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ABSTRACT

Quorum sensing gene expression in vibrios is regu-
lated by the LuxR/HapR family of transcriptional fac-
tors, which includes Vibrio vulnificus SmcR. The con-
sensus binding site of Vibrio LuxR/HapR/SmcR pro-
teins is palindromic but highly degenerate with se-
quence variations at each promoter. To examine the
mechanism by which SmcR recognizes diverse DNA
sites, we generated SmcR separation-of-function
mutants that either repress or activate transcription
but not both. SmcR N55I is restricted in recognition
of single base-pair variations in DNA binding site se-
quences and thus is defective at transcription acti-
vation but retains interaction with RNA polymerase
(RNAP) alpha. SmcR S76A, L139R and N142D substi-
tutions disrupt the interaction with RNAP alpha but
retain functional DNA binding activity. X-ray crystal-
lography and small angle X-ray scattering data show
that the SmcR DNA binding domain exists in two con-
formations (wide and narrow), and the protein com-
plex forms a mixture of dimers and tetramers in so-
lution. The three RNAP interaction-deficient variants
also have two DNA binding domain conformations,
whereas SmcR N55I exhibits only the wide conforma-
tion. These data support a model in which two mech-
anisms drive SmcR transcriptional activation: inter-
action with RNAP and a multi-conformational DNA
binding domain that permits recognition of variable
DNA sites.

INTRODUCTION

Bacterial pathogens oscillate between vastly different en-
vironments outside and within their host organism. Cells

must tune gene expression to respond to changes such as nu-
trient acquisition, temperature, pH, salt and the presence of
other microorganisms. Upon entering a host, bacteria need
to upregulate genes required for colonization and establish-
ing an infection, including cell surface appendages for at-
tachment to surfaces, secretion systems for delivery of tox-
ins, and enzymes for digestion of macromolecules for nu-
trient acquisition (1-5). Vibrios are Gram-negative bacte-
ria that are found in the marine environment, and many of
these bacteria are also pathogens of a variety of fish and
shellfish (6-10). Notably, some vibrios are potent human
pathogens such as Vibrio cholerae, Vibrio parahaemolyti-
cus and Vibrio vulnificus. In vibrios, one major regulatory
system that controls expression of virulence genes is quo-
rum sensing.

Quorum sensing is a process of cell-cell signaling that
allows bacteria to control group behaviors in response to
an increase in population density (11-13). Quorum-sensing
transcription factors are responsible for regulating hun-
dreds of genes. In Vibrio species, the master quorum-sensing
transcriptional regulators are the LuxR /HapR /SmcR-type
proteins that are produced at high cell density (14,15). In
vibrios, these proteins are the central regulators of viru-
lence gene expression, including LuxR in Vibrio harveyi and
Vibrio alginolyticus, HapR in V. cholerae, OpaR in V. para-
haemolyticus, and SmcR in V. vulnificus. Indeed, deletion
or inhibition of smcR in V. vulnificus decreases pathogen-
esis in both mouse and shrimp models (16,17). Thus, these
core regulatory proteins are central to our understanding of
the influence of quorum sensing on virulence. We note that
V. harveyi BB120 has been reclassified as Vibrio campbellii
BB120 (a.k.a. ATCC BAA-1116) (18), but we refer to this
organism in this manuscript as V. harveyi for consistency
with the literature (19-21).

Among vibrios, V. vulnificus is considered a potent hu-
man pathogen due to a mortality rate of greater than 50%
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in primary septicemia infection cases (22). In V. vulnificus,
the master quorum-sensing transcription factor SmcR is re-
sponsible for activating virulence genes via many factors,
one of which is by increasing the expression of an elastase
gene vwpE by directly binding to the promoter (23). It is
hypothesized that this activation mechanism functions via
SmcR interaction with RNA polymerase (RNAP). A direct
interaction between LuxR and RNAP alpha in Vibrio har-
veyi has been shown in vitro and in vivo (24), and this inter-
action with RNAP also exists with SmcR (25).
Transcriptional activation in bacteria canonically oc-
curs via interactions with RNAP via recruitment or sta-
bilization of RNAP interactions with DNA (26,27). Con-
versely, repression generally occurs through blocking key
promoter elements or binding of required activator pro-
teins (28,29). The complexity of these processes in bacte-
ria has recently become more fully appreciated with the
advent of deep-sequencing technologies and the ability to
connect transcriptomics to nucleoprotein complexes at pro-
moters (30,31). Such experiments have revealed numerous
important aspects of the mechanism of regulation by the
LuxR/HapR/SmcR family of transcription factors. These
proteins are completely different from the LuxI/LuxR
quorum-sensing systems that synthesize and directly bind
autoinducers, respectively, to enable DNA binding and reg-
ulation. Rather, LuxR /HapR/SmcR are sub-members of
the broader TetR family of transcription factors. Previ-
ous work has shown that these quorum-sensing regulators
are distinct from most TetR proteins because they have no
known ligand and they are able to activate and repress tran-
scription of many genes, while most TetR proteins only re-
press 1-2 genes with a few exceptions (32,33). Similar to
most TetR proteins, the binding consensus sequences for
LuxR/HapR/SmcR proteins tends to be between 20 and
22 bp long (34-36). In contrast to typical TetR proteins, the
site for LuxR/HapR /SmcR is quite degenerate (34,36-38).
The diverse binding sites of the LuxR /HapR /SmcR group
also have a wide array of binding affinities, with dissoci-
ation constants ranging from ~0.5-100 nM (37). Though
a significant portion of biochemistry has been performed
with the founding member of this family, V. harveyi LuxR,
the V. vulnificus SmcR protein is highly amenable to struc-
tural studies by X-ray crystallography (39). The V. cholerae
HapR protein has also been amenable to crystallography
(40), but the DNA-binding domain of LuxR and SmcR
are 100% identical whereas there are some differences in
HapR (Supplementary Figure S1A), making the study of
SmcR more appealing for studying DNA-binding mecha-
nisms. Thus, we focus on the mechanisms of transcriptional
activation by the V. vulnificus TetR-type protein SmcR.
TetR proteins exist in different conformational states:
apo, ligand-bound or DNA-bound (41). Generally, ligand
binding increases the separation of the DNA binding do-
mains compared to the DNA-bound form of the protein.
For example, superimposition of the apo, ligand-bound
and DNA-bound crystal structures of TetR shows that the
DNA binding domain has a pendulum-like shift of 2.7-7.5
A (41). While there is substantial crystallography evidence
supporting this pendulum-like shift in several TetR protein
family members, the field would benefit from further inves-
tigation of this shift using biophysical assays of proteins

in solution. The general ‘Q2’-shaped quaternary structure
of TetR proteins is highly conserved, even though primary
amino acid sequences can be divergent (41,42). Specifically,
the sequence identity in the ligand binding domain region
is highly variable, thus allowing for the recognition of di-
verse molecules in different TetR proteins. Although a na-
tive ligand has not been identified for LuxR /HapR /SmcR
proteins, there is a hypothetical ligand binding domain in
the C-terminus that has been shown to interact with chem-
ical inhibitors (17,39). There are also multiple examples of
TetR proteins that bind DNA as dimers-of-dimers in which
the two dimers do not interact but bind the major grooves
on opposite sides of the DNA helix (43-46). Further, one
TetR-type protein, EthR from Mycobacterium tuberculosis,
has been shown to bind DNA with one, two or three dimers
per DNA substrate (47). The observation of higher-order
structures in some TetR-type proteins introduces the ques-
tion of whether the Vibrio TetR proteins also form higher-
order structures.

The transcription field has historically used mutational
analysis to separate the functions of DNA binding and
protein-protein interactions involved in transcription initi-
ation (48-50). Indeed, positive control mutants that disrupt
protein-protein interactions but retain DNA binding activ-
ity provide important insights into the functional mecha-
nisms employed by transcription factors. Here, we examine
separation-of-function mutants to investigate SmcR-DNA
and SmcR-protein interactions and the impact of these
functions on activation of quorum-sensing genes. Our data
show that a specific amino acid substitution in the DNA
binding domain of SmcR renders the protein incapable of
binding DNA at most binding sites. Conversely, positive
control amino acid substitutions in the RNAP interaction
domain of SmcR do not alter the conformations of the
DNA binding domains. Our results support a model that
multiple conformations of SmcR allow recognition of di-
verse DNA binding sequences in activated quorum-sensing
promoters.

MATERIALS AND METHODS

Bacterial strains and media

Escherichia coli strains DHI10B and S17-1Apir were used
for cloning, and BL21(DE3) was used for overexpression
of proteins (Supplementary Table S1). All E. coli strains
and derivatives were grown in Lysogeny Broth (LB) at 30°C
shaking at 275 RPM in LB media with the corresponding
antibiotic. V. vulnificus ATCC 27562 and derivatives were
grown shaking at 275 RPM at 30°C in Luria Marine (LM)
medium (LB with 2% NaCl) with appropriate antibiotics
(Supplementary Table S1). Antibiotics were used at the fol-
lowing concentrations: kanamycin 50 wg/ml or 250 pg/ml
(E. coli or V. vulnificus, respectively), chloramphenicol 10
wg/ml, ampicillin 100 wg/ml and tetracycline 10 wg/ml.
The dual promoter fluorescence reporter assays were per-
formed using plasmid pJV064 containing the Py, fused
to GFP and Pys,2, fused to mCherry to assess LuxR tran-
scriptional regulation. Overnight E. coli cultures containing
lux R and the dual fluorescence reporter were diluted 1:1000,
induced with 15.6 wM IPTG, and grown for 16 h at 30°C.



The ODgg and fluorescence (both GFP and mCherry) was
measured on a BioTek plate reader.

Molecular methods

PCR was performed using Phusion HF polymerase pur-
chased from New England Biolabs (NEB). T4 polynu-
cleotide kinase (T4 PNK) used in EMSAs and all other en-
zymes mentioned were purchased from NEB and used ac-
cording to manufacturer’s instructions. Site-directed muta-
genesis for overexpression of mutant proteins was carried
out using the Agilent QuikChange IT XL Site-Directed Mu-
tagenesis Kit. The mutations were confirmed by DNA se-
quencing (Eurofins). All oligonucleotides were purchased
from Integrated DNA Technologies (IDT), and those used
in this study are listed (Supplementary Table S3). Cloning
details for plasmids listed in Supplementary Table S2 are
available upon request.

RNA analysis by qRT-PCR

To collect RNA samples, cells were grown at 30°C shaking
at 275 RPM to an ODg of approximately 0.2. Then cells
were induced with 50 wM IPTG and grown under the same
conditions until cells reached an ODygg of ~1, at which 5 ml
of cells were collected by centrifugation and frozen in liquid
N,. RNA was extracted using a Trizol/chloroform extrac-
tion protocol previously described (51) and cleaned up us-
ing an RNeasy Mini Kit (Qiagen). Quantitative real-time
PCR (qRT-PCR) was performed as previously described
(52). Samples were normalized to the internal standard recA
gene. The AACy values were used to analyze data from
three independent biological replicates. Symbols on graphs
represent the mean values and error bars represent the stan-
dard deviations. All statistical analysis was performed with
functions from GraphPad Prism version 8. Further details
are available in the figure legends.

Protein purification

SmcR and RNAP alpha proteins were purified similarly to
previous publications with minor adjustments (24,37,53).
Escherichia coli BL21(DE3) strains containing plasmids
expressing hexahistidine-tagged smcR wild-type and mu-
tant alleles were grown overnight in LB medium with
kanamycin, back-diluted 1:100 into 1 1 of LB medium with
kanamycin, and grown to an ODygq of 0.4-0.6 at 30°C. Ex-
pression of SmcR was induced by IPTG to a final con-
centration of 1 mM and cultures grown for 4 h shaking at
30°C. The cells were pelleted and frozen at —-80°C. The pel-
let was resuspended in 25 ml buffer A (25 mM Tris pH 8,
500 mM NaCl), and an Avestin EmulfiFlex-C3 emulsifier
was used to lyse cells. The soluble lysate was applied to a
HisTrap HP Ni-NTA column using an Akta Pure FPLC
in buffer A and eluted from the column with a gradient
of buffer B (25 mM Tris pH &, 500 mM NaCl, 1 M im-
idazole). The purified protein was concentrated to ~5 ml
using Sartorius Vivaspin Turbo 10 000 MWCO centrifugal
concentrators. The sample was manually injected into the
Akta Pure and separated via size exclusion chromatogra-
phy on a HiLoad™ 16/600 Superdex™ 75 pg column equi-
librated with gel filtration buffer (25 mM Tris pH 7.5, 200
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mM NacCl). Eluted fractions were analyzed by SDS-PAGE,
pooled, and concentrated using the same centrifugal con-
centrators previously mentioned. The samples were then
immediately used in crystal trays or frozen in liquid nitro-
gen with a final concentration of 10% glycerol and stored
at —80°C. All SmcR proteins used in Bio-layer Interferom-
etry (BLI) experiments and SmcR NS551 for crystallogra-
phy was overexpressed in E. coli BL21(DE3) using the In-
tein Mediated Purification with an Affinity Chitin-binding
Tag (IMPACT) system utilizing the pTXB1 vector for a C-
terminal tag. Cells were grown and induced the same as
previously stated, pelleted, and resuspended in buffer 1 (25
mM Tris pH 8, 500 mM NaCl, | mM EDTA) prior to lysis
by an Avestin EmulfiFlex-C3 emulsifier. The soluble lysate
was applied to NEB chitin resin in buffer 1. The resin was
washed with 10 CV buffer 1 and 10 CV buffer 2 (25 mM Tris
pH 8, 1 M NaCl, 1 mM EDTA) then incubated with 30 ml
buffer 1 and 231 mg dithiothreitol (DTT) for 4 h to promote
self-cleavage of the intein tag from the SmcR proteins. The
protein cleaved from the intein-tag was eluted with buffer
1 and dialyzed for 2 h in gel filtration buffer. The dialyzed
fractions were then concentrated to ~3 ml and manually in-
jected into the Akta Pure and separated via size exclusion
chromatography on a HiLoad™ 16/600 Superdex™ 75 pg
column equilibrated with gel filtration buffer. The purifica-
tion of his-tagged V. harveyi RNAP alpha was previously
described (24).

Crystallization and structure determination of SmcR variants

SmcR wild-type and variants were crystallized in conditions
similar to those previously described (39) with slight vari-
ations. SmcR WT and variants (~4 mg/ml) crystals grew
at 20°C using the hanging-drop vapor-diffusion method.
Crystals formed under the condition of 0.2 M of lithium
sulfate, 0.1 M imidazole buffer pH 7.6-8, and 6-10%
PEG3350. Then, crystals were harvested, cryo-protected in
reservoir solution supplemented with 20% ethylene glycol
or a mix of 10% glycerol and 10% ethylene glycol and flash-
frozen in liquid nitrogen. Diffraction data were collected
at 100 K at the Beamline station 4.2.2 at the Advanced
Light Source (Berkeley National Laboratory, CA, USA)
and were indexed, integrated, and scaled using XDS (54).
The structures were solved by molecular replacement us-
ing PHASER and the PDB code 3KZ9 (only one chain)
as a search model. The Autobuild function was used to
generate a first model that was improved by iterative cy-
cles of manual building in Coot (55) and refinement us-
ing PHENIX (56). MolProbity software (56) was used to
assess the geometric quality of the models and Chimera
(57) or Pymol (58) to generate molecular images. Data col-
lection and refinement statistics are indicated in Supple-
mentary Table S4. All data sets but variant N55I (space
group C2) were initially processed in space group P2;2,2;.
Data presented translational pseudo-symmetry (as defined
by Xtriage in Phenix), patterson peaks with length larger
than 15 A and pseudo-translation vector (0.234, 0.5, 0.0).
As a result, multiple molecular replacement solutions with
high TFZ and LLG were obtained, most of them with R-
free values over 0.34 after refinement. Then, data sets were
reprocessed in lower symmetry space groups. All solutions
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from molecular replacement, in every possible space group,
were built and refined using Maximum Likelihood (ML)
and Least Squares (LS) as target functions. Those with
the best R factors were achieved in space group P2;2;2;
and using ML method (Supplementary Table S4). Transla-
tional non-crystallography correction was not used during
refinement, since it had marginal effect, if any, on R val-
ues. UCSF Chimera software was utilized to superimpose
structures using the matchmaker function and then dis-
tances between alpha carbons were calculated. These were
calculated using the following command: distance #1.1
5.a@CA #2.1 :5.a@CA. This comparison was done for
each residue present in the solved structures. Chimera was
also used to display crystal contacts shown in figures, as well
as measure the distances of these putative contacts. This was
done using the Tools: Higher-Order Structure function and
selecting Multiscale Models. Then with loaded atoms and
contact distance near a set range of 5 A, select the Multi-
mer 3 x 3 x 3 crystal unit cells and make models. Then
clashes/contacts can be utilized from the structural analy-
sis function in tools. The parameters used for contacts was
the default criteria: VDW overlap = —0.4 A and subtract
0 from overlap for potentially hydrogen-bonding pairs. All
protein structures in figures were produced using Chimera
software.

Radiolabeling DNA probes and electrophoretic mobility shift
assays (EMSAs)

The EMSAs were conducted in a similar fashion to previ-
ous publications (24,52). The oligonucleotides used as sub-
strates were annealed in 1x annealing buffer (50 mM Tris—
HCIl pH 7.5, 100 mM NacCl) at 95°C for 1 min then cooled
from 95 to 10°C at 1°C/min to generate dsSDNA substrates.
The 500 nM annealed DNA substrates were then radiola-
beled in PNK buffer with PNK enzyme and radioactive
ATP [y*P] from Perkin Elmer at 37°C for 1 h then di-
luted in TE buffer (10 mM Tris, ImM EDTA pH 8). The
excess ATP [y*P] was removed using GE Healthcare G-
25 columns. The final dSDNA concentration of the probes
was 5 nM. EMSASs were carried out as previously described
(52) with a dilution series of protein (specified in figure leg-
ends), 10 ng/pl poly(dI:dC), 100 pg/ml bovine serum albu-
min (BSA), 1 x binding buffer (10 mM HEPES pH 7.5, 100
mM KCIL, 2 mM DTT, 2 mM EDTA) for 30 min at 30°C.
Protein-DNA complexes were visualized on TGE (25 mM
Tris, 250 mM glycine, | mM EDTA) polyacrylamide gels in
TGE buffer. Gels were dried for 1 h at 80°C then exposed to
a phosphor screen and analyzed on a Typhoon 9210 (Amer-
sham Biosciences).

Bio-layer interferometry

Bio-layer interferometry (BLI) was performed according to
protocols previously established (24). BLI was performed
on an Octet® K2 System using Dip and Read™ Ni-NTA
(NTA) Biosensors (FortéBio®). In a 96-well plate, the in-
teraction of untagged SmcR proteins (WT or N55I) were
assayed with 200 nM his-tagged V. harveyi RNAP alpha
subunit. His-tagged Tobacco etch virus (TEV) protease was
used as a control for non-specific interactions (24). The re-
actions were carried out in SmcR gel filtration buffer (25

mM Tris pH 7.5, 200 mM NaCl) with various concentra-
tions (1000, 850, 700, 550, 400, 250 and 0 nM) of the SmcR
protein (i.e., the analyte). The method on the Octet® K2
System Data Acquisition 9.0 software was set up to perform
30 s sensor equilibration in the reference well, 300 s ligand-
loading step in the ligand-loading well, 60 s baseline step in
the reference well, 700 s association step in the association
well, and 700 s dissociation step in the reference well. All
steps were performed shaking at 30°C for each concentra-
tion of analyte. The data were analyzed using Octet® K2
System Data Analysis 9.0 software.

Small angle X-ray scattering (SAXS)

SAXS measurements were carried out at the 12ID-B beam-
line of the Advanced Photon Source (APS), Argonne
National Laboratory. Photon energy was 13.3-keV and
sample-to-detector distance was 1.9 m to achieve a useable
g range of 0.005 < ¢ < 0.88 A, where ¢ = (47/\)sin 6,
and 20 is the scattering angle. Concentration series mea-
surements for wild-type SmcR and SmcR N551 solutions
were carried out. The concentrations were 1, 2 and 4 mg/ml
for SmcR and SmcR N551 in buffers consisting of 200 mM
NaCl and 25 mM Tris pH 7.5 (SmcR) or 200 mM NaCl, 25
mM Tris pH 7.5, | mM DTT, 0.5 mM EDTA (SmcR N55I).
Forty-five 2D images were recorded with a Pilatus 2 M pixel
detector for each matching buffer and sample solution using
a flow cell, with the exposure time of 0.5-1 seconds to min-
imize radiation damage and get good signal-to-noise ratio.
The 2D images were corrected and reduced to 1D scatter-
ing profiles using the Matlab scripts at the beamlines. The
1D SAXS profiles were grouped by sample and averaged,
followed by buffer background subtraction.

The radius of gyration (R,) and intensity at zero angle
1(0) were generated from Guinier plots in the range of gR,
< 1.3. For comparison, R, and /(0) were also calculated in
real and reciprocal spaces using program GNOM in q range
up to 0.30 A~! (59). The pair—distance distribution func-
tion P(r) and maximum dimension (Dy,,x) were also calcu-
lated using GNOM. The molecular weights were estimated
based on the method of correlation volume, V. (60), and the
Bayesian statistics method (61). The obtained structural pa-
rameters and molecular weights are shown in Supplemen-
tary Table S5. It was found that the oligomerization status
depends on the concentration. Wild-type SmcR at a concen-
tration of 4 mg/ml and SmcR N551 at 1 mg/ml are dom-
inated by dimers. Therefore, these data were selected for
fitting to crystal structures. The fitting of an experimental
scattering curve from a multiple conformation (oligomer)
mixture and determination of volume fractions of each con-
formation in the mixture were done using OLIGOMER
(62).

RESULTS

The N55I substitution in SmcR separates activation and re-
pression phenotypes

The LuxR/HapR/SmcR proteins are of interest because
they both activate and repress transcription, which is rare
among the TetR family of transcription factors. Previously,



genetic screens have been performed to find separation-of-
function mutants of LuxR in order to study the mecha-
nisms of activation or repression individually (37). Substi-
tutions of specific amino acids in the DNA binding domain
of LuxR in V. harveyi (e.g. N551; Figure 1A) render the pro-
tein unable to bind to specific DNA binding sites, thus re-
sulting in lack of either activation or repression of V. har-
veyi promoters (37). In addition, substitutions in alpha he-
lices 4 and 7 of LuxR (S76A, N142D, L139R) result in de-
creased or eliminated activation activity due to loss of in-
teraction(s) with RNAP (Figure 1A), and as such are called
positive control mutations (24). Because SmcR shares 100%
amino acid identity with LuxR in the DNA binding do-
main, shares 92% identity overall, and contains the same
critical residues in the RNAP interaction domain (Supple-
mentary Figure S1A), we hypothesized that substitutions in
the same positions in SmcR would yield similar activation-
and repression-specific phenotypes. We specifically focused
on SmcR N55I for several reasons: (i) the S7T6A, N142D
and L139R substitutions were shown to have the same in
vivo phenotypes in both LuxR (V. harveyi) and HapR (V.
cholerae), indicating that the interaction with RNAP alpha
is conserved across vibrios (24), (i) the LuxR N55I protein
is defective at DNA binding activity at specific sequences
but not all known binding sites (37), (iii) the LuxR N55I
substitution had the largest decrease in activation activity
while retaining wild-type repression activity (37), (iv) the as-
paragine is in a region of the DNA binding domain that
is completely conserved in all LuxR/HapR-type proteins
but not E. coli TetR and (v) substitution of N55 with four
other amino acids (Y, K, S, A) all resulted in loss of acti-
vation (32,37). We assayed function of SmcR N55I using a
previously published dual-promoter reporter plasmid con-
taining the activated promoter Py, driving expression of
gfp and the repressed promoter Pys;2, driving expression
of mCherry (37). As we predicted, the N55I substitution in
SmcR resulted in complete loss of activation of the luxC
promoter, whereas repression was maintained and even in-
creased compared to wild-type SmcR (Figure 1B).

Our previous work with LuxR /HapR had revealed the
RNAP interaction domain on LuxR and established that
LuxR interacts with RNAP alpha (24). We used biolayer
interferometry (BLI) to show that SmcR also interacts with
Vibrio RNAP alpha (Kp = 142 + 6 nM, Figure 1C) with a
similar affinity to LuxR (Kp = 139 £ 19 nM). This is the
first definitive in vitro experiment showing that SmcR and
RNAP directly interact. We also observed that SmcR N55I
interacts with RNAP alpha (Kp = 160 £+ 3 nM) with an
affinity similar to wild-type SmcR (Figure 1D). From these
data, we conclude that the N55I substitution in the DNA
binding domain of SmcR results in a loss of transcription
activation that is not caused by a disruption in the RNAP
alpha-interaction domain on SmcR.

SmcR N55I has limited DNA binding site recognition

To examine the diversity of sequences bound by SmcR
N551, we assayed DNA binding activity at the eight bind-
ing sites A-H in the luxC promoter from V. harveyi using
electrophoretic mobility shift assays (EMSAs). This pro-
moter is ideal for this experiment because the LuxR bind-
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ing sequence of each of these sites has been determined,
and SmcR binds to each of these sites with similar affinity
to LuxR (Figure 2A, B, Supplementary Figure S2A) (52).
SmcR N551 only binds well to sites B and H, at which it
retains near wild-type levels of DNA binding (Figure 2B,
Supplementary Figure S2A, S2B, Table 1). The deficient
binding of SmcR N55I to six out of eight Py ¢ binding
sites correlates to the lack of SmcR N55I activation activ-
ity at the /uxC promoter in vivo (Figure 1B). We note that
some EMSA DNA substrates (e.g. sites D and E) migrate
differently at high concentrations of SmcR protein that pro-
duce quantifiable DNA shifts (Supplementary Figure S2A).
These high-migrating substrates do not match the migration
pattern of single-dimer shifted bands (e.g. sites A, B, C, F, G,
H; Supplementary Figure S2A), and these substrate-specific
shifted bands are also observed with LuxR (52). Sites D
and E overlap by six basepairs (Supplementary Figure S1B)
(52). For each site, we used substrates that contained mu-
tations in the other binding site that we have shown elim-
inate or greatly decrease binding of LuxR (Supplementary
Figure S1B). However, we suspect that these high-migrating
bands comprise the binding of a second SmcR dimer to the
mutual half-site that is still intact, which is why they are
only observed for sites D and E and only at high concen-
trations that we previously did not test. Another hypothesis
is that upon substrate binding SmcR may alter the DNA
conformation in a way that changes the migration pattern
(e.g. DNA bending) or that a larger protein complex com-
prised of SmcR tetramers may be forming on the DNA.

To examine differences between the sites, we focused on
sites B and H because we observed that the SmcR NS55I
mutant has similar binding activity to wild-type at these
sites (Figure 2B, Table 1). Using the LuxR DNA binding
site consensus (previously generated via MEME analysis of
ChIP-seq data (37)) as a guide, we aligned the sequences
of LuxR binding sites in the /uxC promoter to identify any
sequence patterns that might contribute to binding differ-
ences between B and H and the other sites (Figure 2C).
We noted that several sites contained substitutions at highly
conserved positions in the consensus, such as the T4 and
A17 sites. To test the importance of these nucleotides, we
introduced substitutions in the sequence of site E (A17—T
or T4— A, or both) so that it more closely resembles site
B and the consensus (Figure 2C, E). The single nucleotide
substitutions each increase wild-type SmcR binding to the
substrates compared to wild-type site E but have little to
no effect on SmcR N551 binding (Figure 2E). Rather, both
substitutions are required to restore SmcR N551I binding to
wild-type levels at site E (Figure 2E, Table 1). The single-
and double-substitution substrates also substantially in-
crease wild-type SmcR binding affinity for site E (Figure
2B, E, and Table 1). In addition, although this has not yet
been formally tested, we note that at position 11, the three
sites with the worst binding affinities have a G, whereas the
other 5 have an A at that position. Collectively, these data
suggest that positions T4 and A17 (and possibly T/A11) are
important for stringent SmcR DNA binding.

An interesting characteristic of the LuxR-family degen-
erate consensus sequence is that it is comprised of a com-
bination of activated and repressed sites (37). It has been
previously published that analysis of binding sites in pro-
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Figure 1. The SmcR NS55I substitution mutant is deficient in transcriptional activation but not RNAP interaction. (A) X-ray structure of SmcR (PDB:
6WAE) in gray, with relevant substitution mutant residues (N55I, S76A, L139R, N142D) highlighted in red sticks. RNAP ID, RNA polymerase interaction
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and (ii) a plasmid expressing IPTG-inducible copies of either smcR (pJN22), the substitution mutant smcR N551 (pJN27), or an empty vector control
(pMMB67EH-kanR). Asterisks (****) indicate that the fluorescence values are significantly different than the wild-type counterpart (P < 0.0001; two-way
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with standard deviations (Kp; n = 3) are listed.

moters repressed by LuxR generates a consensus binding
site with dyad symmetry with inverted repeats (Figure 2A)
(37). Conversely, sites associated with activated genes gen-
erates a consensus site with asymmetry; only one side of
the palindrome is conserved (Figure 2D). Thus, the com-
bination of activated and repressed sites is what produces
an asymmetric palindrome motif (Figure 2B). However, the
critical nucleotides in the consensus site have not been tested
in a thorough manner, and thus, our data contribute to our
knowledge of this sequence. We note that the sequences rec-
ognized by SmcR NS55I, including the Pys»,, site and the
modified Py, ¢ site E, closely resemble the consensus for re-
pressed binding sites (Figure 2C). Conversely, SmcR N55I
does not bind to sites that deviate from the repressed site
consensus, such as most other sites in the uxC promoter
(Supplementary Figure S2B). These results are consistent
with new findings of recently solved crystal structures of V.
alginolyticus LuxR bound to repressed and activated DNA
sites; N55 residues from both monomers of the dimer in-
teract with bases in the repressed site (31). However, at an
activated DNA site, the N55 residue on one monomer inter-
acts with the DNA, whereas the N55 residue on the other
monomer does not (31). From these data, we conclude that

SmcR N55I binds to a limited and specific subset of DNA
sequences.

SmcR N55I has reduced DNA binding and transcription ac-
tivation at the vvpE promoter in V. vulnificus

We next wanted to study the relevance of the SmcR N551
substitution within the context of V. vulnificus. To exam-
ine the effects of the N55I substitution on SmcR transcrip-
tional regulation in vitro and in vivo in V. vulnificus, we first
used EMSAs to examine DNA binding at promoters in the
SmcR quorum-sensing regulon. Two well-studied promot-
ers from V. vulnificus were selected: P,,,g, which drives ex-
pression of elastase and is activated by SmcR, and P, .,
which drives expression of a metalloprotease and is re-
pressed by SmcR (63,64). Purified SmcR NS55I binds to the
vwwpM promoter with a similar affinity compared to wild-
type SmcR, whereas SmcR N55I shows substantially de-
creased binding to the vwpE promoter compared to wild-
type (Figure 3A). Alignment of the vvpE and vvp M bind-
ing sites to the consensus sequences shows that they most
closely resemble the activated and repressed consensuses, re-
spectively (Figure 2C, D). These results support our conclu-
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Figure 2. SmcR mutant N55I has limited DNA binding activity. (A) Alignment of Py, binding sites compared to the LuxR consensus binding sequence
and the LuxR repressed binding site sequence, which was generated from the subset of LuxR repressed binding sites (37). (B) EMSA reactions consisting
of 0.5 nM radiolabeled DNA substrates (P, binding sites A through H, oligonucleotides listed in Table 1) and purified SmcR wild-type (white squares)
or SmcR N55I protein (red circles) with increasing concentrations (0.0005, 0.005, 0.05, 0.5, 5, 50, 500 nM protein). Note that substrates for which no
quantifiable shifts were observed for SmcR N55I do not have data points on graphs (Supplementary Figure S2A). Data points show the average of three
independent experiments, and error bars indicate the standard deviation. (C) (top) Alignment of P, binding sites B, E and substitutions made in site E
compared to LuxR consensus motif and (bottom) alignment of Py,,¢ binding sites B, ET=A A>T 'H Pysr and Pypar compared to the LuxR repressed
consensus motif (37). Mutations in sites are indicated in red text. (D) Py, binding sites aligned with the LuxR consensus motif for activated sites (37).
(E) EMSAs comparing SmcR WT and SmcR N55I binding at Py, ¢ binding sites ET=A, EA=T and ET=A-A=T (oligonucleotides listed in Table 1 with
increasing protein concentrations (0.0005, 0.005, 0.05, 0.5, 5, 50, 500 nM protein concentrations)).

sion that SmcR N551 functions at repressed promoter sites of 50 wM IPTG, expression of SmcR or SmcR N55I com-

but has limited or non-functional binding at some activated pletely represses vwpM (Figure 3B). However, while wild-
promoter sites. type SmcR activates vwpE compared to the empty vector

We next assayed for transcription activation and repres- control strain, SmcR N551I does not increase vvpE expres-
sion activity at these promoters in vivo using qRT-PCR. sion, suggesting that it is not capable of activating the vipE
The smcR or smcR N551 genes were expressed in a AsmcR promoter (Figure 3C).These data further support our con-
strain on an exogenous plasmid under control of a P, pro- clusion that SmcR NS55I is defective at binding specific

moter, thus expression is induced by IPTG. Upon addition DNA binding sites.
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Table 1. EMSA analyses of SmcR protein-DNA interactions

SmcR Kp
DNA substrate Oligos protein (nM)
Py AB324/AB325 WT 2.180
Py AB324/AB325 N551  141.5
Py AB324/AB325 ST6A 0.3629
Py AB324/AB325 L139R 3.529
Py AB324/AB325 N142D 6.676
Pyt AB316/AB317 WT 0.1435
Pyt AB316/AB317 N551 0.2659
Py AB316/AB317 S76A 0.1666
Pyt AB316/AB317 L139R 0.3221
Pyt AB316/AB317 N142D 0.5676
P.cc Site B JDN54/JDN55 WT 0.1311
Pj.xc Site B JDNS54/JDN55 NS551 0.3222
Pjuvc Site H JCV369/ICV620" WT 0.009997
Puxc Site H JCV369/1CV620" N355I 0.07784
P Site E (abolish D RC212/RC213" WT 11.98
binding)
Pj.vc Site E (abolish D RC212/RC213" N551  240.6
binding)
Pjc Site ET7A JDN44/JDN45 WT 1.534
Pjuxc Site ET7A JDN44/JDN45 N55I 13.41
Pjuxc Site EA=T JDN46/JDN47 WT 2714
Pjuxc Site EA=T JDN46/JDN47 N551 44.61
Pjuvc Site ET7A- A=T JCV1107/JCV1108 WT 2.045
Pj.cc Site ET7A-A=T JCV1107/JCV1108 N35I 1.909
Puc Site A JCV1075/JCV1076" WT 9.944
Pjuxc Site C JCV1079/ICV1080" WT 103.2
P.xc Site D (abolish E RC224/RC225" WT 17.96
binding)
P.xc Site F JCV1087/JCV1088" WT 104.8
Puxc Site G JCV367/ICV619" WT 7.558

*Indicates this oligonucleotide pair was published in a previous study (52).

The DNA-binding domain of wild-type SmcR exists in at least
two conformations

We hypothesized that differences in the phenotypes ob-
served between wild-type SmcR and the SmcR N55I pro-
teins are due to structural differences in the DNA bind-
ing domains. We also predicted that any conformational
changes would be subtle because the N55I mutant retains
the ability to bind to a small subset of SmcR binding sites
(Figure 2A, Supplementary Figure S2A). In order to exam-
ine any differences between the structures, we first used X-
ray crystallography to examine the structure of wild-type
6Xhis-tagged SmcR. The wild-type SmcR structure that we
generated (6WAE; resolution 2.1 A), as well as the pub-
lished SmcR structure (3KZ9; resolution 2.1 A) both have
two dimers in the asymmetric unit (space group P2;2,2;;
Figure 4A) (39). Although our SmcR 6WAE structure con-
tains a 19-residue N-terminal His-tag (for which no den-
sity is observed in the structure), it can be superimposed
with the untagged SmcR structure with an average distance
between alpha carbons (Ca) of 0.2 A (Supplementary Fig-
ure S3). Throughout this manuscript, we refer to our His-
tagged protein simply as SmcR and the previously solved
untagged structure as SmcR 3KZ9. To quantify any dif-
ferences between the two SmcR structures, we plotted the
distances between alpha carbons of the four monomers for
each of the two structures: SmcR A to SmcR 3KZ9 A,
SmcR B to SmcR 3KZ9 B, SmcR C to SmcR 3KZ9 C, and

SmcR D to SmcR 3KZ9 D (Supplementary Figure S3B,
C). No major variations are observed in any of the four
monomers alignments, with the exception of unstructured
regions (e.g. the N- and C-termini, Supplementary Figure
S3C). We conclude from these data that the presence of the
His-tag in the wild-type SmcR structure that we generated
does not significantly affect the secondary structure.

We next aligned the two SmcR dimers from the same
asymmetric subunit by aligning the AB dimer to the CD
dimer. The two dimers are remarkably similar except for two
alpha helices and a loop in the DNA binding domain of one
monomer that have a distinct shift (Figure 4C). This shift
exists in both wild-type SmcR structures: the His-tagged
structure 6WAE and the previously solved SmcR 3KZ9
(Supplementary Figure S4A, B). We observe that the dis-
tances between DNA binding domain residues in the differ-
ent dimers vary. For example, the distance between residue
55 in chain A and residue 55 in chain B of the AB dimer is
44.015 A; whereas the distance between the same residues
in the CD dimer is 46.578 A (Figure 4B). While this 2.6 A
change is not the largest observed (Figure 4C), it is rep-
resentative of the changes seen along the alpha helices in
the DNA-binding domain. As a result, we refer to these
two conformations as ‘narrow’ (exhibited by SmcR dimer
AB) and ‘wide’ (exhibited by SmcR dimer CD). The two
conformations are reminiscent of previously studied TetR-
type proteins with a pendulum-like movement of the DNA-
binding domain (41). The individual Ca distances between
the wide and narrow dimers in the DNA binding domain
range from ~2 to 6 A, whereas the average overall distances
between individual Ca for comparing the wild-type wide
and narrow dimers is 0.6 A (Figure 4C). It is important to
note that in all crystallographic studies a caveat is that con-
formational changes may be artifacts due to crystal pack-
ing. In addition, although we observe two conformations,
we cannot rule out the possibility that the DNA binding do-
main dwells in additional conformations than the two cap-
tured in the crystal structures. Additional conformations
could be intermediate states between the two conformations
shown here or could be conformations sampling wider or
narrower states than our solved structures.

The X-ray crystal structure of the SmcR NS55I variant has a
single conformation

We also used X-ray crystallography to examine the struc-
ture of SmcR N55I and determined the structure at 3.4 A.
Unfortunately, our attempts to improve the resolution, in-
cluding the crystallization of His-tagged variants, were un-
successful. We next superimposed the structure of SmcR
NS55I (6WAF) to wild-type SmcR 3KZ9 since both struc-
tures were generated from untagged proteins (39). These su-
perimpositions were performed using the matchmaker func-
tion in Chimera, which considers the best alignment for the
overall structure (Figure 5A). The algorithm can also con-
sider the dimerization domains (the part of the protein sus-
pected to have the least flexibility and lowest B-factor val-
ues) as the fixed region. However, we opted to utilize the
matchmaker function in Chimera to analyze the data us-
ing the best overall fit to ensure less user bias. SmcR N55I
has only one dimer in the asymmetric unit (6WAF; space
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Figure 3. SmcR mutant N55I has limited DNA binding activity and transcriptional activation activity at Py,,z. (A) EMSA reactions consisting of 0.5 nM
radiolabeled DNA substrates (Py,,s0r Py, g binding sites on the top and bottom, respectively, with oligonucleotides listed in Table 1 and Supplementary
Table S3) and increasing concentrations of purified wild-type SmcR or SmcR substitution mutant proteins (0.0005, 0.005, 0.05, 0.5, 5, 50, 500 nM protein).
Data points show the average of three independent experiments, and error bars indicate the standard deviation. Representative gels of EMSA reactions
are shown to the right. Lanes labeled ‘— had no protein added. Asterisks indicate that the values (for N55I and S76A) are significantly different than the
wild-type counterpart (**** P < 0.0001; ** P = 0.01; two-way analysis of variance (ANOVA), followed by Dunnett’s multiple-comparison test; n = 3).
(B, C) Relative transcript levels of V. vulnificus (B) vwpM and (C) vvpE determined by qRT-PCR of transcripts from V. vulnificus AsmcR strains containing
either a plasmid expressing smcR from an IPTG-inducible promoter (pJN22), smcR N55I (pJN27), or empty vector (p(MMB67EH-kanR), induced with
50 wM IPTG. Asterisks indicate that the values are significantly different than the wild-type counterpart (ns = no significant difference; **** P < 0.0001;
**% P =0.0005; one-way ANOVA, followed by Tukey’s multiple-comparison test; n = 3).

group C2). This dimer aligns best to the wide dimer of wild-
type SmcR 3KZ9 and seems to be distinct from the SmcR
3KZ9 narrow dimer (Figure 5A). We quantified the struc-
tural differences by comparing the distances between alpha
carbons in the SmcR N551 wide dimer to the SmcR 3KZ9
narrow dimer (Figure 5B, C) or SmcR 3KZ9 wide dimer
(Figure 5D, E). The alignment of SmcR N55I to the SmcR
3KZ9 wide dimer plot shows little variation, with distances
between alpha carbons generally less than 2 A (Figure 5D,
E). However, the SmcR N551 monomer A shows large (24
A) variations in Ca compared to SmcR 3KZ9 monomer A
in the narrow dimer in the DNA-binding domain residues
5-75 (Figure 5B), reminiscent of the variations observed be-
tween the wide and narrow dimers in SmcR wild-type (Fig-
ure 4C). The fluctuations in the other regions of the pro-
teins are small (protein’s overall Ca average = 0.76 A), es-
pecially in flexible loop regions as expected (Figure SB-E).
It is noteworthy to mention that despite the low resolution
at which SmcR N55I was solved, alpha-carbon distances es-
timated in this work are rather accurate. Hardly surprising,
the side chains in low resolution structures are often mis-
takenly assigned due to the deficient electron-density maps
in those regions. However, generally the electron-density for
the protein backbone, as well as the alpha-carbon atoms as-

signed are more certain. Because the SmcR N55I structure
was solved at a lower resolution, the B-factors are higher
values compared to the SmcR wild-type structure (Supple-
mentary Table S4). However, when considering the overall
range of B-factors in the SmcR NS55I structure, the rela-
tive values for the DNA binding domain compared to the
dimerization domain are similar to that of wild-type (39).
Together, these results indicate that the single SmcR N55I
structure aligns closely with the wide conformation of wild-
type SmcR. Importantly, we cannot rule out the influence of
crystal contacts on conformational changes. We note that
155 in the SmcR NS55I structure has contacts ~4.1-4.4 A
with residues in the symmetry mate, which could affect the
conformation.

SmcR forms multiple conformations in solution

To assess the conformations of SmcR in solution, we per-
formed small-angle X-ray scattering (SAXS) experiments.
Because SAXS data is obtained in solution without crys-
tal lattice restraints, the structural information observed
is likely more representative of the cellular environment.
This is particularly important if a protein exists in multi-
conformational or multimeric states. SAXS is useful in the
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composition analysis of mixtures using existing software
and well-established protocols, provided that structural co-
ordinates of low-symmetry conformers are known (62,65—
67).

The SAXS data collected for wild-type SmcR were fit to
the 6WAE X-ray crystal structures. The results of data fit-
ting indicated the presence of both dimers and tetramers
of SmcR in the absence of DNA (Table 2). This was unex-
pected because TetR tetramer formation that has been ob-
served is DNA-dependent, with dimers binding opposing
faces of DNA (43-46), while here we observe tetramers in
the absence of DNA. The data fitting for the narrow dimer
or wide dimer alone is very poor (x> > 10; Table 3; Supple-
mentary Figure S7), suggesting that SmcR does not form
dimers in a single conformation, but rather in combinations
of conformations. The SmcR SAXS data have the best fit
(lowest x %) to the combination of a wide dimer and a mixed
tetramer with wide-narrow conformations, as compared to
tetramers with wide-wide or narrow-narrow combinations
(Figure 6A, Table 2).

The SmcR N55I SAXS analyses indicate the presence of
higher-order structures, perhaps rods, in most samples with
concentrations >1 mg/ml. At 1 mg/ml, the SmcR N55I
SAXS data showed better fits to the wild-type 6WAE crys-
tal structures compared to the 6WAF N55I structure with a
combination of dimers and tetramers, similar to wild-type
SmcR (Table 3; Supplementary Figure S8). This is likely

because the N551 6WAF structure has only the dimer in
the asymmetric unit, and models of N55I tetramers with
symmetry mates may not represent the tetramers observed
in solution by SAXS. Thus, the N55I data fit better to the
tetramers in 6WAE. As with wild-type, the fitting for N55I
data to the narrow dimer or wide dimer alone is poor (x> >
1.0; Table 3). Mixtures of narrow dimer or wide dimer com-
bined with tetramers (of all combinations) produce similar
x 2 values (0.28-0.29), indicating that the data fit best to a
mixture of dimers and tetramers. However, among the low-
est x2 (best) fits, the highest volume fraction of the dimer
is found in the wide conformation mixed with a tetramer
in the wide-wide conformation (Figure 6B, Table 3). From
these data, we conclude that wild-type SmcR exists in at
least the two wide and narrow conformations in solution in
a combination of dimers and tetramers. SmcR N551 may
also exist in multiple conformations, but SAXS analyses
suggest the best fit of these data is to wide dimer and wide-
wide tetramer conformations, likely indicating that SmcR
NS5S5I exists in the wide conformation more frequently.

SmcR RNAP-interaction mutants have two-conformation
structures similar to wild-type

The amino acid substitutions S76A, L139R and N142D in
SmcR alpha helices 4 and 7 are predicted to be involved in
protein-protein interactions based on previous research on
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CD dimer, black) and SmcR NS55I dimer (cyan; 6WAF) superimposed.
The insets show the superimposed al, a2, and a3 helices and the con-
necting loop in the DNA binding domain. The distance between alpha
carbons (Ca) at residue 55 between SmcR 3KZ9 monomers A to B (nar-
row dimer) or between SmcR N551 A to B (similar to WT C and D; wide
dimer) is shown beneath the structure (3KZ9 measurement above N551
measurement). (B-E) Graphs of the Ca distances calculated by Chimera.
Compared distances are as follows: (B) SmcR wild-type monomer A ver-
sus SmcR N55I monomer A (cyan), and SmcR 3KZ9 monomer A versus
SmcR 6WAE monomer A (purple), (C) SmcR 3KZ9 wild-type monomer B
versus SmcR N55I monomer B (cyan), and SmcR 3KZ9 monomer B ver-
sus SmcR 6WAE monomer B (purple), (D) SmcR wild-type monomer C
versus SmcR N55I monomer A (cyan), and SmcR 3KZ9 monomer C ver-
sus SmcR 6WAE monomer C (pink), and (E) SmcR wild-type monomer
D versus SmcR N55I monomer B (cyan), and SmcR 3KZ9 monomer D
versus SmcR 6WAE monomer D (pink).

LuxR and HapR, given that these substitutions render the
proteins unable to interact with RNAP alpha in vitro and
are decreased in transcription activation (24). To determine
whether these substitutions affect the structure of the pro-
tein, we solved the X-ray crystal structures of SmcR S76A,
L139R, and N142D (resolutions of 2.57, 2.55 and 2.58 A,
respectively; PDB 6WAG, 6WAH, 6WAI). Each of the sub-
stitution mutants has two dimers in the asymmetric unit.
These structures are highly similar to wild-type SmcR and
show no appreciable change in alpha helices from the wild-
type SmcR structure aside from movement in unstructured
loops. The average overall alpha carbon distance between
wild-type and the substitution mutants S76A, L139R, and
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N142D are 0.18, 0.25 and 0.17 A, respectively (Supplemen-
tary Figure S5). Importantly, much like wild-type SmcR,
each of the substitution mutants also show two DNA bind-
ing domain conformations (Figure 7A, C, E). The alpha
carbon distances between the wide and narrow dimers for
each substitution mutant show that the DNA binding do-
main alpha helices are also shifted, similar to wild-type
SmcR (Figure 7B, D, F). From these structural data, we
conclude that the S76A, L139R and N142D substitution
mutants of SmcR have similar structures to wild-type SmcR
and exist in multiple conformations.

Based on these data, we predicted that the DNA bind-
ing activity of these mutants is similar to wild-type SmcR.
To test this, we used EMSAs to assay DNA binding at
the vwpE and vwpM promoters for each substitution mu-
tant compared to wild-type SmcR (Figure 3A, Supplemen-
tary Figure S6). The Kp of the RNAP-interaction substitu-
tion mutants with P,,,,s are not significantly different than
wild-type or N55I. In addition, the affinities of the RNAP-
interaction mutants L139R and N142D for P,,,r are not
significantly different than wild-type. However, S7T6A has a
significantly increased binding affinity for P,,,z (WT = 2.1
nM, S76A =0.4nM; P < 0.01). In contrast, the N551 Kp of
141.5 nM is a significantly much worse affinity compared to
wild-type (32,68,69). From these data, we conclude that the
substitutions in the RNAP-interaction domain do not alter
the conformational structure of SmcR and do not decrease
DNA binding activity. Thus, the decreased transcription ac-
tivation observed in vivo is likely due to disrupted protein-
protein interactions.

The SmcR N55 residue is predicted to interact with the major
groove of the DNA

The DNA-bound structure of another TetR protein, QacR
from Staphylococcus aureus, gives insight into putative
structural shifts occurring in these proteins upon DNA
binding (45,46). Due to interest in drug development, QacR
has been highly studied with crystallography, making this a
good candidate to compare a TetR protein crystallized in
different conformations. Comparing the QacR-DNA struc-
ture to QacR-drug bound structures, we observed shifts
in the DNA-binding domain (Figure 8A), similar to other
TetR proteins that also have flexible DNA binding do-
mains. Although the SmcR and QacR X-ray crystal struc-
tures indicate multiple conformations of these proteins, the
wild-type HapR crystal structure (PDB: 2PBX) and an
inactive DNA-binding HapR naturally occurring variant
(G39D, HapRy;; PDB: 6D7R) both only show one con-
formation in their crystal structures, which align closest to
the wide SmcR conformation (40,70). However, another
study using small/wide angle X-ray scattering (SWAXS)
showed the G39D variant also has a change in DNA
binding domain conformation (71). Because this technique
is performed using protein in solution rather than crys-
tallized protein, we have increased confidence that these
conformational changes are not due to crystal packing
artifacts.

Using the QacR-DNA structure as a guide, we investi-
gated the predicted interactions of the SmcR DNA binding
domain to DNA (Figure 8B). The QacR protein sequence
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Table 2. SAXS analyses of wild-type SmcR

Data fit to SmcR 6 WAE?

Monomer Tetramer Tetramer Tetramer
narrow Monomer wide Dimer narrow Dimer wide narrow-wide narrow-narrow wide-wide X2
N/A N/A 1 N/A N/A N/A N/A 16.53
N/A N/A N/A 1 N/A N/A N/A 13.97
N/A N/A N/A N/A 1 N/A N/A 35.05
0 N/A 1 N/A N/A N/A N/A 16.53
N/A 0 N/A 1 N/A N/A N/A 13.97
N/A N/A 0.627+0.006 N/A 0.372+0.006 N/A N/A 0.73
N/A N/A N/A 0.646+0.006 0.354+0.006 N/A N/A 0.68°
N/A N/A 0.000+0.000 0.646+0.006 0.354+0.006 N/A N/A 0.68
N/A N/A 0.636+0.006 N/A N/A N/A 0.364+0.006 0.77
N/A N/A N/A 0.654+0.007 N/A N/A 0.345+0.006 0.72
N/A N/A 0.000+0.000 0.65440.007 N/A N/A 0.345+0.006 0.72
N/A N/A 0.628+0.006 N/A N/A 0.372+0.006 N/A 0.80
N/A N/A N/A 0.646+0.006 N/A 0.354+0.006 N/A 0.74
N/A N/A 0.000+0.000 0.646+0.006 N/A 0.354+0.006 N/A 0.74
ay 2 values are listed in first column from right. The volume fractions of involved conformations are listed in rest columns.
YThe data with the lowest x 2 and best volume fits are shown in bold.
Table 3. SAXS analyses of SmcR N55I

Data fit to SmcR N551 6WAF?
Monomer Dimer Tetramer X 2
NA 1 NA 1.62
0 1 NA 1.62
NA NA 1 1.69
Data fit to SmcR 6WAE?
Monomer Monomer wide Dimer narrow Dimer wide Tetramer Tetramer Tetramer x2
narrow narrow-wide narrow-narrow wide-wide
NA NA 1 NA NA NA NA 1.53
NA NA NA 1 NA NA NA 1.32
NA NA NA NA 1 NA NA 3.72
0 NA 1 NA NA NA NA 1.53
NA 0 NA 1 NA NA NA 1.32
NA NA 0.672 +0.021 NA 0.328 +0.017 NA NA 0.28
NA NA NA 0.690 + 0.022 0.310 £ 0.018 NA NA 0.28
NA NA 0.672 4+ 0.021 NA NA 0.328 +0.017 0.29
NA NA 0.680 £ 0.021 NA NA 0.320 £ 0.017 0.29
NA NA NA 0.697 4 0.022 NA NA 0.303 +£0.017 0.28
NA NA NA 0.690 + 0.022 NA 0.310 £ 0.018 NA 0.28
NA NA 0 0.690 + 0.022 0.310 £ 0.018 NA NA 0.28
NA NA 0 0.690 + 0.022 NA 0.310 £ 0.018 NA 0.28
NA NA 0 0.697 + 0.022 NA NA 0.303 + 0.017 0.28°

ay 2 values are listed in first column from right. The volume fractions of involved conformations are listed in rest columns.

PThe data with the lowest x 2 and best volume fits are shown in bold.

is much different than SmcR (27% shared identity) but the
quaternary structures are similar (RMSD of 3.1 A) (72).
Additionally, the DNA binding sequence of QacR is dif-
ferent than that of SmcR (Figure 8B), thus it is difficult
to make direct comparisons of the QacR-DNA structure
to SmcR to predict what amino acids contact nucleotides.
However, alignment of the SmcR crystal structure to the
QacR-DNA structure suggests that the residues V50, A51,
F54 and N55 of SmcR may interact with bases in the ma-
jor groove of the DNA (Figure 8§C). Thus, substituting 155
for N55 could either clash with base-pairs or could prevent
hydrogen bonding that N55 may normally participate in,
however this cannot be determined in the absence of DNA-
bound SmcR wild-type and N55I structures. Recently, one
of the Vibrio TetR-type proteins has been successfully co-

crystallized with DNA: V. alginolyticus LuxR (31). This was
very helpful in further analyzing our hypothesis of N55 in-
teractions because V. alginolyticus LuxR also has an N55
residue, and the binding site sequence is more similar to
that of the SmcR binding site sequences used throughout
this study (31). Comparing these interactions, we found
that our predictions on contacts for Vibrio SmcR aligned
well with contacts observed in the LuxR-DNA structures
(Figure 8B). Interestingly, the LuxR N55 residues in both
monomers contact the thymines on both sides of the palin-
dromic repressed DNA sequence (3.4 and 3.5 A) However,
for the activated DNA sequence, the N55 residue on only
one monomer contacts the thymine base at that position
3.3 A) whereas N55 in the other monomer does not make
the same contact with the adenine in the other half of the
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Figure 6. SAXS data fit to conformations of SmcR X-ray crystal struc-
tures. (A) Wild-type SmcR SAXS data were fit to varying combinations of
SmcR 6WAE structures (Table 2). The best data fit to the combination of
the wide dimer (CD dimer) and narrow-wide tetramer (AB, CD dimers)
is shown. (B) SmcR N55I SAXS data were fit to varying combinations of
SmcR structures using either 6WAE or 6WAF (Table 3). The best data fit
to the combination of the wide dimer (CD dimer) and wide-wide tetramer
(CD, CD dimers) from 6WAE is shown.

palindrome (31). This supports our findings that SmcR N55
is critical for recognition of different DNA sequences.

DISCUSSION

The study of transcriptional control of quorum-sensing
genes is pivotal for a basic biological understanding of the
evolution of coordinated behaviors, as well as for a better
understanding of key drug targets to treat diseases coor-
dinated by quorum sensing. Notably, LuxR /HapR /SmcR
proteins are members of the TetR family of transcrip-
tion factors that have diversified to bind more than 100
sites throughout the genome. This study has investigated
how these regulators simultaneously maintain specificity
for quorum-sensing targets and diversity to accommodate
binding at numerous promoters for both activation and re-
pression activities. The core importance of the work pre-
sented here is that the Vibrio family of LuxR /HapR /SmcR
proteins have evolved from traditional TetR-type proteins
and have the ability to activate transcription and to bind to
numerous and diverse DNA sequences. Our model is that
two biophysical properties enable these activities: (i) inter-
action with RNAP, which likely recruits or stabilizes RNAP
at certain promoters and (ii) multiple DNA binding domain
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conformations that allow recognition of various sequences
(Figure 9). While the hypothesis that LuxR /HapR/SmcR
proteins adopt multiple conformations is not new, the bio-
chemical, structural, and quantitative protein comparison
data presented in this manuscript are the first to show defini-
tive support for this model. The focus of this study has been
solely on the biophysical mechanisms of activation and how
specific SmcR-DNA and SmcR-protein interactions influ-
ence SmcR regulation of activated genes. We took advan-
tage of known activation-deficient mutants to determine
how these substitutions affected SmcR activity both in vitro
and in vivo. Similar analyses could be performed to interro-
gate repression-deficient mutants to study whether similar
SmcR-DNA interactions are vital for SmcR to function as
a repressor (37).

Our structural studies from X-ray crystallography and
SAXS have both shown that multiple structural conforma-
tions are adopted by SmcR to facilitate binding of vari-
able DNA substrates in quorum-sensing promoters. Our
findings align with well-documented observations of DNA
binding domain ‘plasticity’ in several other TetR proteins
from diverse bacteria in which the ligand binding domain
has a pendulum-like motion (32,43). We hypothesize that
the measurable alteration in the SmcR dimer between the
two helix-turn-helix domains may enable SmcR to inter-
act with DNA sequences from various promoters where
sequence variation is restricted. For example, many LuxR
binding sites have been shown to overlay the -35 region
bound by sigma-70 (37,38,52). Limitations to changes in
these regions may have driven selection for the protein to
adapt to variable sequences, rather than mutations to the
binding site itself.

We also observed that SmcR forms a mixture of dimers
and tetramers in solution. This was unexpected because
most TetR proteins are dimers in solution, or if a dimer
of dimer formation is observed, then proteins bind DNA
on opposing strands without neighboring proteins directly
interacting. If SmcR adopts multiple conformations when
bound to DNA versus unbound, this would fit other data
in the field: the crystal structure of the TetR-type protein
QacR bound to DNA exhibits a different conformation to
that of QacR bound to ligands or inhibitors (44-46,73).

There are several plausible models for the mechanism
that limits DNA binding by the N55I protein. The N55I
substitution may have a limited range of sequence recog-
nition due to a limited flexibility in its DNA binding do-
main. It is also possible that the substitution of isoleucine
for asparagine restricts nucleotide recognition and any po-
tential hydrogen binding that may be occurring, thus limit-
ing base-specific contacts made by SmcR. We note that the
sequences bound by SmcR N5S5I represent sites at which
LuxR has been shown to have the tightest binding affin-
ity (e.g. Pyc site H and Pys22,) (37). This could indicate
that LuxR/HapR/SmcR proteins have evolved to be in-
creasingly flexible to accommodate more binding sites for
an expanded regulon compared to traditional TetR-type
proteins. Another model is that SmcR forms either dimers
or tetramers depending on the type of promoter, and N55I
may be altered in its binding mode. These models could
be addressed with in-solution structural experiments such
as NMR to further understand the structural differences
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Figure 7. SmcR S76A, L139R and N142D exhibit structures similar to wild-type with two DNA binding domain conformations. (A) SmcR S76A (6WAG)
narrow dimer (cornflower blue) structure aligned to the wide dimer (royal blue) with an inset zoomed into one monomer of the DNA binding domain. (B)
Graph showing the Chimera measured distances between alpha carbons (Ca) of his-tagged SmcR S76A (PDB: 6WAG) from monomer A to monomer C
(red) and from monomer B to monomer D (black). (C) SmcR L139R (6WAH) narrow dimer (forest green) structure aligned to the wide dimer (yellow) with
an inset zoomed into one monomer of the DNA binding domain. (D) Graph showing the Ca of his-tagged SmcR L139R (PDB: 6WAH) from monomer
A to monomer C (red) and from monomer B to monomer D (black). (E) SmcR N142D (6 WAI) narrow dimer (orange) structure aligned to the wide dimer
(magenta) with an inset zoomed into one monomer of the DNA binding domain. (F) Graph showing the Ca of his-tagged SmcR N142D (PDB: 6WAI)
from monomer A to monomer C (red) and from monomer B to monomer D (black).

in these proteins. The DNA-bound SmcR and SmcR N55I
structures would truly contribute the greatest information
in DNA binding site recognition, though numerous at-
tempts with various DNA substrates, SmcR protein purifi-
cation schemes, and a library of crystallization conditions
has not yet yielded crystals that diffract. Fortunately, the
recent V. alginolyticus LuxR-DNA crystal structures have
provided insight into mechanisms of DNA sequence recog-
nition (31). The study by Zhang et al. shows the importance
of N-terminal contacts with the minor groove that differ be-
tween activated and repressed sites, specifically residues R9
and R11 (31). In addition, the N55 residue makes specific
nucleobase contacts in both monomers with the thymines in
the repressed site, but only one monomer makes this contact
in the activated site. Thus, the results presented by Zhang
et al. (31) and this manuscript show that DNA binding site
recognition in the LuxR /SmcR family of proteins relies on
at least two mechanisms: (i) a flexible HTH that differs in
nucleobase interactions and (ii) N-terminal minor groove
interactions.

Ultimately, information regarding the mechanism of
transcriptional regulation of the LuxR /HapR /SmcR fam-
ily of proteins will inform future studies aiming to disrupt
these pathways to mitigate pathogenesis regulated by quo-
rum sensing (74,75). Specifically, the protein-protein and
protein-DNA interactions required for function in these
regulators represents a key target for small molecule in-
hibitors. Numerous small molecule inhibitor studies have
been carried out targeting QacR (73). Notably, structures
of QacR bound to molecules that inhibit QacR function
have a wider conformation than the DNA-bound QacR,
which supports our model that wide conformations have a
more limited function in vivo (Figure 8). Similarly, studies in
vibrios have produced some small molecule inhibitors with
promising inhibitory effects on LuxR/HapR/SmcR, such
as Qstatin, which limits transcription regulation by SmcR in
vivo (17,76,77). The Qstatin-bound SmcR structure also ex-
hibits the same two conformations in the DNA binding do-
main, suggesting that the mechanism of Qstatin inhibition
is not due to limitation of DNA binding sequence recogni-
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Figure 8. Structural comparisons of homologous TetR family proteins. (A) The structure of QacR and DNA (tan; 1JT0) is superimposed with QacR
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Figure 9. Model: Multiple SmcR DNA binding domain conformations accommodate a wide array of DNA substrates. The DNA binding domain in SmcR
is flexible and exhibits at least two conformations in crystal structures, enabling recognition of numerous DNA sequences. Mutant proteins have loss-of-
function transcriptional phenotypes due to either (i) limited sequence recognition (e.g. N55I) or (ii) disrupted interaction with RNAP but maintained DNA

binding activity (e.g. N142D).
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tion. Further mechanistic studies will be required to deter-
mine the way by which Qstatin inhibits SmcR function in
vivo.
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