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Abstract

The bacterial DNA damage response (the SOS response) is a key pathway involved in antibiotic
evasion and a promising target for combating acquired antibiotic resistance. Activation of the SOS
response is controlled by two proteins: the repressor LexA and the DNA damage sensor RecA.
Following DNA damage, direct interaction between RecA and LexA leads to de-repression of the
SOS response. However, the exact molecular details of this interaction remain unknown. Here, we
employ the fluorescent unnatural amino acid acridonylalanine (Acd) as a minimally-perturbing
probe of the £. coli RecA:LexA complex. Using LexA labeled with Acd, we report the first kinetic
model for the reversible binding of LexA to activated RecA. We also characterize the effects that
specific amino acid truncations or substitutions in LexA have on RecA:LexA binding strength, and
demonstrate that a mobile loop encoding LexA residues 75—84 comprises a key recognition
interface for RecA. Beyond insights into SOS activation, our approach also further establishes Acd
as a sensitive fluorescent probe for investigating the dynamics of protein-protein interactions in
other complex systems.
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INTRODUCTION

The prokaryotic DNA damage response, known as the SOS response, is precisely regulated
given its importance in bacterial survival and adaptation to genotoxic stressors, including
antibiotics. The “off” or ‘on’ state of the SOS response is governed by the conserved
repressor-protease LexA and its interactions between two different macromolecular partners
(Figure 1a).1 One of these partners is genomic DNA. In the absence of DNA damage (the
‘off’ state), LexA repressors bind promoters for SOS regulated genes across the genome and
block transcription.23 The presence of DNA damage, however, leads to the ATP-dependent
polymerization of the sensor protein, RecA, along single stranded DNA (ssDNA),
generating “activated” nucleoprotein filaments, termed RecA*.# RecA* is the second
macromolecular partner for LexA. Direct interaction of RecA* with LexA stimulates an
intramolecular peptide bond hydrolysis reaction in LexA (auto-proteolysis).> Cleaved LexA
repressor is unable to bind DNA, and expression of SOS genes ensues. The SOS regulon
includes a host of genes, ranging from high-fidelity DNA repair proteins to translesion DNA
polymerases, which replicate over DNA lesions, but do so with high mutation rates.
Correspondingly, genetic inactivation of LexA auto-proteolysis has been shown to decrease
bacterial survival and prevent antimicrobial resistance upon treatment with DNA-damaging
antibiotics,5-8 making RecA*-mediated LexA auto-proteolysis an appealing target for
combating acquired antibiotic resistance.-11

E. coliLexA is a dimer in solution,22:13 with each monomer consisting of an N-terminal
DNA binding domain (NTD, residues 1-69), a flexible linker (residues 70-74), and a C-
terminal protease domain (CTD, residues 75-202) that harbors a Ser119/Lys156 catalytic
dyad (Figure 1b).14.15 Within the CTD, a structurally-dynamic peptide loop (residues 79-95)
bearing the target scissile bond (Ala84-Gly85) can sample multiple conformations;16
however, crystallographic structural snapshots suggest that only one “cleavable”
conformation positions the scissile bond for nucleophilic attack by Ser119. The observation
of a conformationally-dynamic loop in LexA has led to debate over the role of RecA* in
promoting the rate of LexA auto-proteolysis.13:16
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The LexA:RecA* complex has defied numerous efforts aimed at elucidating the strength and
nature of its interaction. Past structural studies do not provide sufficient atomic resolution to
determine the binding interface for either protein.1’-18 Mutagenesis has not identified LexA
substitutions that can specifically disrupt RecA*-mediated proteolysis without also slowing
the basal LexA auto-proteolysis rate.19-21 Investigations into LexA:RecA* interaction
kinetics using surface plasmon resonance (SPR) assays suggest that either the NTD or CTD
alone can bind RecA*, but a more precise binding surface is not described.22 In the absence
of more compelling evidence, several groups have proposed conflicting models of LexA
bound to the high-resolution structure of the activated RecA* filament.22:23 The uncertainty
surrounding the size and molecular nature of the interacting regions between LexA and
RecA* is undoubtedly reflected in a range of reported estimates for the affinity constant of
this interaction,13.19

Given the central role of this interaction in SOS response regulation and the implications of
this pathway in acquired antibiotic resistance, we sought to directly investigate the binding
of LexA to RecA* through a novel experimental design. Fluorescence spectroscopic
methods offer an underutilized approach in the SOS field that offer potentially precise,
sensitive, and direct measurements of the protein dynamics inherent to the LexA:RecA*
interaction.24 Here, we employ a fluorescent unnatural amino acid as a minimally-perturbing
and maximally-sensitive probe that can directly and specifically report on LexA binding to
DNA or RecA*.25 By directly measuring binding of LexA to RecA* and localizing key
binding determinants, our findings establish a mechanistic foundation for disrupting the
RecA*-mediated LexA auto-proteolysis reaction and validate the utility of minimally-
perturbing fluorescent probes in the study of protein dynamics.

RESULTS AND DISCUSSION

Design of a Fluorescent Full-Length LexA Binding Reporter

Previously, we identified a number of positions in full-length £. coli LexA that can tolerate
the genetic incorporation of acridonylalanine (Acd or &), a small, intrinsically-fluorescent
unnatural amino acid (Figure S1a).25-27 Because the binding region in LexA for RecA* was
unknown, we sought to identify a permissive site in LexA for Acd incorporation that would
permit RecA* binding. We purified ten different LexA proteins with Acd incorporated at
various tolerant positions in a parent construct that was catalytically inactive (LexA-S119A)
(Figure S1b), which prevents the auto-proteolytic reaction from complicating analysis.
Using fluorescence anisotropy, a sensitive modality that can be used to monitor binding
interactions, we screened each Acd-labeled LexA-S119A variant for changes in anisotropy
signal when incubated alone, with non-activated RecA, or with specifically activated RecA*
(Figure S1c). Equilibrium measurements revealed that most of these labeled LexA proteins
demonstrate significant changes in anisotropy upon specific binding to RecA* (Figure S1d).
We elected to advance LexA-S119A-Q1616 (LexA®, hereafter) for further study, in part
because Q1616 is removed from both the catalytic dyad and target scissile bond (Figure 1b),
two regions in LexA that are suggested to come into close proximity with RecA* 1628
Following larger scale overexpression and purification, we confirmed successful Acd
incorporation at Q161 through SDS-PAGE fluorescence (Figure S2) and mass spectrometry
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analyses (Figure S3). We further confirmed that the Q1616 substitution does not disrupt
native LexA activity by reverting the S119A mutation and determining that the auto-
proteolytic activity of this catalytically-active Acd-labeled LexA is similar to that of wild
type LexA (Figure S4).

We reasoned that the relatively large fluorescence anisotropy change upon binding of LexA®
to RecA* in our equilibrium measurements could also permit resolution of the kinetics of
LexA binding. To test the ability of our Acd-labeled construct to provide time-resolved
binding data, we rapidly mixed 250 nM LexA® with 2 pM activated RecA* in a stopped-
flow apparatus and monitored for 60 seconds (Figure 2a). Of note, LexA predominantly
adopts its dimeric state at this concentration in solution.12:13 The combination of LexA8
with RecA* revealed a substantial time-dependent change in fluorescence anisotropy (Figure
2b). We attribute the size of this anisotropy change to the unusually long lifetime of Acd (15
ns),29 because longer lifetime fluorophores provide a better dynamic range for the study of
macromolecular interactions.3? As expected, this anisotropy change vanishes when either of
the ATPyS or ssDNA cofactors, required for RecA activation, are excluded (Figure 2b). The
selection of Acd as a fluorescent probe of protein-protein binding thus allowed us to track
LexA engagement with RecA* in solution and with high temporal resolution.

Rate and Affinity of the LexA:RecA* Binding Step

The specificity of the measured fluorescence anisotropy of LexAS for the bound versus
unbound state positioned us to develop a kinetic model for the natural binding interaction of
dimeric LexA with RecA*. As before, we rapidly mixed 250 nM LexA® with activated
RecA* in concentrations spanning a nearly 1000-fold range (0.016-10.24 uM). Examination
of time-dependent fluorescence anisotropy changes reveals that the apparent association rate
of LexA binding to RecA* increases as a function of RecA* concentration (Figure 2c).
Further, at intermediate RecA* concentrations, the LexA binding curves do not approach the
same maximum anisotropy values as those at the plateaus for the highest RecA*
concentration curves, consistent with a model of reversible binding between LexA and
RecA*. Using a reaction simulation and global fitting approach, we confirmed that a one-
step, reversible binding model provided a reasonable fit for our association curves (Figure
2¢) with all model parameters well-constrained by our data (Figure S5, Table S1). Using our
fitted values for the association rate (k; = 0.061 pM~1 sec™1) and dissociation rate (k_; =
0.048 sec1), we calculated an apparent dissociation constant, Kp, of 0.79 uM for the
interaction of full-length LexA with RecA*.

Our calculated Kp value of 0.79 uM for the LexA:RecA* interaction is similar to reported
Ky values of either 0.5 uM for the RecA*-catalyzed auto-proteolysis of full-length LexA1®
or 0.9 uM for the auto-proteolysis of a truncated LexA containing residues 65-202.13 That
our measured Kp value falls within a range of reported K, values suggests that &, the step
representing the chemistry of LexA auto-proteolysis, may be rate-limiting because it must be
slower (i.e. smaller) than the dissociation rate in order for the Kpand Ky, values to be
similar. Notably, our results also support an observation that LexA binding to RecA* is
demonstrably slower and weaker than reported binding rates and affinities of LexA to
operator sites in the £, coli genome.3 This interpretation favors the recently established non-
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equilibrium view of the SOS response, in which rapid and significant increases in RecA* are
required to deplete free LexA and thereby overcome, through mass action, the favored
kinetics of LexA binding to operator sites.3

As a means of validating our one-step reversible binding model, we sought to directly isolate
and examine the dissociation of LexA from RecA*. Past studies have established that LexA
binds rapidly and tightly to SOS operator DNA and that DNA-bound LexA likely does not
bind RecA* to a substantial degree.3:31 Therefore, we predicted that the addition of excess
operator DNA to a mixture of pre-formed LexA:RecA* complex would result in preferential
and rapid sequestration of free LexA by the excess operator DNA (Figure S6a). With the use
of the operator DNA trap, the kinetic step of LexA dissociation from RecA* can be isolated
in this analysis. Indeed, pre-incubated LexA:RecA* reactions, when mixed with an excess of
44mer double stranded DNA (dsDNA) substrates bearing the consensus SOS operator
sequence, produce an observable shift in anisotropy that could be attributed to LexA
dissociation from RecA* and subsequent association with dsSDNA (Figure S6b). Upon fitting
these data, we obtained an estimate of the LexA:RecA* dissociation rate (k_; = 0.093 sec™1)
that was only two-fold faster than the best fit value (k.1 = 0.048 sec™1) from our above
binding model.

A Structural Region in LexA Strongly Impacts Binding to RecA*

Efforts to identify a RecA* binding site in LexA have produced conflicting results, from
genetic screens that highlight residues 80-84 in the LexA cleavage loop to chemical cross-
linking and SPR studies that argue either the NTD (1-69) or CTD (75-202) in isolation can
bind to RecA*.19.22 |n the past, we and others have shown that certain N-terminal
truncations of LexA (65-202 or 75-202) remain competent for RecA*-mediated proteolysis.
11,13 Given the reproducibility and specificity of our binding assay, we reasoned we could
inspect the effect of alterations to LexA on RecA* binding to narrow down a site in LexA
responsible for the RecA* interaction. We devised an experimental approach in which the
binding strength (Kp) of modified forms of LexA could be assessed. In this design, we allow
an unlabeled LexA variant of interest to come to equilibrium with RecA*, so that the
availability of free RecA* sites is dependent on the affinity of the unlabeled LexA variant for
RecA* (Figure 3a). The sample is next rapidly mixed with fluorescent LexA®. Because the
rate of anisotropy increase is dependent on the concentration of RecA* binding sites, as
shown in Figure 2, we can then quantitatively determine the binding affinities of any number
of LexA variants using this competitive binding experimental setup. To first validate this
approach, we competed unlabeled, catalytically-inactive LexA (LexA-S119A) with its
labeled partner, LexA8. Following rapid mixing, LexA® demonstrated a concentration-
dependent decrease in the observed association rates (Figure 3b). By interpolating the initial
association rates at time zero (Figure 3b), we can infer the degree to which the binding of
LexA? is inhibited as a function of the concentration of unlabeled competitor LexA (Figure
3c). The K; of the unlabeled LexA-S119A is in rough agreement with the directly measured
Kgq of LexAS, suggesting that the competition assay is a reliable means to measure affinity of
LexA variants for RecA*. Furthermore, the similarity between the measured affinity for the
unlabeled LexA-S119A and LexA?® supports the suggestion that Acd is LexA® is minimally-
perturbing with regards to RecA* binding.
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Equipped with this experimental system, we sought to examine how LexA binding affinity
for RecA* is impacted by various forms of LexA, with a focus on the role for the mobile
peptide loop that contains the scissile target bond. We first generated the two protein
fragments that naturally result from LexA auto-proteolysis, the N- or C-terminal proteolytic
fragment bearing one half of the cleavage loop (1-84 and 85-202) (Figure S7). Notably, in
the competition assay, both fragments were dramatically weakened in their ability to inhibit
LexA® binding (Figure 3c and Table S3). These low affinities for the products of auto-
proteolysis for RecA* suggest a mechanism for turnover whereby a single RecA* binding
interface could bind with intact LexA, promote auto-proteolysis, and then be available for
engagement with other intact LexA proteins upon product dissociation.

To further and more precisely probe the molecular interface involved in the RecA*
interaction, we next generated a sequence of N-terminal truncations of LexA (Figure S8a
and Figure S8b). Remarkably, none of these more N-terminal truncations significantly
changed the degree to which LexA® binding was affected (Figure S8c and Table S4),
including truncation of LexA up to residue 75, which marks the start of the structured region
of the CTD including the cleavage loop. Our quantitative competitive binding results thus
highlight the importance of residues 75-84 in LexA for RecA* binding, given the great
degree of difference in the binding curves for 75-202 versus 85-202 (Figure 3c). However,
this stretch of residues on its own is not sufficient for binding to RecA* given that the N-
terminal proteolytic fragment, LexA(1-84), possesses this region, but is unable to efficiently
bind to RecA*. Thus, the combination of residues 75-84, with an intact mobile peptide loop,
and the C-terminal catalytic core is required to for molecular recognition and binding to
RecA*.

Disruptions to LexA Mobile Loop Impact RecA* Binding

Despite the implication of the intact mobile peptide loop as a critical structural determinant
for RecA* binding, the molecular nature of how this loop contributes to binding is not
apparent; for example, the interaction could depend on direct contact with residues in the
loop or it could require loop flexibility for a recognition interface to form. To further
examine possibilities, we selected two amino acid substitutions in the loop itself, GBOP and
VV82M (Figure 4a), that are known to decrease the rates of both basal and RecA*-mediated
LexA auto-proteolysis by putatively forcing an unfavorable loop conformation.20 We
examined the effect of these substitutions using the LexA® competition binding assay and
found that the apparent affinity of these constructs for RecA* decreased by over ten-fold
(Figure 4b and Table S5). Notably, amino acid substitutions at these positions have been
shown to dramatically reduce, but not fully eliminate, RecA*-dependent LexA cleavage /n
vitro and increase susceptibility to DNA damage /7 vivo.1920 The effects of these amino
acid substitutions in LexA are consistent with the interpretation that a particular cleavage
loop conformation, or at the very least conformational flexibility of the loop, is an essential
element driving efficient interaction with RecA*.

A Refined Catalytic Role for RecA* and Therapeutic Implications

RecA* has been previously described as a “co-protease” or catalyst of LexA auto-
proteolysis, because it is capable of promoting the auto-proteolysis of multiple LexA
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“substrates”.13 In the absence of RecA*, however, LexA auto-proteolysis occurs very
slowly. At physiologic pH, Lys156 is protonated and likely acts as an energetic barrier to the
dynamic peptide loop adopting the cleavable conformation. The observation that exposing
LexA to alkaline conditions increases the basal auto-proteolysis rate is consistent with a
requirement for deprotonation of Lys156. These structural and biochemical observations
have led to the proposal that RecA* accelerates LexA auto-proteolysis by inducing or
stabilizing an energetically unfavorable cleavable conformation in LexA.

Despite this model, the role of RecA* as a catalyst has remained poorly defined. Our study
sheds light on how binding to RecA* might promote the rate of LexA auto-proteolysis. Our
ability to measure the kinetics and affinity of LexA engagement with RecA* narrows the
critical binding determinants to the intact mobile cleavage loop in partnership with the C-
terminal domain. Poor binding by the native cleavage fragments offers support for the
interpretation of RecA* as a catalyst, given that dissociation of products would offer a
means for multiple turnover events. Furthermore, our results with LexA variants thought to
disfavor the cleavable conformation add support to the model whereby cleavage loop
conformation is relevant to RecA* engagement. Our kinetic modeling is most consistent
with a single-step reversible binding. While we cannot rule out the possibility that RecA*
induces conformational change upon binding, such a conformational change step does not
leave any distinct kinetic signature in our rapid mixing experiments. Future studies with
LexA variants that incorporate Acd into positions that can be responsive to dynamics within
the mobile protein loop may help to select between selective-binding versus induced-fit
models for the LexA:RecA* interaction.

Interest in targeting the SOS response for its role in mutagenesis and antibiotic evasion has
spurred numerous investigations into the mechanisms underlying its activation. Genetic
inactivation of the SOS response regulator, LexA, has been shown to decrease bacterial
survival and even reverse resistance to DNA-damaging antibiotics.5-8 The development of
small molecule inhibitors to mimic the effects of genetic SOS inactivation has proven
promising, but the advancement of inhibitors is in part limited by our insufficient
mechanistic insight into SOS activation. The use of Acd-based probes with LexA offer a
means to separate the different steps in auto-proteolysis, including the RecA* binding step,
which we have probed here, and the subsequent auto-proteolysis of LexA. Given the
pressing need for novel approaches to acquired antibiotic resistance, we are hopeful that
Acd, as a minimally-perturbing, genetically-incorporated probe, could prove useful to
deciphering the mechanism of action of putative inhibitors and to subsequently improving
their activity, and that analogous approaches could make use of Acd as a reliable probe of
protein dynamics in other complex systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Incorporating a minimal fluorescent probe into LexA. a) A schematic of the multiple
macromolecular interactions in which the transcriptional repressor LexA participates during
repression (left) or activation (right) of the SOS response. b) Modeled incorporation of Acd
(blue), a minimally-perturbing fluorescent amino acid, at position 161 in LexA. The active
site residues Ser119 and Lys156 are shown in orange. The inset depicts a rotated close-up of
the incorporated Acd residue.
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Figure 2.

Association kinetics of labeled LexA with RecA. a) Experimental design of association of
LexA with RecA. The indicated amount of Acd-labeled LexA-S119A-Q1618 (LexAd), is
rapidly mixed in a stopped-flow apparatus with post-activation reaction mixtures of RecA
and fluorescence anisotropy is measured. b) Plots of anisotropy versus time demonstrate the
specificity of LexA® for RecA*. 250 nM of LexA® were rapidly mixed with 2 uM of RecA
reactions containing only RecA (green), RecA + ATP-yS (purple), RecA + ssDNA (blue), or
RecA + ATPyS + ssDNA (RecA*, red). Data were fit to a smoothing function (solid lines).
¢) A series of plots of anisotropy versus time shows the dependence of LexA-RecA*
association rate on RecA* concentration. Curve labels indicate the concentration of RecA*
(M) that was mixed with 250 nM of LexA8. The best-fit curves from reaction simulations
after globally fitting three independent concentration series experiments are shown as solid
black lines for each concentration. Simulation boundaries at a Chi? ratio of 0.70 are shown
as gray ribbons.
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Figure 3.
Competitive binding of LexA protein variants for RecA*. a) Experimental setup for

measuring the binding affinity of unlabeled LexA variants for RecA*. Top: in a pre-
incubation reaction at equilibrium, unlabeled LexA variants at various concentrations are
mixed with 2 uM RecA*. Bottom: The observed association of LexA® depends on the
concentration of open LexA binding sites on RecA* in the pre-incubation reaction at
equilibrium, which is inversely proportional to the strength of binding for a given unlabeled
LexA variant. b) Individual plots of time-dependent anisotropy of LexA® following pre-
incubation or 2 uM RecA* with the indicated concentrations of unlabeled LexA. The data
are fit to a smoothing function (solid lines), and the initial association rate at time zero is
visualized (dashed lines). c) Plots of percent inhibition of LexA® binding to 2 uM RecA* as
a function of the concentration of various unlabeled LexA fragments: full-length LexA,
LexA(1-202), red; N-terminal proteolytic fragment, LexA(1-84), blue; C-terminal
proteolytic fragment, LexA(85-202), purple; N-terminal truncation, LexA(75-202), green.
Each dataset is fit to a dose response curve (solid line).
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Figure 4.
Loop variants of LexA impact binding to RecA*. a) Surface representation of the LexA C-

terminal domain (PDB 1JHE) with the active site colored orange. The mobile cleavage loop
is shown in stick representation (light blue). Sites chosen for auto-proteolysis deficient
amino acid substitutions are G80P (green) and V82M (blue). As with both mutant
constructs, S119A (red) is the full length 1-202 version. b) Plots of percent inhibition as a
function of concentration of unlabeled LexA cleavage loop variants. Data points represent
the median value from at least four independent replicates. The solid line represents the best-
fit variable-slope sigmoidal dose-response curve for each sample.
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