSSB.

RecA: EcRecA was a gift from Michael M. Cox (UW Madison).

Crystallization and structure determination of BsSsbA

N-terminally His-tagged BsSsbA was prepared for crystallization studies as described
above. BsSsbA was incubated with dT3s at a 1:2 BsSsbA tetramer:dT3sg ratio, and a-
chymotrypsin was added at a 100:1 (BsSsbA tetramer:a-chymotrypsin) ratio for 3 hours on
ice. The reaction was stopped with 1 mM phenylmethanesulfonyl fluoride and diluted 4-fold
with 10 mM Tris-HCI, pH 8.0. The sample was purified using a Sephacryl S-100 size
exclusion column equilibrated with 10 mM Tris-HCI, pH 8.0, 0.1 M NaCl, 5 mM EDTA.
The pure protein/DNA sample was pooled, concentrated to 10-30 mg/ml in 10 mM Tris-
HCI, pH 8.0, 100 mM NaCl and crystallized by mixing proportionately with mother liquor
#1 (50 mM MES-HCI pH 6.5, 7% v/v PEG 8000, 100 mM magnesium acetate, 200 mM
KCI) using hanging-drop vapor-diffusion crystallization. BsSshA/DNA crystals were
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transferred into 50 mM MES, pH 6.5, 100 mM magnesium acetate, 150 mM KCI, 8% v/v
PEG 8000, 25% v/v ethylene glycol, and frozen in liquid nitrogen. Diffraction data were
indexed and scaled using HKL2000 [78]. The BsSsbA/DNA structure was determined by
molecular replacement with the previously determined BsSsbA structure (see below) using
Phenix [79]. Iterative rounds of model building and refinement were carried out using Coot
and Phenix [80].

The BsSsbA structure without visible DNA was determined as above, with the following
deviations. B. subtilis SsbA was thrombin cleaved prior to DNA incubation and a.-
chymotrypsin digestion. The pure protein/DNA sample was pooled and concentrated (10—
30) mg/ml in 10 mM Tris-HCI, pH 8.0, 100 mM NacCl). The protein sample was crystallized
by mixing 1 pL protein with 1 uL mother liquor #2 (50 mM MES-HCI, pH 6.5, 5% v/v PEG
8000, 80 mM magnesium acetate, 200 mM KCI) using hanging-drop vapor-diffusion
crystallization. BsSsbA crystals were transferred into above cryo protectant and frozen in
liquid nitrogen. Diffraction data were indexed and scaled using HKL2000 [78]. The BsSsbA
structure was determined by molecular replacement with the BsSsbB structure using Phenix
[79]. Iterative rounds of model building and refinement were carries out using Coot and
Phenix [79, 80].

Evolutionary conservation

Consurf was used to align 300 bacterial species with ECSSB chain A (E-value, 0.0001;
maximum percent identity between sequences, 95; minimum percent identity between
homologs, 35) (1EYG) [81-85]. The conservation scores were visualized with PyMol with
an average pairwise distance of DNA sequences of 0.311 [86].

Electrophoretic mobility shift assay

EMSAs were performed as described [9], with the following changes. All reactions were
completed in buffer T (10 mM Tris-HCI, pH 8.1, 0.1 mM EDTA), and specified [NaCl] with
4.7 nM (nucleotide) M13 mp18ssDNA in a 30 pL volume. Reactions were incubated at 22°C
for 1 hour. Electrophoresis was carried out using 0.3% agarose gels at 22°C for 3 hours at 60
V. Gels were then soaked in buffer T with 1 M NaCl for 1-2 hours at 4°C, and stained with a
2 ug/ml solution of ethidium bromide in buffer T with 1 M NaCl for 30 min. Gels were
destained for 1-2 hours at 4°C in buffer T prior to visualization.

Single-molecule FRET

We used a home-built two-color wide-field total internal reflection microscope [87]. DNA
labeled with a donor and an acceptor was attached to a polymer-passivated surface and
single molecule fluorescence images were acquired in the presence of SSB. Imaging was
performed in 10 mM Tris-HCI (pH 8.0), 0.1 mg/mL BSA, 0.8 % (w/v) dextrose, 165 U/mL
glucose oxidase, 2170 U/mL catalase, 2-3 mM Trolox, and indicated amounts of SSB and
NaCl. Details of the experimental protocols and analysis methods are presented in [88].

Intrinsic tryptophan quenching

Titrations of Tyr22Ala Lys73Glu EcSSB with poly(dT) were performed by monitoring
quenching of the intrinsic SSB tryptophan fluorescence and analyzed as described [11, 62]
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Analytical sedimentation

Sedimentation velocity experiments were performed with an Optima XL-A analytical
ultracentrifuge and An50Ti rotor (Beckman Instruments, Fullerton, CA) at 15000 rpm
(25°C) as described [11].

RecA ATPase activity assay

RecA ATPase activity assays were performed as previously described [42], with the
following changes. Five uM (nucleotides) M13mp18 ssDNA and 1.7 uM RecA were pre-
incubated at 37°C for 10 min in buffer containing 20 mM Tris-HCI, pH 7.5, 440 uM KCl,
5% wiv glycerol, 1 mM dithiothreitol, 2.31 mM phosphoenolpyruvate, 1 mM NADH, 2.24
U/mL pyruvate kinase, 3.36 U/mL lactic dehydrogenase, and variable [MgCl,]. After
incubation, 1 mM ATP and 0.97 uM SSB or SSB variant monomers were added to the
reaction. The conversion of NADH to NAD+ was measured as a decrease in absorbance at
340 nM monitored every 45 seconds for 1.5 hours. ATP hydrolysis rate was assessed using
the NADH extinction coefficient at 340 nm of 6.22 mM~1cm™2, k., was calculated using
equation 1:

V (RecA site size)
Eqg.1
[RecA]

kcat(min_ 1) =

The concentration of RecA bound to DNA and able to hydrolyze ATP is calculated by the
DNA site size of RecA and total RecA concentration. In ATP saturating conditions, V, is
determined from the linear ATP hydrolysis rate. Data were collected on a BioTek Synergy 2
microplate reader using Gen5 version 1.11 software. Lag time RecA ATPase assays were
performed as described above with SSB and M13 mp18 ssDNA pre-incubation, prior to
addition of RecA and ATP. All experiments were completed in triplicate.

Plasmid complementation assay

In vivo plasmid complementation assays were performed as described [48, 69]. Briefly, ssb
or ssbmutant genes were subcloned into pET21a (AmpR) with gene expression driven by
the ssb promoter. The £. coli RDP317 strain, which carries a kan insertion in the genomic
ssblocus but is complemented with a plasmid that contains the wild-type E£. coli ssb gene
and a tet” gene, were transformed with the test ssb or ssb mutant plasmids. Individual
colonies were inoculated into 5 mL LB and grown at 37°C. Cells were passaged seven times,
with 14-16 hours of growth for each passage, with Amp/Kan selection. Cells were diluted to
1077, plated on LB plates supplemented with 50 pg/mL ampicillin and 50 pg/mL
kanamycin, and grown overnight at 37°C. Plates were replica plated serially onto LB with
50 pg/mL ampicillin, LB with 34 pg/mL tetracycline, and then LB with 50 pg/mL
kanamycin. Strains that are resistant to ampicillin and kanamycin but not tetracycline carry
an active ssb gene. All experiments were completed in triplicate and plasmids were validated
with sequencing after passaging.
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UV radiation and ciprofloxacin sensitivity tests

Passaged £. coli RDP317 strains described above were tested for UV and ciprofloxacin
sensitivity. Cells were grown overnight at 37°C in LB supplemented with 50 pg/mL
ampicillin and 50 pg/mL kanamycin, diluted into fresh media, grown again, and diluted to
an ODgqg of ~1.0. Cells were serially diluted in 0.9% w/v sterile NaCl, and 10 pL of
1072-10~7 were spotted onto LB agar or LB containing 0.1 ug/mL ciprofloxacin. For UV
sensitivity, cells were exposed to shortwave light (254 nm) using a Spectrolinker XL-1000
UV crosslinker (Spectronics Corp) to the dose indicated after spot plating. Images were
taken after growth at 37° overnight.

Differential scanning fluorimetry

Differential scanning fluorimetry experiments were performed as described previously [58].
Briefly, SSB or SSB variants were dialyzed overnight at 4°C into 10 mM Tris-HCI, pH 8.1,
0.1 mM EDTA, and 200 mM NaCl. SSB (10 uM) and 10x Sypro Orange dye (Thermo
Fisher, 5000% stock) were combined and incubated at temperatures of 25°C to 90°C (1°C/
minute ramp speed) on a Bio-Rad CFX Connect Real-Time PCR using CFX Manager
Software, with measurements taken every 30 seconds. T, values were determined as the
minimum of the first derivative (CFX Manager Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

sSDNA single-stranded DNA

EcSSB Escherichia coli ssDNA-binding protein
BsSsbA Bacillus subtilis ssSDNA-binding protein A
BsSsbB Bacillus subtilis sSDNA-binding protein B
OB oligosaccharide/oligonucleotide-binding
IDL intrinsically disordered linker

SMFRET single-molecule FRET
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Highlights:

An interface that links adjacent B. subtilis SsbA proteins on ssDNA is
identified.

E. coli SSB cooperativity is affected by this inter-SSB contact.

Interface disruption facilitates SSB displacement from ssDNA by RecA.
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112

Figure 1. Bacterial SBB structure
(a) Schematic diagram of a bacterial SSB. The N-terminal OB domain is shown along with

the C-terminal IDL and the SSB-Ct (purple). (b) Ribbon diagrams of £. coli SSBgs (left) and
SSB3s (right) ssDNA binding models[19]. The OB domains are shown in blue or teal, the
IDL is shown schematically as dots, and the SSB-Ct is depicted as a purple circle, with
ssDNA in red.
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Figure 2. B. subtilis SsbA structure with ‘bridging’ ssDNA between tetramers.
(a) BsSsbA structure (orange) with ‘bridging’ ssDNA (blue) joining it to an adjacent

symmetrically related tetramer (green). ECSSB (1EYG) structure (raspberry) alignment
showing overlap in sSDNA between structures. The Ls5 loop and bridge interface are
highlighted. (b) Bridge interface with Tyr19 and Lys67 highlighted. (c) Lss loop interface
with Arg80, Asn81, Tyr82, and Glu83 highlighted. (d) Omit F,-F electron density map (1.5
o) of ssSDNA *bridging” SsbA tetramers with labeled interacting residues.
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Figure 3. BsSsbA DNA interactions.
(a) dT1-dT,4 with interacting residues highlighted. (b) dT; -dT3 with interacting residues

highlighted. (c) Diagram illustrating stacking interactions (red lines) and hydrogen/polar
bonding with distances shown (blue dashed lines).
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(c)L,, (Bridge Interface) loop)|

Figure 4. Superimposed DNA-bound and apo B. subtilis SsbA structures
(a) BsSsbA (grey) asymmetric unit overlaid with DNA-bound BsSsbA (orange) and a

symmetry mate (green). Inset shows bridge interfaces found in DNA-bound structure. Tyr19
and Lys67 are highlighted. (b) Overlay of L4g loops in BsSsbA/DNA and BsSsbA. (c)
Overlay of L15 loops in BsSsbA/DNA and BsSsbA.
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Figure 5. Electrophoretic mobility shift assays showing representative binding of SSB under low
or high salt conditions.

EMSAs performed at 20 mM (left) and 300 mM NacCl (right) with EcSSB and bridge
interface variants. Increasing protein:DNA ratios are shown from left to right with 0.54
being approximately half-saturation of 65-base sites by EcSSB tetramers. (a) ECSSB at 20
mM NaCl shows a bimodal binding distribution characteristic of cooperative binding. At
300 mM NacCl (right), EcSSB displays step-wise, less cooperative binding corresponding to
the SSBgs mode. (b) Tyr22Ala, (c) Lys73Glu, and (d) Tyr22Ala Lys73Glu SSB variants at
low (left) and high (right) salt concentrations.
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Figure 6. Single-molecule FRET binding experiments of bridge interface variants.
(a) Schematic of SSB DNA binding leading to varied FRET efficiencies. (b) Normalized

ErreT histograms of SSB binding to ssDNA with a range of NaCl and SSB concentrations.
(c) Histograms for SSB variants showing shifted EpgreT values. Lys73Glu and Tyr22Ala
Lys73Glu variants show decreased ErreT Values under conditions favoring the SSBgs mode
(100 mM NacCl, 10 nM SSB condition is highlighted).
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Figure 7. ssDNA binding properties of ECSSB versus the EcSSB Tyr22Ala Lys73Glu mutant.
(@) Occluded site sizes (nucleotides per tetramer) on poly(dT) plotted as a function of [NaCl]

for the ECSSB Tyr22Ala Lys73Glu variant (orange circles) determined from analysis of
stoichiometric titration curves, examples of which are shown in panel (b) (occluded site
sizes for EcSSB from [24] are shown for comparison (green triangles). (b) Representative
reverse equilibrium titrations of ECSSB Tyr22Ala Lys73Glu (0.2uM) with poly(dT)
(monitoring intrinsic Trp fluorescence quenching) at different NaCl concentrations: 10mM —
dark yellow, 40 mM — magenta, 100 mM — green, 300 mM — grey and 1 M — blue. The
occluded site sizes were determined as described [57]. (c) and (d) Sedimentation coefficient
distributions, c(spow), for ECSSB (c) and EcSSB Tyr22Ala Lys73Glu (d), in complex with
M13 ssDNA in 10 mM NaCl at different protein to DNA ratios, Res, where Rgs=[SSBietr, tot]
x65/[M13ssDNAs 1t]. Data were analyzed as described [10].
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Figure 8. DNA-dependent ATPase activity and lag periods of RecA in the presence of SSB

interface variants

(a) M13 ssDNA was preincubated with RecA. After addition of ATP and SSB, ATP
hydrolysis rates (k.5 were measured. Bar graph depicts the mean of three experiments with
error bars representing the standard deviation. (b) M13 ssDNA preincubated with SSB was
analyzed for a lag in ATP hydrolysis after the addition of ATP and RecA. Bar graph depicts
the mean of three experiments with error bars representing the standard deviation. (c) and (d)
Representative graphs of RecA lag periods with different SSB variants at 1 mM MgCls (c)
10 mM MgCI, (d) concentrations. Representative dashed line in (c) depicts lag period

calculation.
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Figure 9. UV and ciprofloxacin sensitivity of ECSSB variants.
Strains contain EcSSB variants encoded by a pET21a-based plasmid under control of the ssb

promoter. Trp54Ser EcSSB is used as a UV and ciprofloxacin-sensitive control.
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Figure 10. Model of SSB cooperativity involving bridge and L 45 interfaces.
DNA binding and direct protein interactions connect neighboring SSB tetramers (blue and

green). (top) Both the L45 loop and bridge interface contribute to cooperative DNA binding,
which can impede RecA access to sSDNA. (bottom) Disruption of the bridge interface
disrupts cooperative binding, leading to DNA ‘fraying’ that presents readily-available
ssDNA binding sites for RecA or other enzymes.
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X-ray data collection and structural refinement statistics

Table 1:

Data collection
Structure
Wavelength (A)
Resolution range (highest resolution bin) (A)
Space group
Unit cell
a, b, c(A)
a,p y()
Completeness (%)
Unique reflections/total collected
Redundancy

<l/ol>

a
Rmerge (%)
CC1/2
Refinement

Resolution range (highest resolution bin) (A)
b 0,
Rwork/ Rfree (A))

r.m.s. deviations
Bonds (A)
Angles (A)
Ramachandran statistics (%)
Favored
Allowed
Disallowed
Rotamer outliers (%)
No. atoms
Macromolecules
Ligands
Solvent
<B factor> (A?)
Macromolecules
Ligands

Solvent

BsSsbA with DNA
0.97872

50 - 2.92 (2.97 - 2.92)
P2:2:2;

57.939, 93.681, 100.968
90, 90, 90

99.7 (98.4)
12,270/93,003

76(6.3)

14.48 (2.29)

12.8 (49.6)

Not determined

44.28 - 2.94
21.6/26.9

0.002
0.49

95.2
4.8
0.0
0.0

3296

31

43.45

32.8

BsSsbA

1.0782

50 - 2.2 (2.25 - 2.2)
P4,2,2

97.479, 97.479, 213.595
90, 90, 90

100 (100)
52,594/846,636

16.1 (15.5)

36.4 (3.04)

12.8 (132.0)

(0.814)

40.22-2.21
23.2/25.8

0.002
0.46

96.42
3.58
0.0
0.45

6322
35
256

46.25
57.93
42.91

aRmerge = ZLXj/f-1X1j where /jis the intensity measurement for reflection jand /is the mean intensity of multiple recorded reflections

b . . . .
Rwork! Rfree = ZIIF obsl-IF caldl/IF obd. where the working the free R factors are calculated by using the working and free reflection sets,
respectively. The free R reflections were held aside throughout refinement.

C
Root mean square
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