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ABSTRACT: The structure of the complex of full-lengthEscherichia coliLexA repressor with a consensus
operator DNA fragment has been probed by affinity photo-cross-linking and affinity cleavage. These
methods allow the determination of approximate intermolecular distances between a given protein residue
and a base or sugar moiety within the operator. In a first step unique cysteine residues were introduced
in positions 7, 28, 38, or 52 of the protein. In all four cases, the original amino acid was an arginine.
The four amino acids in these positions were expected to be situated on the surface of LexA interacting
with DNA, as infered from the structure of the LexA DNA binding domain [Fogh et al. (1994)EMBO J.
13, 3936-3944]. In a second step, these unique cysteine side chains of the purified proteins were
chemically modified either with 4-azidophenacyl bromide or withS-(2-pyridylthio)cysteaminyl-EDTA.
The first set of derivatives gives rise to UV-induced cross-linking which may be revealed by alkali/heat
treatment; the second leads to direct DNA cleavage in the proximity of the derivatized amino acid. To
reduce hydroxyl radical diffusion, the EDTA‚iron cleavage reactions were done in the presence of high
amounts of glycerol. The results indicate that amino acids 7 and 52 are near nucleotide pairs 8-12 of the
operator and that amino acids 28 and 36 of LexA are near nucleotide pairs 5-8 of the operator. The
results unambiguously define the orientation of the LexA DNA binding domain relative to the operator
and provide support for the model of the LexA-operator complex proposed by Knegtel et al. [(1995)
Proteins 21, 226-236]. Ethylation interference experiments further suggest that Arg-7 contacts the
phosphate group between nucleotides 8 and 9 as predicted by the model.

The LexA repressor fromEscherichia coliis a protein of
202 residues that regulates the transcription of about 20 genes
known as SOS genes. These genes are involved in numerous
cellular functions including DNA repair and replication,
mutagenesis, and cell division [for reviews see Walker
(1984), Little (1991), Schnarr et al. (1991), and Schnarr and
Granger-Schnarr (1993)].
LexA is a two-domain protein that binds DNA via its

amino-terminal domain (Little & Hill, 1985; Hurstel et al.,
1986). The protein dimerizes by means of its carboxy-
terminal domain with a rather small association constant of
only 2× 104 M-1 (Schnarr et al., 1985, 1988) and regulates
transcription upon binding to its palindromic operator
sequences such that, at leastin Vitro, two LexA monomers
bind sequentially and cooperatively to the two operator half-
sites (Kim & Little, 1992).
Sequence conservation among the different SOS operators

suggests that an optimal operator should have a 2-fold
symmetric CTGT(AT)4ACAG sequence (Wertman & Mount,

1985). This sequence binds LexA indeed more tightly than
any naturally occurring SOS operator (Schnarr et al., 1991).
The major recognition elements should be comprised in the
two outer elements (the CTGT motifs) as judged from the
distribution of operator-down mutations and methylation
protection and interference data [compiled in Schnarr et al.
(1991)].

The three-dimensional structure of the LexA DNA binding
domain (DBD) has recently been solved by NMR spectros-
copy (Fogh et al., 1994). The domain contains threeR
helices (residues 6-21, 28-35, and 41-52) and two
antiparallelâ strands (residues 56-58 and 66-68). Helices
2 and 3 form a variant helix-turn-helix (HTH) DNA
binding motif with an unusual one-residue insert at residue
38. LexA shares this property with the c-Myb protooncogene
product which contains also an additional amino acid in the
turn region of the DNA binding repeat R3 (Ogata et al., 1992,
1994). Using amino acids 28-53 of LexA to probe the
Swiss protein data bank with the BLAST program revealed
also a significant primary structure homology of the LexA
HTH motif and the mouse, human, and chicken c-Myb HTH
motif of repeat 3 (P. Dumoulin and M. Schnarr, unpublished).

The LexA DNA binding domain is further a member of
the “winged” HTH class of proteins (Holm et al., 1994) in
which a â strand/loop/â strand element follows the HTH
motif [for a review on winged HTH proteins, see Brennan
(1993)]. To this class ofR+â proteins belong both canonical
HTH proteins like CAP (Schultz et al. 1991) and BirA
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(Wilson et al., 1993) and proteins with a longer turn between
the two helices of the HTH motif like HNF-3γ (Clark et al.,
1993), the GH5 human histone 5 (Ramakrishnan et al., 1993),
and the HSFKluyVeromyces lactisheat shock transcription
factor (Harrison et al., 1994).
The structure of the LexA-DNA complex has not yet been

determined. Efforts to obtain the structure of the complex
by X-ray analysis or by NMR spectroscopy failed so far due
to poor crystallization and extensive line broadening.
Alternative approaches to probe the structure of a specific

protein-DNA complex are affinity cleavage and affinity
photo-cross-linking. In these approaches, a small DNA
cleaving agent or a small photo-cross-linking agent is
attached site-specifically to the protein, allowing identifica-
tion of nucleotides positioned close to a particular amino
acid (Chen & Sigman, 1987; Oakley & Dervan, 1990;
Ebright et al., 1990; Pendergrast et al., 1992). In previous
work, we have used this approach to show that helix 3, the
putative recognition helix (Oertel-Buchheit et al., 1990)
spanning amino acids 41-52, is in close contact with DNA
with its NH2 terminus most likely oriented toward the 2-fold
axis of the operator (Dumoulin et al., 1993). This orientation
is opposite to that generally observed for HTH proteins with
the exception oflac repressor and homologues (Boelens et
al., 1987; Lehming et al., 1990; Shin et al., 1991) and
possibly tet repressor (Wissmann et al., 1991; Baumeister
et al., 1992).
With the determination of the three-dimensional structure

of the LexA DBD (Fogh et al., 1994) it was possible to
design a series of LexA derivatives having the DNA cleaving
agent EDTA‚iron or the photo-cross-linking agent phenyl
azide at positions likely to be situated on the surface of the
protein that interacts with DNA. Here we report affinity
cleavage and affinity cross-linking data for LexA derivatives
having EDTA‚iron or phenyl azide incorporated at positions
7, 28, 38, and 52.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Purification. A
LexA derivative having a unique cysteine residue, LexA-
C52, has been selected previously (Oertel-Buchheit et al.,
1990). Three other LexA derivatives with unique cysteines
(LexA-C7, LexA-C28, and LexA-C38) were constructed by
site-directed mutagenesis according to the procedure de-
scribed by Sayers et al. (1988a,b).
LexA-C38 and LexA-C52 were overexpressed using a

lacUV5 promoter (Schnarr et al., 1985) and LexA-C7 and
LexA-C28 with the T7 expression system (Dubendorff &
Studier, 1991; Roland et al., 1992). The mutations were
introduced into pJWL228 (harboring the gene for the LexA
wild-type repressor) (Roland et al., 1992) by ligation of a
HpaI-SnaBI fragment into the purifiedSnaBI (partial)/HpaI-
digested pJWL228 vector. The mutant proteins were purified
essentially as described for wild-type LexA (Schnarr et al.,
1985) except that NaCl was omitted from the dialysis buffer
prior to loading the phosphocellulose column.
Modification of the Purified Proteins. Modification with

4-azidophenacyl bromide (Sigma) was done as described by
Dumoulin et al. (1993) and modification withS-(2-pyridylth-
io)cysteaminyl-EDTA as described by Ebright et al. (1992).
The degree of modification of the unique cysteine in the

different LexA mutant repressors was determined by measur-

ing the amount of unmodified cysteine using 2-vinylpyridine
(Friedman et al., 1970). In all cases the degree of modifica-
tion with 4-azidophenacyl bromide or withS-(2-pyridylthio)-
cysteaminyl-EDTA was greater than 90%.
Phenyl Azide-Mediated Photo-Cross-Linking. LexA de-

rivatives (about 3µM) were incubated in the dark at 20°C
for 30 min in a binding buffer (20 mM MOPS, pH 7.3, and
100 mM KCl) with an operator DNA fragment (50-mer)32P-
labeled at the 5′-end of either the top or the bottom strand.
Fifty microliter aliquots were withdrawn and UV-irradiated
with a 6W Vilber Lourmat VL-6MC UV lamp (312 nm) at
a distance of 20 cm for 5 min. UV-irradiated samples were
subjected to three phenol extractions (discarding aqueous
phases), followed by ethanol precipitation and piperidine
cleavage (1 M) for 30 min at 90°C. G>A and G+A
sequencing reactions were done according to Maxam and
Gilbert (1980). High-resolution gel electrophoresis was
carried out in 8 M urea-20% polyacrylamide denaturing
gels.
EDTA‚Iron-Mediated Affinity CleaVage. Reactions were

done essentially as described by Ebright et al. (1992) using
a different binding buffer (20 mM MOPS, pH 7.3, 100 mM
KCl, 50 µg/mL BSA, and 40% glycerol). LexA derivatives
(≈3 µM) were incubated at 20°C for 30 min with an
operator DNA fragment32P-labeled at the 5′-end of either
the top or the bottom strand. After addition of 1 mM
ascorbic acid, the reaction proceeded for another 5 min at 4
°C. Further steps were done as described (Ebright et al.,
1992).

RESULTS

Figure 1 presents the structure of the LexA DBD (Fogh
et al., 1994) showing the four arginine residues which we
have individually substituted by cysteine and subsequently
subjected to chemical modification. These residues are
located at the N-terminus of helix 1 (Arg-7), the N-terminus
of helix 2 (Arg-28), the turn between helix 2 and helix 3
(Arg-38), and the C-terminus of helix 3 (Arg-52) as shown
in Figure 2A.

FIGURE 1: Structure of the LexA DNA binding domain (amino
acids 1-72) showing the position and the side chains of the four
arginine residues, 7, 28, 38, and 52, which have been individually
mutated to cysteine and subsequently modified with a endonucle-
olytic or photo-cross-linking agent. The drawing was established
using the program MolScript (Kraulis, 1991).
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Assuming that helix 3 is the recognition helix (Oertel-
Buchheit et al., 1990; Thliveris & Mount, 1992; Dumoulin
et al., 1993), all four arginine residues shown in Figure 1
are likely to be on the contact surface between LexA and
DNA. We have chosen to substitute arginines because
arginine has a long and flexible side chain. We anticipated
that the addition of a cleaving or cross-linking agent in these
positions is less likely to perturb complex formation due to
steric hindrance.

In ViVo Repressor ActiVity of Mutant LexA DeriVatiVes
Containing Unique Cysteines. The four mutant repressors
LexA-C7, LexA-C28, LexA-C38, and LexA-C52 were tested
for their in ViVo repressor activity using theE. coli reporter
strain JL806 (Little & Hill, 1985). This strain has a
chromosomallexA (Def) mutation and alacZ gene (coding
for â-galactosidase) under the control of the LexA-regulated
recApromoter. JL806 allows thus to determine the repressor
activity of plasmid-encoded LexA variants. The data in
Table 1 show that all four LexA mutant derivatives retain
substantialin ViVo repressor activity.

In Vitro Affinity CleaVage and Photo-Cross-Linking
Experiments. The four LexA derivatives were purified using
standardlacUV5promoter driven expression for LexA-C38
and LexA-C52 (Schnarr et al., 1985). LexA-C7 and LexA-
C28 were purified after expression under the control of a
T7 promoter system (Dubendorff & Studier, 1991; Roland
et al., 1992). All experiments were done with a synthetic
50 bp DNA duplex (see Figure 2B for the sequence and the
numbering scheme) harboring a symmetric SOS consensus
operator CTGT(AT)4ACAG.

EDTA‚Iron-Mediated Affinity CleaVage. In EDTA‚iron-
mediated affinity cleaving (EIMAC),1 one incorporates
EDTA‚iron at a single amino acid,x, not critical for protein-
DNA complex formation but nevertheless close to DNA in
the protein-DNA complex, one forms the derivatized
protein-DNA complex, one initiates EDTA‚iron-mediated
affinity cleavage by addition of reducing agent, and one
determines the nucleotide(s) at which EDTA‚iron-mediated
affinity cleavage occurs [reviewed in Dervan (1991)]. The
results identify nucleotide(s) close to amino acidx in the
protein-DNA complex. EDTA‚iron-mediated affinity cleav-
age occurs through generation of diffusible hydroxyl radicals,
followed by hydroxyl radical-mediated abstraction of the
deoxyribose C1′ hydrogen atom or the C4′ hydrogen atom
(Tullius et al., 1987; Dervan, 1991).
We prepared LexA-EDTA‚iron conjugates by reaction

of mutant LexA derivatives containing unique cysteines at

1 Abbreviations: EIMAC, EDTA‚iron-mediated affinity cleavage;
PAMP, phenyl azide-mediated photo-cross-linking.

FIGURE 2: Panel A: Amino acid sequence of the LexA DNA binding domain. Panel B: Sequence of the DNA duplex (harboring a
consensus SOS operator) used throughout this work. Panel C: Reaction ofS-(2-pyridylthio)cysteaminyl-EDTA or 4-azidophenacyl bromide
with a protein having a unique cysteine residue. If fully extended, the linker arm between theR carbon of the cysteine residue and the
metal ion is 14 Å in the case of a [S-(2-pyridylthio)cysteaminyl-EDTA-metal-Cys] protein and 11 Å in the case of a [(4-azidophenacyl)-
Cys] protein.

Table 1: In ViVo Repression Efficiency of LexA Mutant
Repressors Containing Unique Cysteine Residues in Positions 7, 28,
38, or 52

â-galactosidase unitsa % repressionb

LexA-C7 450 96
LexA-C28 1300 88
LexA-C38 300 97
LexA-C52 790 93
LexA wild type 280 97
no repression 11000 0
a â-Galactosidase units were determined in the reporter strain JL806

at 10-3 M IPTG. b The degree of repression was determined according
to the equation (1- units+repressor/units-repressor) × 100.
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position 7, 28, 38, or 52 withS-(2-pyridylthio)cysteaminyl-
EDTA (Figure 2C; Ebright et al., 1992; Ermacora et al.,
1992). We then analyzed DNA cleavage in the presence of
a high concentration of glycerol (a known hydroxyl radical
scavenger; Tullius et al., 1987). As documented in Figure
3 (lanes 2-5) this strategy appears to improve resolution.
In the absence of glycerol (lane 2) cleavage is observed for
at least 19 nucleotides. Upon addition of increasing amounts
of glycerol the intensity of the principal cleavage products
is essentially unchanged whereas the intensity of the other
cleavage products is progressively diminished.

We find that three of the four LexA-EDTA‚iron conju-
gates yield significant site-specific cleavage under our
conditions: i.e., LexA7-EDTA‚iron, LexA38-EDTA‚iron,
and LexA52-EDTA‚iron.
The data for LexA7-EDTA‚iron are presented in Figure

4. The main cleavage products are observed at nucleotides
C8 and A9 (i.e., the cytosine of the CTGT motif and the
preceding A residue). On top of the gel four additional minor
bands are observed. However, these bands are also present
in the control lanes (8 and 9) albeit for two of them with
lower intensity.

In order to distinguish between possible nonspecific
cleavage and signals due to the formation of the specific
protein-DNA complex, the cleavage reaction was done in
the presence of increasing amounts of LexA wild-type
repressor. Only those bands which disappear upon addition
of LexA will be considered as specific cleavage products.
At 10-7 M wild-type LexA (lane 4 in Figure 4) the bands
corresponding to the A9 and C8 cleavage products have
essentially disappeared, and the intensities of two of the
minor bands on top of the gel are diminished. Very similar
results are obtained upon32P-labeling of the bottom strand.
Given the relative intensities of the cleavage products, the

EDTA moiety of LexA7-EDTA‚iron should be close to the
deoxyribose of A9 and C8. Two features suggest that the
EDTA moiety approaches these two sugars from the minor
groove. First, cleavage by LexA7-EDTA‚iron essentially
gives rise to the 3′-phosphoglycolate species which migrates
somewhat more rapidly than a DNA fragment harboring a
3′-phosphate terminus (Hertzberg & Dervan, 1984). The 3′-
phosphoglycolate species is most likely generated by hy-
drogen abstraction from the 4′-deoxyribose position (Knapp-
Pogozelski & Tullius, 1993). The 4′-deoxyribose hydrogen
points into the minor groove. Second, the two minor
cleavage products on the opposite strand are shifted to the
3′ side with respect to the cleavage positions in the top strand
(see Figure 8 for a compilation of the cleavage and cross-

FIGURE 3: EDTA‚iron-mediated affinity cleavage with the LexA-
C38 derivative. Glycerol enhances the resolution of EDTA‚iron-
mediated affinity cleavage as shown here in the case of
LexA38-EDTA‚iron: lane 2 (no glycerol), lane 3 (10% glycerol),
lane 4 (25% glycerol), and lane 5 (40% glycerol). The two major
cleavage products are indicated by arrows. Specific cleavage
products disappear upon addition of unmodified LexA wild-type
repressor: lane 11, no competing LexA repressor; lane 10, 10-10

M LexA; lane 9, 10-9 M LexA; lane 8, 10-8 M LexA; lane 7, 10-7
M LexA; and lane 6, 10-6 M LexA. Lanes 1 and 12 show G+A
sequencing products according to Maxam and Gilbert (1980).

FIGURE 4: EDTA‚iron-mediated affinity cleavage with the LexA-
C7 derivative gives rise to two predominant cleavage products
respectively within and 5′ to the CTGT recognition box (see
arrows). These cleavage products disappear upon addition of
unmodified LexA wild-type repressor: lane 7, no competing LexA
repressor; lane 6, 10-9 M LexA; lane 5, 10-8 M LexA; lane 4,
10-7 M LexA; and lane 3, 10-6 M LexA. Lane 8 is a control
corresponding to piperidine/heat treatment of DNA only; lane 9 is
a control with unmodified LexA-C7 repressor. Lanes 2 and 11
show G+A sequencing products and lanes 1 and 10 G>A
sequencing products.
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linking results). This pattern is characteristic for an ED-
TA‚iron located in the minor groove (Oakley & Dervan,
1990).
The data for LexA38-EDTA‚iron are presented in Figure

3. The two major cleavage products of this derivative are
observed at nucleotides G6 and T7 within theC8T7G6T5

motif (see lane 11 in Figure 3). Additional bands are
observed for the two flanking nucleotides 8 and 5. The main
cleavage 3′-terminal ends change within the motif: mainly
or exclusively 3′-phosphate cleavage products are observed
at T5 and G6, about equal amounts of 3′-phosphate and 3′-
phosphoglycolte at T7, and mainly 3′-phosphoglycolate at
C8 (the repartition of the cleavage products is most clearly
seen in the presence of 10-7 M competing unmodified LexA
repressor where the cleavage intensity is lower).
LexA38-EDTA‚iron exhibits a rather large cleavage

pattern including four adjacent nucleotides even in the
presence of 40% glycerol. This differs from the LexA7-
EDTA‚iron (Figure 4) and LexA52-EDTA‚iron (Figure 5)
conjugates which cleave only at two adjacent nucleotides.
Most likely the derivatized side chain at position 38 has a
higher degree of mobility than the derivatives at positions 7
and 52. This may be due to the fact that amino acid 38 is
located in a turn (between helix 2 and helix 3), whereas
amino acids 7 and 52 are respectively part of helix 1 and
helix 3.
The data for LexA52-EDTA‚iron are presented in Figure

5. Cleavage occurs principally at nucleotides A11 and T12,
i.e., respectively three and four base pairs upstream of the
CTGT motif. Minor cleavage products are observed at

nucleotides 14 and 15 on the opposite strand. At A11,
cleavage gives rise to 3′-phosphate end groups, whereas at
T12 both 3′-phosphate and 3′-phosphoglycolate are observed.
Positions 11 and 12 of the operator are not involved in site-
specific recognition (there is no detectable sequence con-
servation in this region). However, the nature of the bases
in these positions modulates the gel mobility of a LexA-
DNA complex, suggesting that the DNA segment around
positions 11 and 12 is bent (Lloube´s et al., 1993). Earlier
affinity cross-linking experiments with the LexA-C52 mutant
repressor gave rise to photo-cross-linking at positions 10 and
11 (Dumoulin et al., 1993), i.e., one base pair closer to the
CTGT motif. This difference is consistent with the fact that
the extended linker of the EDTA‚iron adduct is about 3 Å
longer than the linker of the photo-cross-linking adduct (see
Figure 2C).
Phenyl Azide-Mediated Photo-Cross-Linking. In phenyl

azide-mediated photo-cross-linking (PAMP), one incorpo-
rates a phenyl azide photoactivatable cross-linking agent at
a single amino acid,x, not critical for protein-DNA complex
formation but nevertheless close to DNA in the protein-
DNA complex, one forms the derivatized protein-DNA
complex, one initiates phenyl azide-mediated protein-DNA
cross-linking by UV irradiation, and one determines the
nucleotide(s) at which phenyl azide-mediated protein-DNA
cross-linking occurs (Pendergrast et al., 1992; Chen &
Ebright, 1993; Dumoulin et al., 1993). The results identify

FIGURE 5: EDTA‚iron-mediated affinity cleavage with the LexA-
C52 derivative gives rise to two predominant cleavage products
respectively 3 and 4 bases 5′ to the CTGT recognition box (see
arrows). These cleavage products disappear upon addition of
unmodified LexA wild-type repressor: lane 7, no competing LexA
repressor; lane 6, 10-9 M LexA; lane 5, 10-8 M LexA; lane 4,
10-7 M LexA; and lane 3, 10-6 M LexA. Lane 1 shows G>A
sequencing products and lane 2 G+A sequencing products.

FIGURE 6: Phenyl azide-mediated photo-cross-linking with the
LexA-C28 derivative reveals a single predominant photo-cross-
linking product at adenine A5 within the LexA recognition motif
(see arrow). This cross-linking product disappears upon addition
of increasing amounts of unmodified LexA wild-type repressor:
lane 7, no competing LexA repressor; lane 6, 10-9 M LexA, lane
5, 10-8 M LexA; lane 4, 10-7 M LexA; and lane 3, 10-6 M LexA.
Lane 8 is a control with unmodified LexA-C28 repressor; lane 9 is
a control corresponding to piperidine/heat treatment of DNA only.
Lanes 2 and 11 show G+A sequencing products and lanes 1 and
10 G>A sequencing products.
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nucleotide(s) close to amino acidx is the protein-DNA
complex.
PAMP occurs through photogeneration of a phenylnitrene,

followed by rearrangement of the phenylnitrene to an
electrophilic species (probably a dehydroazepine) and reac-
tion with a DNA nucleophile (Chen & Ebright, 1993).
Cross-link formation requires direct contact between the
photogenerated reactive species and its target.
We prepared LexA-azidophenacyl conjugates by reaction

of mutant LexA derivatives containing unique cysteines at
position 7, 28, or 38 with azidophenacyl bromide (Figure
2C; Pendergrast et al., 1992; Chen & Ebright, 1993;
Dumoulin et al., 1993). We then analyzed protein-DNA
photo-cross-linking by the resulting LexA-azidophenacyl
conjugates.
We find that one of the three tested LexA-azidophenacyl

conjugates yielded significant site-specific protein-DNA
photo-cross-linking, i.e., LexA28-azidophenacyl (Figure 6).
Cross-linking occurs at the adenine in base pair 5. This base
pair is part of the CTGT recognition box. The cross-link
disappears upon addition of 10-7 M LexA wild-type repres-
sor, similar to what we observe in the case of the EIMAC
competition experiments.
Ethylation Interference. The wild-type LexA repressor

shows ethylation interference at seven phosphate positions
in each operator half-site (numbered from P1 to P7 in Figure
8) (Hurstel et al., 1988). The two principal cleavage products
of LexA7-EDTA‚iron are situated on both sides of the

interfering phosphate P3. It was thus tempting to speculate
that the arginine side chain in position 7 of the wild-type
repressor might be responsible interference at P3.
This is indeed the case, since DNA binding of the LexA-

C7 mutant repressor (harboring a cysteine instead of arginine
in position 7) is not suppressed upon P3 ethylation (Figure
7A), whereas all other interfering phosphates are conserved
as compared to the wild-type repressor (Figure 7B). This
result strongly suggests that Arg-7 of LexA contacts the

FIGURE 7: Ethylation interference experiments with the LexA-C7
mutant repressor and the LexA wild-type repressor. Lane 3 contains
no protein; lane 4, 2× 10-6 M LexA-C7; lane 5, 10-6 M LexA-
C7; lane 6, 5× 10-7 M LexA-C7; lane 9, no protein; lane 10,
10-7 M LexA wild-type repressor [for ethylation interference with
the wild-type repressor, see also Hurstel et al. (1988)]. Lanes 2
and 7 show G+A sequencing products and lanes 1 and 8 G>A
sequencing products.

FIGURE 8: Compilation of EIMAC, PAMP, and ethylation interfer-
ence data for LexA-C7, LexA-C28, LexA-C38, and LexA-C52.

Table 2: Comparison between Biochemical Distance Constraints
and Corresponding Distances in the Model of Knegtel et al. (1995)

CR C1′
distance range
(Å) (EIMAC)

distance
(Å) (model) strand

Arg-7 C8 7-16 12.26 top
A9 7-16 9.00 top
T11 7-16 12.22 bottom
A12 7-16 9.77 bottom

Arg-38 T5 7-16 16.10 top
G6 7-16 10.86 top
T7 7-16 8.59 top
C8 7-16 7.33 top
T9 7-16 14.82 bottom
A10 7-16 12.35 bottom

Arg-52 A11 7-16 14.73 top
T12 7-16 17.32 top
A14 7-16 21.20 bottom
G15 7-16 24.48 bottom

CR base
distance range
(Å) (PAMP)

distance
(Å) (model) strand

Arg-28 A5 9-12 10.29 (N7) bottom
11.78 (N6)
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phosphate group P3 located 5′ to the CTGT recognition
motif. This contact has been predicted in the model of
Knegtel et al. (1995).

DISCUSSION

The LexA-DNA complex has been so far recalcitrant to
structural investigation by both NMR and X-ray crystal-
lography. Here we use affinity cleavage and affinity photo-
cross-linking to probe the structure of the complex and to
compare these biochemical data with a model of the LexA-
DNA complex derived fromMonte Carlo docking and energy
minimization (Knegtel et al., 1995).
The results presented here unambiguously define the

orientation of the LexA DNA binding domain relative to the
operator and provide support for the principal features of
the model of the LexA-operator complex proposed by
Knegtel et al. (1995). The data obtained with the LexA52-
EDTA‚iron derivative suggest, however, that the DNA may
be more strongly bent than anticipated by the model.
In the past EIMAC and PAMP analyses have been carried

out for two protein-DNA complexes for which crystal-
lographic structures are available, i.e., the CAP-DNA
complex and the cro-DNA complex (Ebright et al., 1992,
1993; Pendergrast et al., 1992; Chen & Ebright, 1993).
Comparison of the EIMAC and PAMP results to the
crystallographic structures indicates that (i) efficient DNA
cleavage using the EDTA‚iron derivative used in this work
requires that CR of the derivatized amino acid be 7-16 Å
(mean of 12 examples) 13 Å) from the C1′ atom of the
target nucleotide and (ii) efficient protein-DNA cross-
linking using the phenyl azide derivative used in this work
requires that CR of the derivatized amino acid be 9-12 Å
(mean of 5 examples) 11 Å) from a base O or N atom of
the target nucleotide (Ebright et al., 1992; Chen & Ebright,
1993).

We infer that in the case of the LexA-DNA complex the
distances between the CR atoms of residues 7, 38, and 52
and the C1′ atoms of the target nucleotides should be in the
range of 7-16 Å as based on EIMAC experiments and that
the distance between the CR atom of residue 28 and its target
nucleotide should be in the range of 9-12 Å as based on
PAMP experiments.
Table 2 shows a detailed comparison of these biochemical

distance constraints with the corresponding distances of the
model developed by Knegtel et al. (1995). Figure 9 shows
two perpendicular views of this model. The links between
the derivatized side chains and their principal target nucle-
otides (this work) are shown as stippled lines. In agreement
with earlier experimental work (Oertel-Buchheit et al., 1990;
Thliveris & Mount, 1992; Dumoulin et al., 1993) the model
predicts that DNA recognition occurs mostly via helix 3 and
that the HTH motif is positioned such that the amino-terminal
end of helix 2 is oriented toward the dyad axis of the
operator. Additional nonspecific protein-DNA contacts are
predicted to be formed via the amino-terminal extremities
of helix 1 and 2 and the loop between the two antiparallelâ
strands.
In the model, all distances between the Arg-7 CR atom

and the C1′ sugar atoms of the target nucleotides are within
the range of 9.0-12.3 Å. These distances are in excellent
agreement with the affinity cleavage experiments. In the
model, Arg-7 approaches the phosphate between C8 and A9
from the minor groove, as was suggested by the EDTA-
induced cleavage experiments, and its side chain forms a
hydrogen bond to this phosphate in agreement with the
ethylation interference pattern of the LexA-C7 mutant
repressor.
In the model, the CR atom of Arg-28 is at 10.3 Å from

the N7 atom of target nucleotide A5, i.e., close to the average
cross-linking distance reported by Chen and Ebright (1993).

FIGURE 9: Two perpendicular views of the complex between the LexA DNA binding domain and a half-operator [according to Knegtel et
al. (1995)]. The four arginine residues which have been mutated to cysteine are labeled. The principal biochemical constraints from the
present work are shown as stippled lines.
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The model can thus account for the observed cross-linking
at the A5 base.
The LexA38-EDTA‚iron derivative displays a fairly large

region of cleavage centered around G6 and T7, which is
likely to be due to its placement in a flexible turn of the
LexA DBD. In the model, all distances between the Arg-
38 CR atom and the C1′ atoms of the target nucleotides are
within 7.3-16.1 Å, in good agreement with the results of
the EDTA cleavage experiments.
The LexA52-EDTA‚iron derivative cleaves the DNA at

positions 11, 12, 14, and 15, i.e., outside the CTGT
recognition motif (base pairs 5-8). Lloubés et al. (1993)
have shown that his region is involved in LexA-induced
DNA bending. Although the MONTY program used for
docking allows for some DNA bending, the extent of bending
that could be introduced in the Monte Carlo docking
simulations is limited (Knegtel et al., 1995). Table 2 shows
that in particular A14 (21.2 Å) and G15 (24.5 Å) are too far
apart from the Arg-52 CR atom, suggesting that the DNA in
this region may be more strongly bent toward the protein
than predicted by the model.
Despite this bending problem, the overall agreement of

the biochemical data reported here and the Knegtel et al.
(1995) model is satisfying. The biochemical data confirm
the orientation of the LexA DBD on the DNA and a
particular nonspecific contact between Arg-7 and the inter-
fering phosphate P3. This general agreement adds to the
credibility of the specific protein-DNA contacts that were
predicted by the model, involving in particular Ser-39, Asn-
41, Ala-42, Glu-44, and Glu-45.
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