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Abstract

The eubacterial SOS system is a paradigm of cellular DNA damage and repair, and its activation
can contribute to antibiotic resistance.,2,2 Under normal conditions, LexA represses the
transcription of many DNA repair proteins by binding to SOS “boxes” in their operators. Under
genotoxic stress, accumulating RecA-ssDNA-ATP complexes activate LexA for autocleavage. To
address how LexA recognizes its binding sites, we determined three crystal structures of
Escherichia coli LexA in complex with SOS boxes. These are the first structures reported of a
LexA-DNA complex. The DNA-binding domains of the LexA dimer interact with the DNA in the
classical fashion of a winged helix-turn-helix (WHTH) motif. However, the wings of these two
DNA binding domains bind to the same minor groove of the DNA. These wing-wing contacts may
explain why the spacing between the two half-sites of E. coli SOS boxes is invariant.

The LexA protein contains two domains: an N-terminal wHTH DNA binding domain, and a
C-terminal dimerization and latent protease domain (Figure 1, Supplementary Figure 1). The
structure of apo-LexA% shows the two domains connected by a short flexible linker, with the
scissile peptide bond lying in a loop just within the C-terminal domain. The C-terminal
domains's autoproteolytic activity is activated by interaction with RecA-ssDNA-ATP
complexes, and leads to separation of the domains and exposure of a degradation tag on the
DNA binding domains®. The protease active site lies in a hydrophobic indentation and
includes a nucleophile, Ser 119, and a general base/acid, Lys 156. In the absence of RecA,
autocleavage is only appreciable at very high pH, where the lysine would be neutral.
Binding to the RecA filament most likely stabilizes a conformation in which the cleavage-
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site containing loop docks across the active site, shielding Lys156 from solvent, thus by
lowering its pKa to make it a more effective catalyst?.

DNA binding by LexA has been studied extensively8,7, but a structural framework for this
data has been elusive. The consensus sequence® for SOS boxes is CTGTNgACAG, and the
length of the 8bp spacer is invariant. Here, we report three crystal structures of a
catalytically inactive mutant LexA (K156A) in complex with SOS box-containing DNAS:
“A22” and “B22” which differed only in the spacer sequence and formed similar crystals,
and “C29” with longer flanking DNA, which led to different crystal packing interactions.
The diffraction was anisotropic, with the best data set extending to 3.0, 2.6 and 2.3A along
the 3 principle axes (“A22”, Supplementary Tables 1, 2). These structures offer insights into
how the spacer sequence can modulate binding affinity and how LexA measures the length
of the SOS box's spacer.

The LexA-DNA complex structures reveal unexpected interactions between the two DNA
binding domains. The individual domains bind DNA in a canonical fashion, with the
recognition helix (a3) nestled into the major groove and the wing contacting the
phosphodiester backbone across the adjacent minor groove. Unlike many dimeric wHTH
proteins such as CAP and MarR family members® 10, the wings point inward and meet in the
central minor groove. The wings also contact the a1-a2 loop of the opposite DNA binding
domain, forming a small hydrophobic core (Supplementary Table 3). This protein-protein
interface buries a relatively small 372A2 of otherwise solvent-accessible surface area, in
agreement with previous results that the DNA binding domain is monomeric in solution
(unless otherwise specified, all detailed conclusions are based on the highest-resolution
structure, A22)11 12, However, that formation of this interface is synergistic with DNA
binding is supported by the results of a genetic screen for LexA variants with enhanced
affinity!3. All of the selected mutations that map to the DNA binding domain lie at this
interface.

Disparate models of the LexA-DNA complex have been proposed. Although most models
predicted that the wings of the DNA binding domains would interact with the outer minor
grooves!4 15, the binding domains were properly oriented in the model of Knegtel et al.,
which relied the most heavily on experimental data’. The latter also correctly predicted that
the DNA would bend towards rather than away from the catalytic domain.

Comparisons of our complex structures and the unbound forms* yield interesting similarities
and differences (Supplementary Figure 2). The dimer formed by the two catalytic domains is
essentially the same in all crystal forms, with the exception of the “cleavage loop”
containing the scissile peptide bond. The structures of the individual DNA binding domains
are also nearly unchanged (Figure 1b). However, the relative position of the N- and C-
terminal domains is highly variable. The interdomain linker is short: only ~5 residues
(70-74) are disordered in our structures. However, it is so flexible that it allows an ~180° re-
orientation of the DNA binding domain in the unbound form (Supplementary Figure 2a).
We crystallized LexA-DNA complexes in two different crystal forms, and comparison of
these structures shows that even with DNA bound the two domains can move freely relative
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to one another (Supplementary Figure 2b). Such flexibility may allow easier docking to
RecA-ssDNA-ATP filaments even while bound to promoter DNA.

The position of the cleavage loop also varies among structures (Figure 1c). In our highest
resolution structure, A22, the tip of this loop is ordered in both subunits, with the scissile
peptide bond (A84-G85) poised for attack by the active site Ser119. However, in our B22
complex, which differs only in the spacer sequence and formed nearly isomorphous crystals,
neither cleavage loop is docked, and the scissile bonds are located 20A from the cleavage
cavity. The Strynadka group observed alternating conformations of this loop in catalytically
inactive apo-LexA dimers*. We suggest that, for the catalytically inactive mutants used to
obtain these structures, the cleavage loop can dock and undock with an equilibrium close
enough to 1 that minor environmental changes can shift its preferred position. However, in
the WT case, docking would incur a considerable energetic cost, due to burying Lys156.
Presumably the binding energy of RecA filament — LexA contacts is used to pay that price,
activating LexA for autocleavage. Given the mismatch in symmetry between LexA dimers
and head-to-tail RecA filaments, separate docking events are probably required to cleave
both halves of a LexA dimer16. However, loss of one DNA binding domain from a dimer
would drastically reduce DNA binding and relieve transcriptional repression.

Recognition of the conserved CTGT motif (C5:G20 to T8:A17 in our numbering scheme)
appears to rely heavily on direct readout (Figure 2). The N-terminal portion of the
recognition helix, a3, tucks into the major groove and makes direct and/or water-mediated
interactions with all four base pairs. C5 donates a hydrogen bond to Glu45, mutation of
which (to Val or Ala) results in relaxed specificity at this position.1” T6 forms both a
hydrogen bond with Asn41 and a hydrophobic contact to Ala42. A triple mutation that
includes Asn41 and Ala4z? alters the sequence preference from 5’CTGT to CCGT.1! Asn41l
appears to be a key residue, as it also forms direct hydrogen bonds to the next base pair,
G7:C18, and a water-mediated one with A17 (paired to T8). Finally, G7 forms a second
hydrogen bond to the hydroxyl of Ser39. The only direct contact to the T8:A17 pair is the
water-mediated interaction with Asn41, and from our structure, it is unclear how that
mediates sequence specificity. However, there may be additional water-mediated contacts,
not visible at this resolution, that contribute to specificity. Indirect readout of the DNA's
more subtle sequence-dependent conformational preferences may also play a role in
sequence recognition here. The protein makes direct contacts to only one base outside the
CTGT consensus sequence: the methyl group of T16 (which pairs with A9) lies in a
hydrophobic dimple between a3 and the aliphatic portion of R28. However, we found that
this makes a relatively small contribution to overall affinity (see below).

By examining more sites, less stringently conserved bases can be included, and the
consensus sequence can be extended to 5 TACTGT(AT)4ACAGTA8 19 which is the
sequence used in our highest-resolution “A22” crystal. With the exception of T16, LexA
contacts only the phosphate backbones of the additional bases. Therefore its preference for
AJT pairs in those positions must reflect indirect rather than direct readout.

The flanking DNA regions curve around the sides of the protein, leading to a global bend of
~35° in both crystal forms (Supplementary Figure 3). Much of this bend appears to be
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induced by interactions of the phosphate backbone with a region of positive charge at the N-
terminus of al (Arg7 and the helix dipole) and the C-terminus of a3 (Arg 52 and Lys 53).
Mutation of these residues along a3 reduces binding.11,20 The contacts explain the extended
interface predicted from ethylation interference, photocrosslinking and hydroxy! radical
cleavage experiments® 2L,

At the center of the complex, where the minor groove faces the protein, LexA's two wings
cross, forming the protein-protein interface described above (Figure 2c, d). The wingtips
bind across the minor groove, and in conjunction with R28 and the N-terminus of helix 2,
form positively charged binding pockets for the phosphate groups of T14 and A15. The
minor groove is unusually narrow in this region, presumably to fit into this network of
interactions (Supplementary Graph 1a).

Narrow minor grooves are often associated with A/T rich regions of DNA, in agreement
with LexA's preference for an A/T spacer?2. However, many functional SOS boxes do
include G:C pairs within the spacer?2. To investigate how a G/C-rich spacer interacts with
LexA, we changed the central base pairs from ATAT to GCGC, resulting in structure “B22”.
The minor groove width is essentially unchanged (Supplementary Graph 1). Although B22
is a lower resolution structure (3.6/3.1/2.9 A), the density for the DNA backbone is strong
enough to define the overall groove width. Thus, the protein-protein interface between DNA
binding domains appears strong enough to compress even a G/C rich minor groove. The
alternating pyrmidine-purine nature of both spacer sequences may also facilitate such
compression, since 5”Y-R steps are particularly flexible.

To further assess the role of the spacer, we characterized binding with various DNA
substrates (Table 1), including those sequences used in our crystallizations (the duplex ends
were extended to prevent hairpinning at low concentrations). As expected, the site carrying
the consensus spacer sequence, (AT)422, yielded the tightest binding, with an apparent K of
0.8nM under our conditions. The AT rich consensus sequence and narrow minor groove
suggest that GC base pairs would be disfavored, as in the cases of bacteriophage 434 and
P22 repressors?3,24. Surprisingly, the four G:C base pairs found in the B22 structure's spacer
decreased affinity by only two fold. This was similar to the effect of the two G:C pairs found
in the symmetrized RecA SOS box used in C29. Changing the entire spacer from alternating
As and Ts to a more rigid A-tract decreased the affinity ~5 fold. This relatively minor
decrease in affinity may reflect the fact that only in the center of the structure is the minor
groove as narrow as an A-tract's (Supplementary Graph 1). It could also reflect some other
advantage of the alternating sequence's flexibility, such as the ability to adopt the alternating
high/low twist seen in the structure.

When the outer region of the spacer sequences was changed, differences were much more
apparent. When the GC repeat was extended to cover the entire spacer region, the apparent
Kq weakened by ~100-fold (Table 1, AT-GC spacer vs. GC- repeat spacer). However,
restoring the outermost base pair to A:T in both half-sites increased binding by ~40 fold
(Table 1, GC-repeat vs. TGC spacer). Our structure shows that the methyl group of this T,
T16, is docked in a hydrophobic pocket (Figure 2d). We tested the importance of this methyl
group by replacing the thymine with uracil. Although this should leave the hydrophobic
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pocket unfavorably open to solvent, it lowered the affinity by only ~5 fold (Table 1, AT-GC
vs. U spacer). The remaining observed differences lay in the thymine to cytosine
substitution. It is unclear why thymine is favored over cytosine.

LexA is less tolerant of spacer length modifications: extending or shortening it by one base
pair, decreased affinity by 200-250 fold (Table 1, +1 and -1 spacers). Nevertheless, a small
amount of complex was still observed as smears on EMSA (data not shown). The altered
spacers would disrupt the synergistic protein-protein and protein-DNA interactions between
the two binding domains and their respective half-sites.

Crystal structures of winged HTH motif have revealed versatile wing functions in DNA
binding, i.e. establishing protein-protein interactions like HSF-DNAZ> complex or
intercalating into the minor groove like the AhrC26 repressor. While LexA shares the
canonical wHTH matif, it utilizes its wing not only to stabilize DNA binding but also to
fulfill spacer length requirement of its SOS operators.

Methods Summary

Briefly, a catalytically inactive mutant of E. coli LexA (K156A) was crystallized in complex
with its SOS operator sequences in two space groups, A22 (5-
TATACTGTATATATATACAGTA) and B22 (5-TATACTGTATGCGCATACAGTA) in
P2,212; C29 (5’-GTTGATACTGTA*TGATCATACAGTATCAA in which A* denotes the
position of a nick in the sequence) in P21212;. The anisotropic resolutions for A22 and B22
are 3.0, 2.6, 2.3 and 3.6, 3.1, 2.9; R and Ry are 26.6/30.6 for A22 and 26.6/28.7 for B22.
C29 was not refined due to its low-resolution nature (4.0, 3.2, 4.0). Supplementary Figure 3
shows the anomalous difference Fourier electron density map illustrating the location of the
Br-peaks for A22. Figures were generated with Pymol?/,
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Figure 1.
Overall structure of the E. coli LexA-DNA complex. (a) LexA-DNA complex (in crystal

form A22); Individual subunits are colored blue and pink, and the bases comprising the
consensus sequence are shown in cyan. The ~5 residue linker between domains was too
poorly ordered to be modeled. The color of each protomer changes from dark to light at the
scissile peptide bond (A84-G85). Green balls represent the catalytic residues of the latent
protease: S119 (nucleophile) and K156 (general base, here mutated to alanine). (b)
Comparison of the DNA-binding domains of bound (magenta), unbound crystal (aqua)
(1JHH%), and NMRY (green) (1LEA) structures. The RMSD values for superimposing the
unbound crystal and NMR structures onto A22 are 0.37A and 0.67A respectively (CCP4:
LSQKAB?). (c) Variable position of the cleavage loop. The catalytic domains are colored
as in (a), with the cleavage loops in red. In the A22 dimer both scissile peptide bonds
(arrows) are docked in the active sites, in B22, they are displaced from the active sites, and
in the apo form (1JHH) one is docked and one is displaced. This suggests that DNA binding
does not preferentially induce the loop into one state or the other.
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Figure 2.
The E. coli LexA-DNA binding. (a) Schematic representation of protein-DNA interactions

observed in the LexA-DNA structure. Amino acid residues in bold and bases highlighted in
red represent interactions with the bases. Remaining amino acid residues contact the DNA
phosphodiester backbone. (b) Detailed of contacts with the consensus sequence. In addition
to the hydrogen bonds shown as dotted lines, there is a van der Waals interaction between
A42 and the methyl group of T6. (c) Interface between DNA binding domains. Top: viewed
from the catalytic domains, and bottom: expanded and rotated ~90° about a horizontal axis.
Residues that appear to make key protein-protein contacts are shown as sticks, and those
whose mutations enhanced DNA binding are highlighted in green (specifically, T22l, E57K,
V591, and A62T or VV13). (d) Zoomed in view of the electrostatic potential surface map of
the wing region. The main chain amide group of S63 and guanidine groups of R64 and R28
interact with the phosphate groups of T14 and A15. The side chains of R28, P40, and E44
form a hydrophobic pocket that stabilizes the methyl group of T16. The electrostatic
potential at the protein surface was calculated with APBS, and the color scale ranges from
-10kT/e (bright red) to +10kT/e (dark blue)?®.
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Table 1

Affinities of E. coli LexA for various DNA substrates.

Duplex DNA sequence? KP (nM)

GATGCCTGCGGATA CTGT ATGATCAT ACAG TATCAATTCTGGCT

RecA SOS box® 1.67+£0.26
CTACGGACGCCTAT GACA TACTAGTA TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT ATATATAT ACAG TATCAATTCTGGCT
AT-repeat spacer 0.80 £ 0.27
CTACGGACGCCTAT GACA TATATATA TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT ATGCGCAT ACAG TATCAATTCTGGCT
AT-GC spacer 1.59 £0.30
CTACGGACGCCTAT GACA TACGCGTA TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT ATGCGCAU ACAG TATCAATTCTGGCT
U spacer 8.16 £1.75
CTACGGACGCCTAT GACA UACGCGTA TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT AAAAAAAA ACAG TATCAATTCTGGCT
A-—tract spacer 5.64£0.78
CTACGGACGCCTAT GACATTTTTTTT TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT GCGCGCGC ACAG TATCAATTCTGGCT
GC-repeat spacer ~100d
CTACGGACGCCTAT GACA CGCGCGCG TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT ACGCGCGT ACAG TATCAATTCTGGCT
TGC spacer 2.40 £0.50
CTACGGACGCCTAT GACA TGCGCGCA TGTC ATAGTTAAGACCGA

1 GATGCCTGCGGATA CTGT ATATATT ACAG TATCAATTCTGGCT d
-1 spacer ~250
CTACGGACGCCTAT GACATATATAA TGTC ATAGTTAAGACCGA

GATGCCTGCGGATA CTGT ATATATAAT ACAG TATCAATTCTGGCT d
+1 spacer ~200
CTACGGACGCCTAT GACA TATATATTA TGTC ATAGTTAAGACCGA

Note: the central 29 bp of the “RecA SOS box” duplex match those used in crystal form C29, and the central 22bp of the “AT-repeat spacer” and
“AT-GC” spacer duplexes match those in crystal forms A22 and B22 respectively. The extended duplexes were designed to prevent hairpinning at
low concentrations.
aCoding: underline, LexA consensus sequence; bold, spacers.
b

Apparent K.
CNucleotide number 23 was changed from the original G to T to make the DNA self-complementary for crystallization.

No distinct product bands are observed. Rather the gels showed smearing indicating that the complexes fall apart during the course of the

EMSA ,and unbound DNA bands that decreased with increasing protein concentration (data not shown). These binding affinities were estimated by
eye.
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