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INTRODUCTION

Background: Sequence-specific binding by transcription factors (TFs) plays a significant role in the selection and
regulation of target genes. At the protein:DNA interface, amino acid side-chains construct a diverse physicochemical
network of specific and non-specific interactions, and seemingly subtle changes in amino acid identity at certain
positions may dramatically impact TF:DNA binding. Variation of these specificity-determining residues (SDRs) is a
major mechanism of functional divergence between TFs with strong structural or sequence homology.

Methods: In this study, we employed a combination of high-throughput specificity profiling by SELEX and Spec-seq,
structural modeling, and evolutionary analysis to probe the binding preferences of winged helix-turn-helix TFs
belonging to the OmpR sub-family in Escherichia coli.

Results: We found that E. coli OmpR paralogs recognize tandem, variably spaced repeats composed of “GT-A” or
“GCT”-containing half-sites. Some divergent sequence preferences observed within the “GT-A” mode correlate with
amino acid similarity; conversely, “GCT”-based motifs were observed for a subset of paralogs with low sequence
homology. Direct specificity profiling of a subset of OmpR homologues (CpxR, RstA, and OmpR) as well as predicted
“SDR-swap” variants revealed that individual SDRs may impact sequence preferences locally through direct contact
with DNA bases or distally via the DNA backbone.

Conclusions: Overall, our work provides evidence for a common structural code for sequence-specific WHTH:DNA
interactions, and demonstrates that surprisingly modest residue changes can enable recognition of highly divergent
sequence motifs. Further examination of SDR predictions will likely reveal additional mechanisms controlling the
evolutionary divergence of this important class of transcriptional regulators.
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Author summary: Although many transcription factors (TFs) possess high sequence similarity, subtle amino acid
variation at DNA-contacting positions can yield substantial (and difficult to predict) alterations to intrinsic recognition
potential. In this work, we characterized the natural variation in recognition potential (base preference, monomer spacing,
and monomer orientation) within a sub-family of E. coli winged helix-turn-helix TFs. Using patterns of amino acid
conservation, we further predicted a number of amino acids with likely involvement in specificity determination between
these related TFs. Finally, we demonstrated the complex local and global roles of predicted SDRs as well as protein sequence
context on sequence-specific binding.

All organisms employ signal transduction systems that
receive, interprets, and ultimately determine the appro-
priate physiological response to environmental condi-

tions, available metabolites, and real-time activity of other
cells. Most prokaryotic signaling inputs are transduced
via two-component signaling pathways (TCSPs), com-
prised of a transmembrane sensor histidine kinase (HK)
and a cytoplasmic response regulator (RR). Typically,
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detection of an appropriate stimulus by extracellular
sensory domains of a HK results in the downstream
phosphorylation of a highly conserved aspartate residue
in the “receiver” domain of the cognate RR, altering its
behavior [1]. The high degree of structural homology
among two-component proteins operating in the same
cellular space raises the potential for cross-talk between
pathways, which a number of mechanisms have arisen to
suppress [2]. For example, non-activated HKs are known
to rapidly dephosphorylate their cognate RRs, thereby
reducing spurious RR phosphorylation by activated, non-
cognate HKs. This process, termed “kinetic buffering”,
combined with molecular specificity determinants at the
HK:RR and RR:RR interfaces [3,4], ensure that signal is
transduced through each invidual pathway with high
fidelity.

The majority of bacterial RRs contain one or more
“effector” domains that diversify the functional output of
TCSPs. Sequence-specific DNA-binding domains
(DBDs) are by far the most common effector class, and,
as such, the majority of TCSPs control the transcriptional
output of condition-specific genes and operons [5]. The
winged helix-turn-helix (wHTH), a fold present in
approximately 50% of bacterial transcription factors
(TFs), is the most prevalent effector found in all bacterial
RRs (~30%) [5,6]. The wHTH-containing RRs are
collectively sub-classified by structural homology to the
prototypical osmolarity response protein OmpR, and
share certain functional characteristics with it [7,8].
Conventionally, phospho-activation of an OmpR-family
RR shifts the monomer-dimer equilibrium toward a
predominantly homodimeric state, which co-orients
DBDs and promotes cooperative binding at tandem
repeat sequences [3,9,10]. Phosphorylation of OmpR-
family RRs may also stimulate the coordinated occupancy
of multiple adjacent binding sites, potentially leading to
complex regulatory outcomes. For example, OmpR-
dependent enhancers at multiple porin genes (e.g.,
ompF, ompC, and ompS1) exhibit distinct binding affinity
and regulatory activity, and their unique, enhancer-
specific sensitivity to OmpR mutations further suggests
that the conformation of enhancer-bound OmpR com-
plexes is sequence-dependent [11-13]. Although bio-
chemical studies of isolated RRpgp show little evidence
of direct (DBD:DBD) cooperativity [14], flexible inter-
actions between regulatory domains [15] and DNA-
mediated allostery [16] could both play a role.

Until recently, the sequence preferences of OmpR
family members have primarily been defined using
consensus-based models based on a small number of
experimentally validated operator sequences (e.g., QseB
[17]). Larger collections of binding sites generated using
genomic SELEX [18-21], ChIP-seq [22,23], and gene
expression analysis [24,25] have greatly increased the

quantitative resolution of specificity models. However,
the DNA sequences of native genomic binding sites are
not selected solely for optimal affinity, so these models
may not accurately reflect energetic preferences. For
example, OmpR engages in highly cooperative, concerted
binding to low-affinity sequence variants on the con-
sensus “TGTAACAAAATGTTTC” to carry out staged
and signal-dependent transcriptional processes [20,26]. E.
coli CpxR, an OmpR paralog, binds targets in vivo that are
enriched for repeats conforming to the similar consensus
“GTAAANsGTAAA” [25]; likewise, E. coli RstA binds
two targets — identified through genomic SELEX —
containing “ TGTAACNANATGTA” sequences [19]. As
expected, OmpR, CpxR, and RstA bind many of the same
genomic targets, the sequences of which will reflect their
synergistic and antagonistic regulatory outcomes [27,28].
Klebsiella CpxR has additionally been shown to bind two
different classes of target sites unique in sequence,
location relative to transcription start sites, and phos-
pho-sensitivity, suggesting that still more complex
regulatory constraints influence genomic occupancy
[29]. Therefore, specificity models built using native
targets for OmpR-family RRs will inaccurately conflate
energetic preference with regulatory requirements.

To obtain accurate energetic models of RR:DNA
specificity, some OmpR family members have been
profiled in vitro, and their comparison to specificity
models derived from genomic sequences provides insight
into the evolution of strategies for TCSP-mediated gene
regulation. For example, sequence-specific binding by
the E. coli OmpR paralog ArcA was determined system-
atically in vitro over all single-base mutations to a
native operator sequence, yielding a specific binding
model conforming to the consensus “tGTTANgGTTA”
[30]. ArcA was subsequently shown to target genomic
regions containing the identical tandem repeat
“TGTTANsTGTTA” (distributed in phase with the DNA
double helix) [22], and further analysis demonstrated that
both site affinity and site clustering govern the magnitude
and phospho-activation threshold of ArcA-dependent
gene expression [31]. In Burkholdia, KdpE prefers a
similar A/T-rich binding motif “TTTTTANA” in vitro
with relatively low specificity [32], strongly resembling a
binding motif derived from a collection of sites identified
through comparative genomics [14]. Despite its relatively
low sequence-specificity, an in vitro survey of binding
sites in the E. coli genome revealed only two high-affinity
bind-ing sequences, indicating a significant role for
cooperative assembly in physiologically relevant target
selection [18]. Based on this same study, a set of genomic
targets identified for phosphorylated BasR were explored
using DNase footprinting, and found to contain
“TTAAnnTT” repeats with spacing identical to those for
ArcA and KdpE [21]. The roles of potentially subtle base
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preferences, sequence context, and protein-protein inter-
actions in site discrimination between these paralogs
remain unresolved.

In contrast to the large number of studies detailing site
recognition by OmpR-family RRs, few studies have
systematically probed the residues responsible for
divergent DNA-binding characteristics. Five crystal
structures in complex with high-affinity oligonucleotides
demonstrate clearly that two regions of the wHTH, the
“recognition helix” (RH) and “wing” (W), make up the
primary protein:DNA interface [8,10,33-36]. Numerous
residues within these domains make diverse specific and
non-specific contacts with the DNA helix. For example,
the E. coli PhoB wing residue Arg”'® projects into the
DNA minor groove, making several contacts with an A-
rich tract [10]. This residue was hypothesized to facilitate
minor groove compression and support global curvature
of the bound DNA toward the protein complex. In E. coli
OmpR, mutation of the residue Val*** to Met inverts the
relative affinity of OmpR for two native targets differing
by a single base that, in the PhoB crystal structure, forms a
specific contact with the analogous residue in the major
groove [37]. In Bacillus WalR, mutation of multiple
different RH residues oriented toward the major groove
dramatically reduced DNA-binding affinity, suggesting a
central role for specific and/or non-specific interactions in
this region. A gain in non-specific binding affinity was
observed following the conversion of a DNA-adjacent
Asp to Arg, which, presumably, was able to contact the
DNA backbone [38]. Taken together, current evidence
suggests that residues across the RR:DNA interface (or
elsewhere in the protein [15]) can contribute specific and/
or non-specific binding affinity, but the role of individual
residues in paralog-specific sequence recognition remains
poorly understood.

In this study we deeply characterize sequence-specific
binding by eleven OmpR paralogs, and we identify
residues that confer paralog-specific binding attributes.
We find that these E. coli response regulators (eRRs) are
capable of multiple modes of sequence-specific DNA
binding, but as a family conform largely to a “canonical”,
dimeric model with divergent preferences for the
sequence, spacing, and orientation of composite half-
sites. We identify a small cluster of co-varying residues in
the RH with potential involvement in paralog-specific
sequence recognition, and demonstrate that two residues,
both of which contact the same DNA base, are partially
capable of specificity inter-conversion between OmpR
paralogs. These residues appear to carry out distinct roles
in DNA sequence and shape recognition, and structural
context (i.e., proximal residues) may influence their
activity. Overall, our representative specificity profile of
the E. coli OmpR family suggests that a minority of eRRs
are capable of discriminating binding sites in vivo solely

by sequence preferences. As a result, specificity models
derived from physiologically relevant sites may deviate
from the energetic optimum at key positions in the
binding motif. In physiological terms, this indicates a
complex balance between intrinsic affinity, site-specific
regulatory functions, and paralog-specificity. The struc-
tural conclusions and techniques presented will be useful
in future studies of protein:DNA specificity involving
OmpR-family RRs and other families of wHTH TFs.

RESULTS

Variation in protein and DNA structure at the
wHTH:DNA interface

Using the PFAM database [39], we identified 18 putative
eRRs (PF00486) present in the E. coli K12 genome, 14 of
which fall into the archetypical class of bipartite, signal-
activated transcriptional response regulators. They exhibit
high similarity at residue positions presented toward the
domain core as well as those in contact with the DNA
phosphate backbone, implying the preservation of both
wHTH fold structure and DNA-binding ability anticipated
from prior structural and functional studies of OmpR
family proteins (Figure 1A) [40]. The protein:DNA
interface spans three structural elements within the
wHTH domain (a1 N-terminus, al; beta strands f6-7, W
for “wing”; and a3, RH for “recognition helix”), which
contact different regions of the double helix (Figure 1B).
The wHTH also contains a transactivation loop (TA),
which is involved in gene regulation through interactions
with RNA polymerase [41].

At the protein:DNA interface, highly conserved
residues often interact non-specifically with DNA or
make sequence-specific contacts important for “familial”
binding specificity [42], whereas residues conserved
within sub-groups are more likely to act as specificity
determinants between paralogous proteins [43]. We
identified 1,925 high-confidence orthologs (see Methods)
for our set of 14 eRRs, which we further subdivided into
four distinct lineages (LI-1V) based on full-length amino
acid sequence similarity (Supplementary Figure S1). We
immediately observed multiple positions in the DNA-
contacting sub-domains that exhibited patterns of con-
servation consistent with paralog-specific functions,
especially at the DNA-exposed surface of the RH (Figure
1C). [For consistency, we will hereafter reference these
positions by their domain context, numbered position,
and residue identity where applicable; e.g., RH(j5)[R]
denotes an arginine residue at position 12 of the
recognition helix.] Residue dyads Arg-Asp (LII, LIII,
and LIV) and Asn-Glu (LI) were frequently observed at
RH, sy, indicating potential for a coevolutionary relation-
ship. Based on available crystal structures, these residues
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Diverse residue contacts and DNA shape at the protein:DNA interface for OmpR family response regulators. (A) The

results of a structural alignment of winged helix-turn-helix domains for E. coli K12 OmpR homologues are presented. Highly and
moderately conserved residues are highlighted by black and grey boxes, respectively, and a histogram of relative entropy is plotted
for each position (bottom) from a sampling of 1000 proteins from OmpR homologues identified previously [5]. Colored regions and
labels (recognition helix (RH, blue), transactivation loop (TA), al (red), and wing (W, yellow)) indicate structural sub-domains that
contact DNA in representative co-crystal structures of OmpR homologues bound to target DNA sequences. (B) DNA-contacting
residues in the RH, W, and a1 are shown using the crystal structure of a single PhoB monomer bound to a high-affinity half-site (PDB
code: 1GXP [10]). Residues are rendered as sticks and colored in correspondence with the alignment in panel A; DNA is shown in a
grey surface representation. (C) Residue conservation within the RH is displayed in sequence logo format, organized into lineages

(I-1V) based on amino acid similarity over the full-length protein.

directly interact at the protein:DNA interface, and suggest
that RH(s)[D/E] serves as a hub of polar interactions
between RH»)[R/N], W;[Y], as well as certain back-
bone-proximal residues at the N-terminus of o2. Planar
residues are frequently observed at RH), with a strong
His prevalence in LIV proteins and the LIII protein CpxR;
non-valine residues at RH ) appear also to co-occur with
RH(7[H]. Residues at RH(g ;o) were typically conserved
at lower levels than other DNA-contacting residues, but
some trends were apparent at the lineage level, such as the
preference for RHg[S] in LIIL

Because multiple residues with paralog- and lineage-
specific distributions are positioned to interact primarily
with the DNA backbone, we performed a comparative
structural analysis to investigate the role of shape-

specificity in RR-DNA binding. As previously reported,
the DNA minor groove narrows substantially in the spacer
region in all five protein:DNA structures, favoring DNA
curvature toward the bound face of the dimer [10]. We
further observed that the DNA major groove expanded in
the region occupied by the RH (Supplementary Figure
S2A). We then superimposed RHs to visualize the relative
position of the DNA helix, and found that phosphate
backbone trajectories diverge strand-specifically directly
over each occupied half-site (Supplementary Figure S2B).
For each RR, backbone trajectory was similar between
upstream and downstream half-sites, suggesting that
structural variability is primarily dependent on protein
binding, not underlying DNA sequence (Supplementary
Figure S3).
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Multi-specificity in sequence recognition by eRRs

To systematically explore the intrinsic sequence recogni-
tion potential of the OmpR family, we constructed a
randomized (20N) library and performed high-throughput
SELEX on phosphorylated and non-phosphorylated
eRRs. Binding motifs were identified de novo using
BioProspector [44] for five proteins (KdpE, BasR, QseB,
BaeR, and OmpR), revealing two apparent modes of
binding (Figure 2). One mode, characterized by a half-site
based on the consensus “GT-A”, was enriched following
selection with CpxR (LIII), OmpR (LIII), and QseB (LI);
however, the three “GT-A”-binding eRRs exhibited
different responses to chemical phosphorylation. OmpR
exhibited near-identical binding specificity in both
phosphorylation states to an apparent tandem repeat;
however, the proportional representation of sequences in
the selected pools was substantially higher under
phosphorylating conditions. We can infer from the
increased level of enrichment that phospho-OmpR
exhibits enhanced affinity toward DNA, most likely

through stabilization of the homodimeric complex [13],
resulting in a greater number of sequences stably bound
(and selected) in each successive round. Phosphorylated
and non-phosphorylated CpxR, by contrast, yielded de
novo binding motifs consistent with direct and inverted
repeat architectures, respectively. The recognition of
inverted repeats has previously been suggested at
genomic binding sites for the copper-responsive RRs,
CusR and YedW [47]; however, there is currently no
corroborating structural evidence. Additionally, because
these particular assays cannot differentiate between
complexes of distinct molecular weight, inverted repeat
motifs for CpxR, CusR, and YedW are consistent with
both (1) an inverted dimer (- «) and (2) a pair of head-to-
tail dimers (—— <« «). Surprisingly, a sequence repeat
containing a novel “GCT” core was enriched in selections
using QseB, KdpE, and BaeR. Half-site recognition
was asymmetric (“ACGCTN4TTGCT”), with preferential
specificity toward the upstream and downstream sites
in the presence and absence of phosphodonor, respec-
tively.
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Figure 2. Lineage-independent multi-specificity of eRRs. DNA sequence logos [45,46] are derived from de novo motif searching of SELEX
pools using BioProspector [44]. Binding motifs were discovered following selection of the indicated eRR in the presence (+P) or absence (-P)

of phosphodonor, or are representative of the same motif identified
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in both conditions independently (+/—P).
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eRRs vary in their preference for half-site sequence,
spacing, and orientation

The “GT-A” repeat sequences identified through SELEX
bore similarity to binding sequences previously derived
from in vitro and in vivo analyses of OmpR (“TGTAA-
CAAAATGTTTC”) [20], CpxR (“GTAA(N¢)GTAA”)
[25], RstA (“GTA”/“GTAAC”) [19], PhoP (“TGTTta”)
[48], PhoB (“TGTCA”) [23], and ArcA (“TGTTA”) [30].
We expected that this could represent a familial mode of
binding specific to the OmpR family as described for
other TF families [42], but hypothesized that divergence
could arise in subtle sequence, spacing, and orientation
preferences. We performed three rounds of SELEX on
each paralog (+/— phosphodonor) using a partially
randomized library flanked on one side by a synthetic
half-site, (“AGGTAA(N),,”). Binding motifs (each
representing thousands of individual sequences) were
identified de novo for eight eRRs in their phosphorylated
and non-phosphorylated states (Figure 3A). Despite
differences in sequence and regulatory function, the
OmpR family overall displays a consistent preference for
half-sites of the form “t.;yGTnAn(~ (on the reverse
strand, “n¢_¢TnACa(_yy”), hereafter referred to as the
“canonical” motif (Figure 3B, left). In general, half-site
sequences varied over the profiled TFs, but mainly at the
weakly selective fourth and sixth positions. CreB was a
notable exception, adopting a preference for a G4,
highly similar to the “cre tag” sequence previously
observed in promoters of several CreBC TCSP targets
[49] (Figure 3B, middle); interestingly, PhoB, an LIV
protein, exhibited a similar, weaker preference for G 4).
To investigate spacing and orientation preferences for
each eRR, we asked whether “hits” to representative half-
site position-weight matrices (PWMs) were over-repre-
sented at specific positions (in forward or reverse
orientation) within the randomized region for sequences
in the selected pools. Overall, the consistent orientation of
putative binding events relative to the synthetic half-site
suggested that recognition of direct repeats is a familial
characteristic, and center-to-center spacing preferences
between half-sites ranged only narrowly from 9 bp to 10
bp. A few notable exceptions to this rule include i) strong
binding of CusR (L1) to a head-to-head inverted repeat,
i) a lack of spacing preference for the non-phosphory-
lated form of KdpE, and iii) an atypical pattern of spacing
for CpxR. Importantly, these exceptions reflect known
binding activities of these factors in vivo [14,28,47].
The predominance of canonical and non-canonical
binding preferences differed between SELEX platforms
for KdpE (for which data were obtained in both
experiments), an outcome that was intended from the
inclusion of the synthetic “GTAA” half-site. CpxR
similarly failed to reproduce its tail-to-tail inverted repeat

architecture, but did exhibit non-canonical spacing out of
phase with the DNA helix. The loss of non-canonical
preferences when using a biased SELEX library is
unsurprising, given the reduced search space in which
to encounter high-affinity sequences. However, the
emergence of an apparently novel CpxR:DNA assembly
was unexpected, and was, presumably, in some way
related to the inclusion of a synthetic half-site. Given the
complex, oligomeric binding properties of CpxR at its
regulatory targets [28,29,50], we sought to further
characterize the LIII lineage.

LIIT specificity determinants include sequence
preference and complex assembly

The LIII family members CpxR, OmpR, and RstA target
overlapping and/or identical operators in the E. coli
genome, although they exhibited asymmetric binding
preferences and/or complex assembly patterns in a
SELEX format. To more deeply characterize subtle
specificity determinants within this restricted lineage,
we performed Spec-seq, a technique permitting the
measurement of relative affinities toward thousands of
individual sequences while visualizing protein:DNA
assembly in an EMSA format [51,52]. We designed a
partially randomized library based on the high-affinity
OmpR site (“AATGTAACAAAATGTTTCA”), which
was similar to SELEX-derived consensus sequences for
CpxR and RstA. Each base pair was biased towards the
consensus during synthesis (85% native base, with each
alternate base present at 5%) to produce a complex library
of targeted variants (~5.4% consensus, 4.7% single-
variants, and 1.7% double-variants). This design per-
mitted a broad sampling of sequences with greater
similarity to the RstA or CpxR preferred binding sites,
albeit at lower frequency in the pool. To generate
sequence libraries appropriately targeted to the intended
eRR, for each protein we selected high-affinity sequences
from the library over three rounds (without replacement)
and combined the resulting sequence pools in a 3:2:1 ratio
in ascending order of affinity.

Strikingly, we observed distinct banding patterns for all
three proteins, indicating alternative mechanisms of
assembly and/or complex structure. OmpR formed a
single specie that migrated identically in both phosphor-
ylation states, consistent with previous findings in vivo
and in vitro that it minimally requires a homodimer for
target recognition (Figure 4D,E, upper). Phospho-CpxR
failed to form discrete complexes, but rather shifted the
population continuously in proportion to the total protein
concentration, producing a prominent “smear” with
distinct lower and upper bounds consistent with
dimeric and tetrameric assembly states (Figure 4A),
upper. Interestingly, non-phosphorylated CpxR also
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selection of the “anchored” GTAA-(20N) degenerate library are shown for nine eRR, with the names of eRR for which logos could not
be obtained are in grey. Motifs obtained in the presence or absence of phosphodonor are indicated by +P and —P, respectively. The
dendrogram reflects sequence-similarity between full-length consensus sequences derived for each eRR, and distinct lineages (-
IV) refer to Figure S1. For each motif, we display heat maps indicating the distribution of start positions for putative half-site binding
events (top-scoring weight matrix hits) within the randomized region of the library; the frequency of putative binding events at each
position is scaled from gray (low) to red (high). Note that longer motifs (for example those of PhoB) have fewer potential starting
positions in the 20 bp library, giving rise to a heat map with fewer columns. Separate distributions are displayed by row in each heat
map for putative binding events by phosphorylated and non-phosphorylated proteins (+P, —P) in either forward or reverse orientation
(for, rev) relative to the fixed “GTAA” half-site, as shown for CreB (bottom). (B) Full-length eRR moitifs reflect alternative use of the
fixed half-site and 20 bp randomized region.

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018



Specificity determinants of OmpR family transcription factors

A L B ‘ C *
P-CpxR * NP ns CpxR ¥ NP ns P-RstA _ N.P. ns
g ’ N 1\ |
™ ~ : —
"\ PRy
(RN SR — - .- - e

D‘PO R * E‘OmpR *
A A x ~omp N.P. ns N.P. ns
,ITXTAA _A%TTLAAI
A TTA A” St et e e e e . - - -
T
e e e e e g L s e R o

l l
| |
T-IA-ArAAAAA é.j AAT (=T AA AAAATATTTA_ : s 71 AA AQAAIA]:TT - :
TG bty | el
| |
| |

Figure 4. Determination of DNA binding specificity for CpxR, OmpR and RstA. (A) DNA-bound complexes of full-length, strep-tagged
phospho-CpxR, (B) CpxR, (C) phospho-RstA, (D) phospho-OmpR, and (E) OmpR were obtained by excising bands separated by gel
electrophoresis. Proteins were incubated with pooled, partially-degenerate DNA libraries based on the OmpR consensus binding sequence
(See Methods) and run on 8% polyacrylamide (0.8X TBE) gels (N.P., no protein; ns, non-specific library). Bound and unbound DNA bands
were extracted from lanes indicated with an asterisk, and relative free energies of binding to different DNA sequences were calculated by
Spec-seq [45,53]. Energy logos depicting relative free energies for each nucleotide in the binding site [54] are located below their
corresponding gel, with gray bars on the y-axis are normalized to a magnitude of +/-1 in units of (—kT) across all logos. In this format, high-
amplitude positions contribute strongly to specificity, with bases above and below the center-line increasing and reducing affinity, respectively.

continuously hindered migration, but maintained a The upper two micro-states dispersed with increasing
discrete band at higher protein concentration (Figure phospho-RstA levels, while the lowest band steadily
4B, upper). Phospho-RstA formed a distinct banding increased in intensity.

pattern composed of three closely separated micro-states The major advantage of Spec-seq over other techniques
(and a fourth high-molecular weight state), which is the ability to calculate the relative free energies of
depended on protein concentration (Figure 4C, upper). binding to hundreds of unique sequences in a single
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reaction [51,53], in contrast to other techniques that may
incur experimental or computational artefacts [55]. Using
Spec-seq, we found no evidence of the asymmetric half-
site recognition previously observed for RstA using
SELEX (Figure 4C, lower). Although a number of bands
indicative of high affinity micro-states may represent
alternative, asymmetrically bound complexes, these did
not yield sufficient material for sequencing. OmpR
displayed energetic preferences close to its previously
identified binding motif, which was also unchanged by
phosphorylation (Figure 4D, E). CpxR, however, pro-
duced a recognition model that was strikingly distinct
from both OmpR and RstA, and also from its own
previously generated by SELEX (Figure 5A, B).
Phospho-CpxR half-site preferences were asymmetric,
with the downstream monomer adopting a highly specific
“t1)8TGAa(,6)” while upstream preferences underwent

B8 0000 88 EEEEEE

O,

a concentration-dependent shift from the semi-canonical
“ttn8TGAa6)” to a novel “t)tAAAn " mode. In
summary, this analysis demonstrates unique binding
properties and sequence recognition among three highly
similar LIII eRRs, suggesting complex mechanisms of
site discrimination may occur in vivo.

Specificity-centric MI subnetwork distinguishes the
RH as a SDR hub

Capra and coworkers previously conducted an analysis of
mutual information (MI) between cognate HK:RR
pairings to predict co-evolving, interfacial SDR pairs
responsible for selective phosphotransfer [59]. We
hypothesized that this subset of receiver-SDRs would
additionally co-vary with determinants of DNA-binding
specificity due to the convergent evolutionary pressure to

Figure 5. Sequence- and structure-based identification of specificity-determining residues at the protein-DNA interface. (A) Non-physically-
interacting SDRs in distant regions of the protein may exhibit covariance due to their shared selective pressure against TCSP crosstalk. (B)
Cumulative Ml scores [56,57] calculated from a family-wide multiple sequence alignment are projected onto the structure of PhoP (PDB
code: 5ED4 [33],) on a scale from minimum MI (yellow) to maximum MI (magenta). (C) Ml relationships between positions in full-length RRs
are presented as a network [56] created using Cytoscape [58]. Residues are ordered counter-clockwise by primary sequence in a circular
layout with the start (“N”) and end (“C”) positions (at bottom), and nodes are colored according to cumulative Ml as in Panel A. Protein sub-
regions are color-coded to match the shading in Figure 1A: wing (W, yellow), o2 (2, orange), trans-activation loop (TA, gray), recognition
helix (RH, blue), and al (a1, red); the domain border between DBD and receiver domain (REC) is also highlighted. Statistically significant
edges are shown only between positions separated > 10 residues, and nodes with <3 edges were filtered for clarity. Nodes that constitute
the first-order network of receiver-SDRs are shifted to an inner, concentric ring. Edges representing Ml scores in the top 10% are shown as
solid red lines; MI edges occurring within the first-order receiver-SDR contact network are solid black lines; and all other MI edges are
represented as grey lines. (D) The first-order Ml contact network derived from Panel C is re-displayed without intra-domain edges to
highlight covariation arising due to evolutionary convergence. Gray edges represent the Ml relationship between receiver-SDRs (white
boxes) [59] and individual residues in the structural sub-regions identified in Panel C; line thickness is proportional to Ml magnitude. DBD
node labels reflect the reference coordinates previously established for residues in the wing, recognition helix, and al regions; receiver-
SDR labels are numbered according to the sequence presented in Ref. [59].
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maintain TCSP-specificity (Figure 5A). As a first step
toward building this broader “specificity-centric” net-
work, we generated a MI network using MISTIC [56]
based on our alignment of ~2,000 OmpR family protein
sequences extracted from a census of two-component
RRs spanning 896 bacterial genomes [5]. In this
approach, the cumulative MI for each position represents
MI contributions summed over all possible pairings over
the full protein length, and is thus expected to increase at
positions with many significant MI pairings. Residues
with high cumulative MI predominantly localized to the
HK:RR and DBD:DNA interfaces; however, elevated
values were also observed for a cluster of poorly-
conserved, core-facing residues in the f1—4 region of
the DBD (Figure 5B). To eliminate proximity-based
signal (e.g., direct interaction), we next isolated the first-
order, cross-domain contact network centered on pre-
viously validated receiver-SDRs [59], and observed a
strong enrichment for residues in the RH, transactivation

loop, and o2 regions (Figure 5C). Notably, p1—4 residues
are absent from this sub-network, casting doubt on an
active role in the maintenance of TCSP-specificity. Upon
removal of intra-domain edges from this subnetwork,
receiver-SDRs were clearly most associated with residues
in the RH, and less so to other DNA-contacting sub-
domains (Figure 5D).

Single SDRs alter different aspects of eRR:DNA
specificity

To functionally validate our predicted SDRs, we searched
for residues that differ between OmpR and CpxR,
potentially accounting for their substantial divergence in
sequence recognition. Non-conservative differences were
observed only at RH; and RH;, (Figure 6A). These
residue positions are also highly similar between OmpR
and RstA, which display near-identical sequence prefer-
ences. We homology-modeled the putative SDRs within
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Figure 6. Quantitative determination of binding specificity for recognition helix (RH) variants in the CpxR and OmpR proteins. (A) An
alignment is given for the RH regions of OmpR, CpxR and RstA. Green shaded positions match residue and base coloration in panel B;
numbering reflects reference positions within the RH and canonical half-site. (B) Homology model of a “HISN”-containing RH based on the
crystal structure of the Klebsiella pneumoniae PmrA protein (native sequence: HIHN) (PDB code: 4S05 [35]) in complex with an “A.,TGAC”
half-site sequence. In panels B and C, hydrogen bonds are represented by yellow dashed lines. (C) Homology model of ‘QISR’-containing RH,
based on the K. pneumoniae RstA protein (native sequence: AISR) (PDB code: 4NHJ [34]) in complex with a “G.,TAAC” half-site sequence
(PDB code: 4NHJ [34]). (D) Spec-seq [53] was carried out on phosphorylated RH variants and relative free energies are depicted as energy
logos [54]. The background protein context (CpxR or OmpR) for the indicated mutations are shown in the left of the panel, and RH residues
(color-coded to their RR of origin) are shown above the corresponding energy logo. As in Figure 4, gray bars on the y-axis are scaled across all

logos to a magnitude of +/—1 kT.
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the context of comparable backbones and DNA half-sites,
and found that both RH; and RH;, were capable of
contacting G_¢ through the backbone and base, respec-
tively, although not in the same structure simultaneously.
In a CpxR-like context, RH,[H] directly contacts the
backbone at G_¢, whereas RH;o[N] makes no specific
contacts to the DNA whatsoever (Figure 6B). Conversely,
OmpR-RH,[Q] has no DNA contacts, while RH;o[R]
specifically recognizes G _ g through a bidentate hydrogen
bond similar to that observed in the PhoB:DNA structure
[10] (Figure 6C). The structures suggest that RH;, can
specify the characteristic C ¢ position in the canonical
OmpR and RstA binding motifs “GTAAC ¢, whereas
RH;( could mediate large-scale specificity alterations by
stabilizing an alternate conformation of the DNA back-
bone.

To resolve the role of these putative SDRs in the
divergent sequence recognition of OmpR and CpxR, we
first examined the sequence-specificity and protein:DNA
assembly of reciprocal RH; mutants. OmpR-RH-,[H]
displayed low-specificity binding to A/T-rich sequence,
consistent with an intrinsic preference for curved DNA
sequences [60] (Figure 6D, bottom). This behavior is
most consistent with a role for RH;[H] in the recognition
of DNA shape via the phosphate backbone, as predicted
from the structural model. Interestingly, His is also the
second-most frequent residue observed at RH; in our
alignment of naturally occurring OmpR orthologs (Figure
1C), so this particular specificity is likely to have
true physiological relevance. In contrast, CpxR-RH;[Q]
adopted canonical sequence preferences toward “G_,T”,
despite the fact that neither one of these base pairs is in
direct contact with RH; (Figure 6D, top); identical
behavior was observed for a related “AISN” variant
(data not shown). No other sequence preferences
(including those at positions formerly in the vicinity of
RH-,[H]) were significantly affected. Neither mutation
altered the assembly behavior of the protein:DNA
complex; however, apparent affinity was substantially
reduced in the mutants (data not shown). Because the loss
and gain of RH5[H] in two eRR scaffold contexts was
concomitant with specificity attributes characteristic of
shape recognition, we conclude from these results that
RH,[H] is necessary and sufficient for i) re-shaping the
groove structure of the half-site or ii) altering the
presentation of RH sidechains to the DNA.

Having observed a nearly reciprocal inter-conversion
of specificities between RH; mutants, we further aimed to
determine whether combined RH-/RH;, double-mutants
would complete the re-programming of OmpR-like and
CpxR-like binding. CpxR-RH7_19[QISR] performed as
predicted, exhibiting a fully OmpR-like specificity profile
across both half-sites with just one unique preference at
position 9, which occurs in the putative spacer (Figure

6D, top). Surprisingly, this second mutation restored
native-like affinity, and the gel migration pattern strongly
favored the stable, OmpR-like homodimeric complex
(data not shown). This full conversion from the hybrid site
observed in the “QISN” form suggests that the specificity-
determining activities of RH; and RH; are separable to a
degree, although the experiment cannot determine
whether the two are fully independent. In contrast,
OmpR-RH,_;,[HISN] exhibits wild-type specificity,
with the exception of the ninth base position, where it
matches the “QISN/R” mutants in the CpxR scaffold
(Figure 6D, bottom). This base is located within the
spacer and lacks correlation to any particular residue or
scaffold. Finally, we examined the effects of an RstA-like
RH7_1o[AISR] mutation in both scaffold contexts, and
no change in specificity from the “QISR” RHs was
observed.

DISCUSSION

In this work, we applied multiple high-throughput
techniques to profile specificity determinants in the
OmpR sub-family of wHTH TFs, which constitute
approximately 30% of downstream effectors in two-
component signal transduction systems. Two-component
signaling pathways are a critical and predominant sensory
modality in bacteria, and are a classic system for the study
of functional specificity of paralogous proteins and
pathways. This work is notable for several reasons.
First, in contrast to the simple mechanisms of DNA
binding employed by most of the profiled eukaryotic TF
families, OmpR family proteins bind as multimers in
response to phosphorylation of a regulatory domain,
greatly increasing the complexity of potential sequence
interactions. Second, prokaryotic TFs are usually profiled
individually with low-throughput methods, whereas we
generated high-resolution specificity models from thou-
sands of sequences for a representative majority of the E.
coli OmpR protein family. Third, we utilized randomized,
synthetic binding site libraries that allowed us to
challenge OmpR family members with a more complex
set of binding partners than they encounter in vivo. Our
use of these in vitro libraries to identify binding motifs,
rather than genomic DNA, further ensures that our results
are unbiased by native sequence context. Fourth, using a
recently developed technique known as Spec-seq, we
were able to measure relative affinities toward thousands
of sequences directly, while simultaneously visualizing
the assembly of distinct protein:DNA complexes in an
EMSA format. This approach provided an unprecedented
level of insight into the relationship between DNA-
binding specificity and protein:DNA assembly, and added
to our understanding of TF interactions important for gene
regulation. To identify SDRs, we integrated information
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from comparative genomics, structural biology, and
evolutionary analysis based on amino acid co-variation.
We demonstrated the utility of this approach by
experimentally confirming the role of two such residue
positions in paralog-specific sequence recognition. Over-
all, this work unites our understanding of the structure,
function, and regulatory activities fundamental to the
OmpR family.

Based on collections of genomic binding sites, crystal
structures, and biochemical assays, the dominant mode
for OmpR family proteins involves direct repeats of
“TTA”- or “GTA”-containing half-sites with a center-to-
center distance of 9—10 bp. Our high-resolution findings
largely confirm these overall preferences, but also suggest
that the orientation of composite half-sites may vary
within the family. Sequences containing inverted repeats
were enriched during CusR- and CpxR-SELEX.
Although we did not assay these mechanisms of binding
directly (e.g., through FRET or cross-linking), an inverted
“head-to-head” binding site has been observed for CusR
in its native operator [47]; the highly similar eRR YedW
also enriched this operator through genomic SELEX [18].
Formally, the solution-state SELEX technique does not
resolve complexes differing in size, and therefore the
observed architectures may result from symmetrically
bound dimers. However, the footprint size of the complex
bound to the aforementioned genomic sequence, 28 bp, is
insufficient for multimeric binding [47]; neither did we
ever observe the formation of high molecular weight
protein:DNA complexes in EMSAs performed for CusR
and YedW prior to SELEX analysis (data not shown). In
summary, we conclude that alternative dimeric architec-
tures are possible, though apparently not widespread, and
future work is needed to explore the mechanism of their
formation.

Our representative collection of high-resolution bind-
ing models provides significant insight into the regulatory
logic of OmpR-family RRs. For example, the SELEX-
derived binding motif of BasR is the canonical “TGTTA”
direct repeat (10 bp spacing), but a previously defined in
vivo specificity model of BasR:DNA complexes, which
conforms to the consensus “cTTAAnnTTnncT-
TAAnnTT”), diverges substantially from that model at
the strongly specified G,, position [21]. It has further
been shown that BasR forms multiple distinct complexes
with native operator sequences, and it “footprints” very
large segments of DNA. From a regulatory perspective,
this indicates that BasR-dependent operators are under
active selection to maintain multiple low-affinity binding
sites. Strangely, upstream and downstream half-sites
symmetrically disfavor the G, position, but, if simple
low-affinity binding were the intended result, then
mismatches would be spread equally over all positions.
In theory, favoring one specific mismatch at a high-

specificity position in the canonical binding mode opens a
sub-specificity niche that would insulate BasR binding
sites from paralogous competitors. In a contrasting
strategy, CreB exhibits a wholly unique variation of the
canonical motif, matching the “cre-tag” identified in
promoters responsive to the CreBC TCSP [49]; similarly,
the inverted repeat preference observed for CusR matches
precisely to recently characterized binding sites in target
promoters [47]. From an evolutionary standpoint, the
emergence of novel base and orientation preferences
would reduce the risk of cross-talk with other paralogs,
thereby reducing the need for an assembly- or affinity-
based strategies for operator discrimination.

A striking result of our initial SELEX experiment,
which used a fully-randomized 20N library, was the
emergence of two binding motifs based on distinct “GT-
A” and “(AC/TT)GCT” sequences. Interestingly, at least
one protein (QseB) appears capable of binding both
motifs. Multiple modes of binding specificity within a
single structural family have been proposed before,
although they have also been shown to arise artefactually
from the models used to represent sequence-specific
interactions [55]. Nevertheless, bona fide multi-specific
binding has been observed for the eukaryotic FOX family
of sequence-specific TFs, which notably also contain a
DBD belonging to the winged helix-turn-helix class [61].
Furthermore, the two most common binding motifs for
the profiled forkhead-domain TFs are of the consensus
“GTAAAC” and “ACGC,” partial matches for two of the
binding motifs shared by OmpR homologues in our
SELEX experiment. The alternative “GCT” motif also
has a structure somewhat similar to a binding consensus
previously generated by in vitro SELEX for Mycobacter-
ium PhoP (GCTGTGA) [62]. Both Mycobacterium PhoP
and Klebsiella PmrA (a BasR homolog) have been
crystallized in complex with sequences containing
“GCT”-like motifs occupying equivalent positions rela-
tive to the protein, with each overlapping at the
canonically conserved T3, (“GCT”/“GT3)-A”)
[33,35].

In an interesting case, CpxR exhibited multiple motif
preferences, partly depending on the experimental
approach. Both direct- and inverted-repeat recognition
appeared in fully-randomized SELEX, while “seeded”
SELEX yielded canonical results (consistent with the
previous experiment) and apparent non-canonical spa-
cing. Using Spec-seq, we observed the gradual progres-
sion of a canonical binding motif into a non-canonical,
multimeric mode with unique sequence preferences (in
both a phospho- and concentration-dependent manner). In
full context, it is apparent that the complex binding
properties observed in our partially randomized SELEX
experiments likely resulted from binding to sequences
flanking the synthetic half-site, which, when viewed with
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flanking bases (“AGGTAA”), proves a close match to the
upstream, non-canonical half-site observed in Spec-seq.
Additionally, it is likely that the increased prevalence of
the non-canonical CpxR binding mode during Spec-seq
may have resulted from crowding-enhanced stability in
the equilibration step or within the gel itself; extensive
“smearing” does indicate that this complex is dynamic or
unstable. These results illustrate the risk of analyzing TFs
(or any proteins) under a single set of conditions, and
demonstrate that no DNA library contains innocuous
sequence. We are confident in the results reported in this
work, but also recommend independent follow-up to any
de novo binding motifs generated using enrichment-based
analytical techniques.

Despite intensive study of the OmpR family, there is
very little known about the role of specific residues in
specificity determination; moreover, no common model
has been proposed that successfully predicts paralog-
specific behaviors. Surprisingly, we found that a simple,
consensus-based metric of protein similarity captured
functionally related protein lineages within the OmpR
family. For example, we observed that the LIII RRs
OmpR, CpxR, and RstA all preferred direct repeats with
9 bp distance between half-site centers. However, we
further observed significant differences between the
sequence-specificity and the assembly state of these TFs
reflective of their interactions in vivo in the regulation of
the csgD promoter. Both OmpR and RstA positively
regulate the expression of csgD, and it was shown using
DNase I footprinting that they do so through a shared
target sequence; CpxR, which is a repressor of csgD,
occupied a large region of the promoter (in vitro)
overlapping the RstA/OmpR binding site [28]. Our
Spec-seq analysis was consistent with these regulatory
relationships, and further revealed that oligomeric binding
by phospho-CpxR is supported by a unique binding motif
and mode of assembly. Our findings suggest that usage of
alternative binding motifs and multimeric complexes may
discriminate between activator and repressor functions,
and we argue that a more complete in vitro characteriza-
tion of OmpR family members at native operator
sequences is necessary to fully understand those mechan-
isms.

Many aspects of DNA-binding by OmpR-family TFs
complicate the identification of residues important for
sequence recognition. First, there are ~20 residue
positions (per monomer) that have the potential to contact
the DNA helix via the phosphate backbone and major or
minor grooves. Many exhibit preferences for multimeric
binding and/or recognition of curved DNA, so large-scale
changes in shape or geometry may play an outsized role in
target recognition. Computational metrics are often
applied to narrow the field of potential SDRs, often
using a statistical proxy (e.g., MI) to infer a coevolu-

tionary relationship between residues in the case of
protein interactions [59], or residues and DNA binding
site sequences in the case of protein:DNA interactions
[63]. It was novel, to our knowledge, to consider that
SDRs important for many different, TCSP-specific
functions might co-vary in a “specificity-centric” network
through a process analogous to convergent evolution. One
of the major benefits of this approach was that it required
signal between completely non-interacting residue posi-
tions, implicitly controlling for statistical correlations due
to structural proximity and/or co-evolution. Additionally,
the approach required no structural input outside the fact
that the two domain interfaces were non-interacting. Two
such predictions were able to fundamentally alter or inter-
convert aspects of sequence-specific binding and protein:
DNA assembly between OmpR and CpxR, surprisingly
via distinct molecular contacts with the same DNA base.
These findings and the techniques described begin to
lay the groundwork for a holistic structural understanding
of the RR:DNA interface, which could enable the
direct prediction of binding specificity from amino acid
sequence (e.g., for pathogenically-relevant organisms or
mutants).

In summary, we have quantified widespread differences
in the recognition of half-site sequence, spacing, and
orientation by E. coli OmpR family RRs with physiolo-
gical relevance to gene regulatory activity. Integrating
phylogenetic, structural, and functional sources of
information, we predicted and tested novel SDRs through
the transplantation of sequence-specific binding attributes
between paralogs. Our analysis revealed a complex role
for SDRs in the establishment not only of sequence
preferences, but also protein:DNA assembly. Overall,
these results greatly advance our understanding of the
wHTH-specific “protein-DNA code,” which may be
useful to predict the targets of newly discovered OmpR
homologues as well as design new regulatory tools for
synthetic biology. Further, this work provides a basis for
the continued study of two-component system evolution,
which will help to decipher the regulation of complex
homeostatic, pathogenic, and industrially relevant bacter-
ial processes. Finally, we have provided a substantial
resource of both specificity profiles and SDR predictions
for continued functional analysis of this important,
widespread TF family.

MATERIALS AND METHODS
Cloning, expression, and purification

Coding sequences of 14 response regulators (RRs) of the
OmpR sub-family (ArcA, BaeR, BasR, CpxR, CreB,
CusR, KdpE, OmpR, PhoB, PhoP, QseB, RstA, TorR,
YedW) were amplified directly from E. coli MG1655
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genomic DNA. Coding sequence for the StrepTagll
affinity tag (WSHPQFEK) was added by PCR amplifica-
tion along with upstream and downstream restriction sites
for Mfel and Xhol, respectively. Strep-RR fusion protein
sequences were sub-cloned into the pET-42a(+) expres-
sion vector in-frame with N-terminal GST and 6xHis
purification tags and a thrombin protease cleavage site,
generating triple-tagged constructs. Stock plasmids were
stored, purified and handled using standard laboratory
techniques.

ArcticExpress (DE3) competent cells (Agilent) were
chemically transformed with expression plasmids, and
single colonies from selective (Kan) LB-agar plates were
used to inoculate 5 mL LB-Kan starter cultures. After
6—-8 h growing at 37°C, starter cultures were scaled up to
400 mL expression cultures in triple-baffled 4 L flasks
prepared with auto-induction media containing Kanamy-
cin according to the Studier method [64]. Cultures were
expanded at 37°C for 3—6 h, then grown several hours
past saturation (24-36 h total growth time) at 25°C to
achieve maximum protein yield. Bacterial pellets were
harvested by centrifugation, sonicated, re-pelleted at high
speed to remove cellular debris, and lysate (diluted with
1x PBS to reduce viscosity) was passed through a 0.45
pum syringe-tip filter for clarification. Lysate was passed
over a HiTrap GST affinity column (I mL capacity, GE
Healthcare) and eluted under manufacturer-specified
buffer conditions. Fusion protein was cleaved with 5 U
thrombin protease, and GST-6 xHis was removed with
two rounds of treatment with Ni-NTA resin (Thermo
Scientific). Protein samples were cleared completely of
resin by passage through 0.22 pm syringe-tip filters.
Purity was assessed by both SDS-PAGE and size-
exclusion chromatography, and protein concentration
was determined by NanoDrop (Thermo Scientific).

Construction of mutants

All mutants were generated by site-directed mutagenesis
of wild-type plasmid construct using Gibson Assembly
Master Mix (New England Biolabs) [65]. Expression and
purification were carried out as described for wild-type
proteins.

SELEX and Spec-seq library preparation

DNA libraries were designed to contain flanking
sequences to support PCR amplification and direct
sequencing on the Illumina platform, and were obtained
as a single-stranded, PAGE-purified oligonucleotides
from Integrated DNA Technologies. For SELEX library
construction, 250 ng single-stranded DNA (ssDNA) were
mixed with a reverse primer in two-fold molar excess in
1x NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCI, 10 mM

MgCl,, | mM DTT, pH 7.9 at 25°C), heated to 85°C and
slowly annealed to 30°C. Following the addition of 10 U
Klenow Fragment (New England Biolabs) and 1 mM
dNTPs, extension reactions were incubated at 37°C for 2
hours, and double-stranded DNA (dsDNA) libraries were
subsequently purified using Qiaquick PCR Purification
columns (Qiagen) and eluted in Qiagen EB (10 mM Tris-
Cl, pH 8.5 at 25°C). Labeled dsDNA libraries for Spec-
seq were generated by two-step PCR with Phusion or Q5
High-Fidelity DNA Polymerase (NEB) using FAM-
labeled primers and purified as described above.

SELEX

Ammonium phosphoramidate for protein phosphoryla-
tion was synthesized in-house according to an established
protocol [66]. Strep-tagged proteins were pre-incubated 1
hour at 32°C in binding buffer (10 mM Tris-Cl, 7.5; 200
mM KCI; 20 mM NaCl, 2 mM MgCl,), 2 pg polydI-dC,
0.1 mg/ml BSA, and either 50 mM NH4CIl or 50 mM
ammonium phosphoramidate for non-phosphorylated and
phosphorylated conditions, respectively. Pre-incubated
protein samples were aliquoted (40 pL final volume) into
PCR strip tubes containing 200 ng of the appropriate
DNA library, and incubated an additional hour at 32°C
(10 mM Tris-Cl, 7.5; 100 mM KCI; 10 mM NaCl, 1 mM
MgCl,, 25 mM NH4CI or phosphoramidate). Binding
reactions were mixed with a washed suspension of Strep-
tactin magnetic beads (Qiagen) and placed on ice for 30
minutes; to prevent bead settling, reactions were mixed by
gentle pipetting at 10-minute intervals. Beads were
pelleted magnetically and supernatant was removed by
gentle pipetting. Pellets were washed once (without
disturbance) with a single volume of ice-cold binding
buffer. Pellets were resuspended in 20 pL elution buffer
(Qiagen TE + 150 mM NaCl) and incubated for 20 min-
utes at 80°C. Eluted DNA was amplified for subsequent
selections in a two-step reaction using either Phusion or
QS5 High-Fidelity DNA polymerase for 12—18 cycles, and
purified using the MinElute PCR purification system

(Qiagen).
Spec-seq

Binding reactions were prepared on ice in 12 pL volumes
containing 20 ng FAM-labeled dsDNA library in 1x
EMSA Buffer (10 mM Tris-Cl, 15 mM KCI, 60 mM
NaCl, 1.5 mM MgCl,, 0.2 mg/mL BSA, 5% glycerol, 3%
Ficoll, 10 ng/uL salmon sperm DNA, pH 8.3 at §8°C).
Reactions were incubated 2 h at 32°C with 25 mM
ammonium phosphoramidate or ammonium chloride for
binding of phosphorylated and non-phosphorylated
response regulators, respectively. Bound and unbound
DNA pools were separated by native PAGE (8%
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polyacrylamide, 0.8 x TBE [72 mM Tris-borate, | mM
EDTA]) at 8°C. Gels were visualized on a Typhoon FLA
9500 (GE Healthcare) Biomolecular Imager. Bands
containing bound and unbound DNA were excised, and
DNA was extracted by the crush and soak method [67] in
gel diffusion buffer (0.3 M sodium acetate, | mM EDTA).

Residue covariation analysis

OmpR family orthologs were identified using a reciprocal
best-BLAST hit criterion [68] from a previously curated
list of OmpR family members spanning 896 bacterial
genomes [5]. To qualify as orthologous, a conservative
cutoff of 40% sequence identity was imposed, and
redundancy within each group was reduced using CD-
HIT (90% identity clustering) prior to alignment using M-
coffee [69]. To build a family-wide alignment, we
conducted step-wise, progressive profile alignments
guided by a preliminary tree based on alignment
similarity. A MI network was constructed for this multiple
alignment using the MISTIC web interface [56] and
visualized using Cytoscape [58].

ABBREVIATIONS

RR, response regulator

eRR, E. coli OmpR family response regulator
HK, histidine kinase

TCSP, two-component signal pathway
DBD, DNA-binding domain

wHTH, winged helix-turn-helix

SDR, specificity-determining residue

al, alpha helix 1

W, wing

RH, recognition helix

TF, transcription factor

TA, trans-activation loop

PWM, position weight matrix

MI, mutual information

EMSA, electrophoretic mobility shift assay

SELEX, systematic evolution of ligands by exponential enrichment
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The supplementary materials can be found online with this article at DOI
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