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Abstract

GntR/FadR family featuring an N-terminal winged helix-turn—helix DNA-binding domain and a C-terminal o-helical effectorbinding and oligomer
ization domain constitutes one of the largest families of transcriptional regulators. Several GntR/FadR regulators govern the metabolism of sugar
acids, carbon sources implicated in bacterial-host interactions. Although effectors are known for a few sugar acid regulators, the unavailability
of relevant structures has left their allosteric mechanism unexplored. Here, using DgoR, a transcriptional repressor of D-galactonate metabolism
in Escherichia coli, as a model, and its superrepressor alleles, we probed allostery in a GntR/FadR family sugar acid regulator. Genetic and bio-
chemical studies established compromised response to D-galactonate as the reason for the superrepressor behavior of the mutants: T180I does
not bind D-galactonate, and while A97V, S171L and M188I bind D-galactonate, effector binding does not induce a conformational change required
for derepression, suggesting altered allostery. For mechanistic insights into allosteric communication, we performed simulations of the modeled
DgoR structure in different allosteric states for both the wild-type and mutant proteins. We found that each mutant exhibits unique dynamics
disrupting the intrinsic allosteric communication pathways, thereby impacting DgoR function. We finally validated the allosteric communication
model by testing in silico predictions with experimental data.
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Introduction

Bacteria rapidly sense and adapt to changing environmental
conditions by modulating gene expression, often mediated by
transcriptional regulators (TRs). TRs usually sense effector
molecules that alter their affinity for the operator DNA, re-
sulting in transcriptional activation or repression of the target
genes. Allostery is one of the common mechanisms that TRs
use to respond rapidly to environmental cues. TRs are mod-
ular in structure, allowing them to act as regulatory switches.
Here, the binding of an effector molecule at one site of the TR,
i.e. the effector binding domain, changes the activity of the TR
at a distant site, i.e. the DNA-binding domain (1,2). Besides
a fundamental understanding of molecular processes, deeper
mechanistic insights into the functioning of TRs are essential
for their use in synthetic biological applications (3-10).

Bacterial TRs encompass diverse protein families, with
the GntR family of TRs being among the most preva-
lent. These versatile regulators govern various processes such
as antibiotic production, biofilm formation, development,
metabolism, plasmid transfer, sporulation and virulence. GntR
family members feature an N-terminal winged helix—turn—
helix (wHTH) DNA-binding domain (Pfam, PF00392) and
a C-terminal effector-binding and oligomerization (E-O) do-
main. Despite the modest sequence identity of the N-terminal
domain, its overall structure remains remarkably conserved.
The wHTH motif includes three «-helices, where a short turn
links «-2 and «-3. The helical core is followed by two or, in
some cases, three B-sheets connected by a small loop, known
as the ‘wing’ region (2,11-13). DNA recognition patterns
of GntR family TRs mainly encompass inverted repeats, al-
though some also bind direct repeats or DNA sequences with
additional symmetry (2,14-17). Several crystal structures of
TRs in complex with cognate inverted repeats are available
within the GntR family, such as FadR from Escherichia coli
and Vibrio cholerae, NagR (previously named YvoA), and
the N-terminal domain of AraR from Bacillus subtilis and
Atu1419 from Agrobacterium fabrum. These structures reveal
a consistent DNA-binding mode, with each TR functioning
as a dimer, where each monomer recognizes half of the in-
verted repeat. DNA interactions involve «-2 and «-3 helices,
and wing regions interacting with major and minor grooves,
respectively (18-23). Atu1419 from A. fabrum is an excep-
tion, which binds DNA as a tetramer (21). Furthermore, cryo-
electron microscopy of E. coli NanR complexed with its cog-
nate DNA offers insights into GntR regulator interaction with
direct repeats (14).

The diverse secondary structure and topology of the C-
terminal E-O domain divide the GntR family into seven sub-
families (2,13,17,24). Aside from effector binding, the E-
O domain often contributes to TR oligomerization. While
not directly involved in DNA binding, the E-O domain’s in-
fluence through steric constraints impacts the DNA-binding
domain, affecting regulation. Notably, the FadR subfamily,
which showcases an all-a-helical C-terminal E-O domain,
constitutes ~40% of GntR family members (17). FadR sub-
family members primarily regulate pathways linked to car-
bon metabolism (13,17); their effectors typically include path-
way substrates or intermediates, forming a complex regula-
tory network (25-34). Despite effector knowledge, confor-
mational changes driving transcriptional regulation remain
elusive in the FadR subfamily. Such understanding often re-
lies on high-resolution TR structures in APO, DNA- and
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effector-bound forms for mechanistic deductions (1,2). How-
ever, within the FadR subfamily, comprehensive structures
are only available for select members, including FadR from
E. coli, V. cholerae and Vibrio alginolyticus, NanR from E.
coli and Atul419 from A. fabrum. These structures indicate
that the binding of effector molecules in the E-O domain away
from the N-terminal DNA-binding site affects transcriptional
regulation. The domain rearrangement upon effector bind-
ing locks TRs in a conformation that weakens DNA binding
(14,20-23,35).

Sugar acids, oxidized derivatives of sugars, have broad
natural prevalence and enormous implications in bacterial-
host interactions (36—49). Multiple FadR subfamily TRs reg-
ulate sugar acid metabolism. These TRs typically repress
genes in the metabolic pathway, relieved upon binding of
cognate effectors, which are sugar acids or pathway inter-
mediates. The effectors have been identified for GntR from
B. subtilis (D-gluconate), GguR from Polaromonas sp. strain
JS666 (5-keto-4-deoxy-D-glucarate/galactarate), and DgoR
(D-galactonate), ExuR (D-galacturonate and D-glucuronate)
and UxuR (p-glucuronate and p-fructuronate) from E. coli
(25,26,31-34,50,51). To date, only the crystal structure of the
C-terminal E-O domain of E. coli DgoR is known. Efforts to
elucidate the full-length structure of APO-DgoR or the E-O
domain complexed with D-galactonate remain unsuccessful
(52),leaving the allosteric mechanism underlying DNA release
from the repressors upon effector binding largely unexplored
for FadR subfamily sugar acid TRs.

We previously characterized DgoR as a FadR subfamily TR.
We showed that DgoR forms dimers and represses the ex-
pression of dgo (D-galactonate operon) genes involved in D-
galactonate metabolism by binding to two closely spaced in-
verted repeats in the cis-acting element, which overlap with
the D-galactonate-inducible dgo promoter. We identified D-
galactonate as the specific effector of DgoR. Limited pro-
teolysis assays showed that D-galactonate binding induces
a conformational change in DgoR, releasing target DNA
(32,53,54) (Figure 1A). Further, using a combination of a ran-
dom mutagenesis-based genetic screen to isolate DgoR super-
repressors and blind docking of D-galactonate in the mod-
eled structure of DgoR followed by in-depth genetic and bio-
chemical analyses of the eight amino acid residues commonly
identified from the two approaches, we established the D-
galactonate binding cavity in the C-terminal E-O domain. Our
genetic screen isolated four additional mutants in the E-O do-
main (A97V, S171L, T180I and M188I), which were not char-
acterized further (53,54).

Here, through detailed genetic analyses, we validated the
superrepressor behavior of A97V, S171L, T180I and M 1881
mutants. Biochemical analyses established that their super-
repressor behavior is not because of increased affinity for
the dgo promoter but due to compromised response to D-
galactonate; T180I is unable to bind p-galactonate, and al-
though A97V, S171L and M188I bind p-galactonate, effec-
tor binding does not induce a conformational change required
for derepression, suggesting altered allostery. We further em-
ployed molecular dynamics (MD) simulations to understand
the basis for the altered allosteric behavior of the mutants. We
proposed a comprehensive model of allosteric communication
that governs the function of DgoR. For mechanistic insights,
we constructed a functional dimeric structure of DgoR and
simulated it across various allosteric states (DgoR alone and
DgoR bound to pD-galactonate or DNA or both), for both the
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Figure 1. DgoR mutants behave as superrepressors. (A) Model depicting the regulation of dgo operon by DgoR. The transcriptional repressor, DgoR, is
encoded by the first gene of the dgo operon, which also harbors structural dgo genes involved in D-galactonate transport and metabolism. Upper panel:
In the absence of D-galactonate, DgoR binds two closely spaced inverted repeats (IR1 and IR2) in the cis-acting element that overlaps with the dgo
promoter, thereby repressing the operon. GntR family proteins usually bind as dimers to the inverted repeat, where each monomer recognizes a
half-site. Because DgoR also forms dimers, two DgoR homodimers likely bind the dgo promoter. Middle panel: The binding of D-galactonate induces a
conformational change in DgoR, releasing the target DNA. However, whether the conformational change induced by effector binding changes the
oligomeric status of the protein is unknown. Solid arrows (not drawn to scale) and bent dashed arrows denote the direction of dgo genes and the
direction of transcription, respectively. Lower panel: The sequence of the dgo cis-acting element encompassing the two inverted repeats is shown. IR1
is a perfect inverted repeat, whereas IR2 has one mismatch. (B) Location of mutation sites in the C-terminal domain of DgoR. b-galactonate (D-Gal) in
yellow sticks and Zn ion in sphere are shown. The C-terminal domain is shown in ribbon representation with residues in green sticks. (C) The AdgoA
strain expressing DgoR mutants grows on a medium containing glycerol and D-galactonate. The AdgoA strain was individually transformed with the
plasmid pACYC177 and wild-type (WT) dgoR or dgoR mutants cloned in pACYC177 [pdgoR(WT), pBS13; pdgoR(A97V), pGA33; pdgoR(S171L), pSW23;
pdgoR(T180I), pGA57; and pdgoR(M188l), pGA58]. The transformants were streaked on M9 minimal medium containing either glycerol or glycerol and
D-galactonate. The experiment was done three times. A representative image is shown. (D) The AdgoR strain expressing DgoR mutants either does not
grow or exhibits slow growth in D-galactonate. The plasmid pACYC177 and the pdgoR clones mentioned in panel (C) were individually transformed in a
dgoR::kan strain. The transformants were grown in a minimal medium supplemented with D-galactonate, and the ODy4sp Was measured. The experiment
was done three times, and each experiment had three technical replicates. A representative dataset, with average (+SD) from technical replicates, is
shown.



WT and mutant proteins. Our findings revealed that muta-
tions disrupt the intrinsic allosteric communication pathways,
with our simulation results showing strong concordance with
experimental data. Finally, we evaluated our model’s predic-
tive power through additional mutational analysis of DgoR,
thereby establishing the hypothesis underlying its function.

Materials and methods

Media composition and culture conditions

The composition of the media used was as follows: lysogeny
broth (LB), 5 g/l Bacto yeast extract, 10 g/l Bacto tryptone
and 5 g/l NaCl; M9 minimal medium, 5.3 g/l Na,HPO4, 3
g/l KH,POy, 0.5 g/l NaCl, 1 g/l NH4Cl, 0.12 g/l MgSOs,
2 mg/l biotin, 2 mg/l nicotinamide, 0.2 mg/l riboflavin
and 2 mg/] thiamine. Where required, M9 minimal medium
was supplemented with D-galactonate (10 mM, unless spec-
ified otherwise), glycerol (0.4%, vol/vol), or both glycerol
and D-galactonate. Glycerol was obtained from Sigma. D-
Galactonate was prepared from calcium D-galactonate (MP
Biomedicals), as described (32). Difco agar (1.5%, wt/vol)
was used for solidifying media. The antibiotics, ampicillin
and kanamycin, were used at a concentration of 100 and 30
ng/ml, respectively, when required. Primary cultures were set
up in 3 ml LB liquid medium overnight and used to inoculate
secondary cultures either in LB or in M9 minimal medium
containing the desired carbon source with an initial optical
density (OD) of ~0.03. The cultures were incubated at 37°C,
unless mentioned otherwise.

Strains, plasmids and primers

Bacterial strains and plasmids, and primers used in this study
are listed in Supplementary Tables S1 and S2, respectively. Es-
cherichia coli DHS«x was used for cloning in plasmids pA-
CYC177 and pRC10. BL21(DE3) was used for expression and
purification of proteins. Escherichia coli BW25113 and dele-
tion strains in this background were used for various in vivo
assays.

For fluorescence reporter assays, growth curves, analysis
of superrepressor phenotype and western blotting that in-
volved the expression of WT and mutant DgoR proteins,
C-terminally 6XHis-tagged dgoR or its mutants cloned un-
der the natural dgo promoter in pACYC177 were used. Plas-
mid pBS13 was used for the expression of WT DgoR (32).
The dgoR mutants in pACYC177 were made either by sub-
cloning the mutants obtained from the genetic screen (54)
or by overlap extension polymerase chain reaction using
pBS13 as the template. Plasmid pBS2 was used for overex-
pression and purification of C-terminally 6XHis-tagged DgoR
(DgoR-6XHis) from the isopropyl-a-D-thiogalactopyranoside
(IPTG)-inducible Py, promoter of plasmid pRC10 (32). For
the expression and purification of DgoR mutants, the mutated
dgoR fragments amplified from their constructs in pACYC177
were cloned in pRC10.

The strains, RC12018 and RC12020, harboring single-copy
transcriptional fusion of fluorescent Venus reporter with the
dgo promoter in WT and AdgoR backgrounds, respectively,
were used for fluorescence reporter assays (32).

Growth curves

Overnight cultures grown in LB were harvested, washed and
resuspended in M9 minimal medium without any carbon
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source. Secondary cultures were set up in 200 pl M9 minimal
medium supplemented with the desired carbon source to an
initial OD4s¢ of ~0.03 in 96-well, clear bottom plates. Plates
were incubated at 37°C in a shaker. The ODysq of the cultures
was measured at regular intervals using a microplate reader
(Tecan Infinite M200 monochromator). The shaker and mi-
croplate reader were integrated with a liquid handling sys-
tem (Tecan), enabling the automated plate transfer between
the two units.

Fluorescence reporter assays

Overnight cultures of reporter strains grown in LB were pel-
leted, washed and resuspended in an M9 minimal medium
without any carbon source. Secondary cultures were grown
with shaking in an M9 minimal medium supplemented with
the desired carbon source, as described earlier for growth
curve assays. However, here the secondary cultures were
grown in 96-well, black, clear-bottom plates (Costar, Corn-
ing). Plates were incubated at 37°C with shaking. Fluorescence
was measured in the exponential phase using a microplate
reader (Tecan Infinite M200 monochromator) in the top mode
with excitation and emission wavelengths of 498 and 568 nm,
respectively (32). Fluorescence was normalized to OD4s and
plotted in a bar or a line graph.

Western blotting

The expression of DgoR-6XHis was monitored in the expo-
nential phase. For this, samples were electrophoresed on 15%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gels and transferred to a nitrocellulose membrane. The mem-
brane was blocked with skim milk (5%, wt/vol) at 4°C and
probed with an anti-His primary antibody (1:1000; Thermo
Fisher Scientific) and horseradish peroxidase-conjugated anti-
mouse secondary antibody (1:5000; Sigma). Blots were de-
veloped using the SuperSignal West Dura extended-duration
substrate from Pierce. The signal was detected on X-ray
film or captured with an ImageQuant LAS4000 imager (GE
Healthcare).

Overexpression and purification of WT and mutant

DgoR-6XHis

Cultures were grown in 400 ml LB at 37°C to an ODgqp of
~0.8, induced with 50 uM IPTG and incubated at 18°C for 12
h. The cells were harvested, resuspended in 20 ml lysis buffer
[50 mM Tris (pH 8.5), 1 M NaCl, 1 mM phenylmethylsul-
fonyl fluoride (PMSF) and 20 mM imidazole] and sonicated.
After removing cell debris by centrifugation, the supernatant
was incubated with Co-NTA beads (Pierce) on ice for 1.5 h
with continuous shaking. The supernatant and beads were
then transferred to a column where beads were washed suc-
cessively with 30 ml wash buffer A [SO0 mM Tris (pH 8.5),
1 M NaCl, 10% glycerol and 20 mM imidazole] and 20 ml
wash buffer B [50 mM Tris (pH 8.5), 1 M NaCl, 10% glycerol
and 50 mM imidazole]. The protein was eluted in 50 mM Tris
(pH 8.5), 1 M NacCl, 10% glycerol and 500 mM imidazole,
and dialyzed against 50 mM Tris (pH 8.5), 1 M NaCl, 1 mM
dithiothreitol (DTT) and 10% glycerol (54). The absorbance
at 280 nm was measured to determine protein concentration.
The concentration of WT and mutant DgoR proteins ranged
from 15 to 55 uM.
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Electrophoretic mobility shift assay

The 5'-end CyS5-labeled and unlabeled single-stranded com-
plementary oligonucleotides (55 nt), corresponding to the se-
quence of the dgo promoter encompassing the DgoR binding
site (from Integrated DNA Technologies), were annealed in a
ratio of 1:1 to obtain labeled double-stranded DNA. Twenty
microliter electrophoretic mobility shift assay (EMSA) reac-
tions were set up, which contained 10 nM labeled double-
stranded DNA, 50 mM Tris (pH 8.5), 10 mM MgCl,, 265
mM NaCl, 1 mM PMSE, 12% glycerol, 2 mM DTT and 1
ug herring sperm DNA. Varying concentrations (0-1.6 pM)
of purified WT DgoR or its mutants were added to the re-
actions. The reaction mixture was incubated at 27°C for 30
min. For experiments involving D-galactonate, DgoR was in-
cubated with the effector at 37°C for 20 min prior to incuba-
tion with DNA. Ten microliter samples were electrophoresed
on 8% native PAGE gels in 0.5x Tris—borate~-EDTA buffer,
pH 8.3 (45 mM Tris-borate, 1 mM EDTA) at 60 V for 2.5 h
(54). Fluorescence was detected using ImageQuant LAS4000
(GE Healthcare). Both free and bound DNAs were quantified
using Image] software (55), and the apparent Kp value for
DgoR DNA interaction was calculated according to the Hill
equation using Origin software version 8.5.

Microscale thermophoresis

For the Kp measurement of effector—protein interaction, seri-
ally diluted p-galactonate (100 uM to 3.05 nM) and DgoR
or its mutants (500 nM) were incubated for 15 min at
room temperature in a binding buffer containing 1.8 mM
KH,PO4, 10 mM Na,HPO4, 137 mM NaCl, 2.7 mM KCl
and 0.05% Tween 20 (pH 7.8) in a final volume of 20 pl. Sub-
sequently, the samples were loaded into NT.LabelFree capil-
laries (Nano Temper Technologies). Binding experiments were
conducted using a Monolith NT.LabelFree instrument (Nano
Temper Technologies) with the following settings: LED power
at 20% and microscale thermophoresis (MST) power set to
medium. MST traces were analyzed after activating the IR
laser. The results were obtained using MO Control software
version 1.6, and the fraction of the formed complex was de-
termined using MO Affinity Analysis software version 2.3.
The fraction of the bound complex obtained for each con-
centration of D-galactonate was plotted against the effec-
tor concentration. Data were fitted to obtain the apparent
Kp (56).

For the Kp measurement of DNA-protein interaction, the
5’-end CyS-labeled double-stranded DNA template used in
EMSAs was employed. Serially diluted WT DgoR or its mu-
tants (13.75 uM to 0.42 nM) and 5'-end Cy5-labeled tem-
plate (5 nM) were incubated for 15 min at room tempera-
ture in HEPES buffer (50 mM HEPES, 25 mM MgCl,, 50
mM NaCl and 0.25% NP-40). After incubation, samples were
loaded into Monolith NT.115-labeled capillaries (Nano Tem-
per Technologies). Binding experiments were conducted using
Monolith NT.115 with red filter (Nano Temper Technologies)
with the following settings: LED power at 40% and MST
power set to medium. The results were obtained using MO
Control software version 1.6, and the fraction of the formed
complex was determined using MO Affinity Analysis software
version 2.3 (57,58). The fraction of the bound complex ob-
tained for each protein concentration was plotted against the
protein concentration. Data were fitted to obtain the apparent
Kp.

Generation of structures of WT and mutants

A functional model of DgoR dimer was generated to gain
molecular insights into the impact of p-galactonate binding
to DgoR on the release of target DNA. Monomeric DgoR is
a two-domain protein with N-terminal DNA-binding and C-
terminal E-O domains. For N-terminal domain and dimeric
interface modeling, the DNA-bound structure of the FadR
dimer (PDB ID: 1THW?2) was used as the template (23). For
modeling the C-terminal domain, coordinates from the re-
cently published X-ray structure of the monomeric C-terminal
domain of DgoR (PDB ID: 7C7E) were used (52). Although
the PDB ID: 7C7E provides symmetry operation (cyclic-C2,
similar to THW?2) to generate the dimeric biological assembly,
it does not encompass the full-length DgoR dimer. Because the
linker region and N-terminal domain interactions are critical
to our study, we used FadR template for N-terminal domain
and dimeric interface modeling. PDB ID: 7C7E showed Zn
ion within the D-galactonate binding pocket, and thus, was
retained in our modeled structure. The modeled dimeric struc-
ture was refined for various loops and minimized using Mod-
eller v10.4 (59). Single point mutations were introduced in the
WT model for A97V, S171L, T1801, M188I and R102Q us-
ing PyMOL (http://www.pymol.org/pymol). Four sets of sim-
ulations were carried out: (i) APO state—dimeric structure
alone; (ii) effector-bound (E-bound) state—dimeric structure
in the presence of effector; (iii) DNA-bound (D-bound) state—
dimeric structure in the presence of DNA; and (iv) effector-
and DNA-bound (ED-bound) state—dimeric structure in the
presence of both effector and DNA. To generate E-bound and
ED-bound initial coordinates, minimized structures of APO
and D-bound DgoR complexes, respectively, were docked
with D-galactonate using the Autodock vina module of UCSF
Chimera (60). For coordinates of DNA, the bound FadR
DNA sequence was mutated to the inverted repeat sequence
of DgoR IR1 (§'-CTAAATTGTAGTACAACAATAT-3'/5'-
ATATTGTTGTACTACAATTTAG-3') (Figure 1A) (32). The
systems were minimized and simulated to allow the overall
structure to achieve equilibration.

Simulation system setup

Four sets of simulations were carried out, as mentioned earlier.
Each system was simulated using AMBER forcefields: ff19SB
for protein (61) and OL15 for DNA (62) using GROMACS
2022 (63). The systems were solvated in a cubic box of TIP3P
waters, neutralized with Na* and CI~ ions, with a simulation
size of ~80 000 atoms. The solvated neutralized system was
minimized, equilibrated and simulated for 400 ns. Long-range
interactions were treated using the particle mesh Ewald tech-
nique (64), and a non-bonded cutoff of 12 A was used. An
integration step of 2 fs was used while all bonds were con-
strained using the LINCS algorithm (65,66). Using the steep-
est descent algorithm, the systems were minimized to eliminate
any possible clashes and bad contacts. Minimization was fol-
lowed by equilibration under the NVT ensemble, which was
carried out in two steps. Initially, heavy atoms of the protein
and DNA were restrained using position restraints of 1000
k]J/(mol nm?) for 2 ns. During this step, minimized structures
were heated gradually from 0 to 300 K at 30 K/100 ps while
maintaining the restraints. Then, restraints were applied only
on Ca atoms of protein and backbone atoms of DNA with a
reduced force constant of 100 kJ/(mol nm?). The structures
were further equilibrated for another 1 ns using an NPT en-
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semble while maintaining a simulation temperature of 300 K
and a pressure of 1 atm. The restraints were removed, and
the final structures were further equilibrated for 25 ns un-
der the NPT ensemble before entering the production phase.
Finally, with no restraints, production runs were carried out
for 400 ns at 300 K and 1 atm. Temperature coupling was
done using the velocity rescaling method with a time constant
of 0.1 ps, and pressure coupling was done using an isotropic
Parrinello-Rahman pressure coupling algorithm with a time
constant of 2.0 and compressibility value of 4.5e—5 (67). This
resulted in 20 simulations and an overall production time of
8 us. For post-trajectory analyses of simulations, please refer
to the Supplementary Data.

Results and discussion

In vivo analyses validate the superrepressor
behavior of DgoR mutants

In our previous work, to identify the p-galactonate binding
cavity in DgoR, we isolated dgoR superrepressors using a ge-
netic screen (54). For this, we used a AdgoA strain, in which a
growth inhibitory phosphorylated intermediate (2-dehydro-3-
deoxy-D-galactonate 6-phosphate) accumulates due to partial
metabolism of D-galactonate (68). On a minimal medium con-
taining D-galactonate, the AdgoA strain expressing DgoR pro-
tein that binds D-galactonate and releases the dgo promoter
fails to grow (due to the accumulation of phosphorylated in-
termediate) even when the medium is supplemented with an-
other carbon and energy source, i.e. glycerol. Only the DgoR
mutants non-responsive or less responsive to D-galactonate
grow in the presence of D-galactonate (54). Here, we char-
acterized the four mutants, A97V, S171L, T180I and M188I,
isolated in this genetic screen, to understand the basis for their
superrepressor behavior. The location of the mutation sites in
the C-terminal E-O domain is shown (Figure 1B). Because the
plasmid pACYC177 harboring WT dgoR along with its nat-
ural autoregulated dgo promoter [pBS13; pdgoR(WT)] was
randomly mutagenized to create a library of mutant pdgoR
clones for use in the genetic screen, there was a possibility
that the mutant clones carried additional mutations in the
plasmid backbone. Therefore, we subcloned the dgo promoter
and dgoR from the mutant clones carrying the individual four
amino acid changes into a clean pACYC177 backbone. We
first confirmed that similar to the parental clones, these con-
structs also allowed the AdgoA strain to grow on a minimal
medium supplemented with glycerol and p-galactonate (Fig-
ure 1C). These clones were further used in all the iz vivo assays
to validate the superrepressor behavior of the mutants.

We previously showed that compared to WT, the AdgoR
strain exhibits faster growth in a minimal medium containing
D-galactonate (due to constitutive expression of dgo genes),
and this accelerated growth phenotype is complemented by
WT DgoR expressed from dgo promoter from pACYC177
(32). Here, we compared the growth of the AdgoR strain ex-
pressing the four DgoR mutants with the strain expressing
WT DgoR to assess whether the mutations compromise the
response of DgoR to D-galactonate. The DgoR mutants non-
responsive or less responsive to D-galactonate were expected
to confer no growth or slow growth phenotype, respectively,
to the AdgoR strain. The strain expressing M 1881 was unable
to grow in D-galactonate, whereas the strain expressing A97V,
S171L or T180I exhibited slower but considerable growth
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(Figure 1D), indicating that all four DgoR mutants are super-
repressors.

We previously designed and used a chromosomal reporter
construct where fluorescent Venus was placed under the con-
trol of the dgo promoter as a proxy for regulation of the
dgo operon by DgoR. As expected, whereas the AdgoR strain
carrying only pACYC177 showed considerable Venus expres-
sion in both non-inducing (minimal medium containing glyc-
erol) and inducing media (minimal medium containing glyc-
erol and D-galactonate), AdgoR expressing WT DgoR from
pACYC177 exhibited considerable Venus fluorescence only
in the inducing medium (Figure 2A) (32). Here, we used the
AdgoR reporter strain to test whether the four DgoR mu-
tants are induced by D-galactonate. In the inducing medium,
the AdgoR strain expressing DgoR mutants non-responsive
or slightly responsive to D-galactonate was expected to show
Venus expression similar to or slightly higher than the reporter
expression observed when the strains were grown in the non-
inducing medium. We observed that the AdgoR strain express-
ing T1801 or M188I exhibited similar Venus expression in
non-inducing and inducing media, indicating that these mu-
tants are non-responsive to D-galactonate. On the other hand,
the AdgoR strain expressing A97V or S171L showed signif-
icantly higher reporter expression in the inducing medium
compared to its expression in the non-inducing medium, but
the reporter expression in the inducing medium was still con-
siderably lower than that observed for AdgoR strain express-
ing WT DgoR, suggesting that these mutants are only slightly
responsive to D-galactonate (Figure 2A). The mild inducibil-
ity of A97V and S171L explains the slow but considerable
growth of the AdgoR strain expressing these mutants in D-
galactonate (Figure 1D). In the above fluorescence reporter
assay, we used D-galactonate at a concentration of 10 mM
(Figure 2A). We thus investigated whether the inducibility of
the DgoR mutants could be improved at higher p-galactonate
concentrations. However, even up to 40 mM D-galactonate,
there was no considerable increase in reporter expression for
any of the mutants (Figure 2B). The mutants A97V and T1801
allowed mild constitutive expression of the reporter in the
non-inducing medium (Figure 2C), likely due to their slightly
reduced affinity for the dgo promoter. The partial expression
of the dgo operon due to a decreased affinity of T180I for the
dgo promoter is also the likely reason why this mutant sup-
ports the mild growth of the AdgoR strain in D-galactonate
(Figure 1D).

Being an autorepressor, the expression of WT DgoR and
its various mutants from the dgo promoter correlates with
the repression ability of the protein (32,54). To test whether
this is also true for the mutants under investigation, we mon-
itored the levels of WT DgoR and its four mutants expressed
from the dgo promoter, from pACYC177, in a AdgoR strain
in both non-inducing and inducing media. As expected, due to
the relief of DgoR repression by p-galactonate, the WT pro-
tein was considerably expressed in the inducing medium com-
pared to the non-inducing medium (Figure 2D). In the non-
inducing medium, whereas S171L and M188I had expression
levels similar to the WT protein, A97V and T180I showed
higher expression than WT DgoR, reiterating that these two
mutants likely have reduced affinity for the dgo promoter. In
the inducing medium, the expression of T180I and M188I
did not increase further, consistent with their non-inducible
behavior. The expression of A97V and S171L increased in
the presence of D-galactonate but to a level lower than WT
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Figure 2. DgoR mutants are either not induced or slightly induced by D-galactonate. (A) DgoR mutants are either not induced or slightly induced by 10
mM D-galactonate. The AdgoR strain carrying the fluorescent Venus reporter on the chromosome under the control of the dgo promoter was
transformed either with the plasmid pACYC177 or with the pdgoR clones mentioned in Figure 1C. The AdgoR strain carrying promoterless Venus on the
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three independent experiments. (B) The inducibility of the DgoR mutants was not improved even at higher D-galactonate concentrations. The strains
described in panel (A) were grown in a minimal medium supplemented either with glycerol or with glycerol and D-galactonate. The D-galactonate
concentration ranged from 0.1 to 40 mM. Fluorescence was measured and normalized to the ODyso of the samples. Data represent the average (£SD)
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proteins. The strains mentioned in Figure 1D were grown in a minimal medium containing either glycerol or glycerol and D-galactonate. Cells were
harvested and processed for western blotting. The blot was probed with an anti-His antibody. *, Nonspecific band detected by anti-His antibody serves
as a control for equal loading of samples. This blot is a representative of two independent replicates. For panels (A) and (C), the P-values were calculated
using the unpaired two-tailed Student’s t-test (***P < 0.001; **P < 0.01; *P < 0.03; ns, P > 0.03).



DgoR, again suggesting that these mutants are less responsive
to D-galactonate than the WT protein (Figure 2D). Taken to-
gether, the expression of various DgoR proteins from the au-
toregulated dgo promoter corroborates with the expression of
Venus from the dgo promoter in fluorescence reporter assays
(Figure 2).

The superrepressor mutations are usually dominant over
the WT allele (69-72). Because we used the AdgoA strain that
carries a chromosomal copy of WT dgoR to isolate dgoR su-
perrepressors (54), the four dgoR mutants were expected to
be dominant over WT dgoR. Here, we further confirmed the
genetic dominance of these mutants in a fluorescence reporter
assay. We transformed pACYC177 carrying either WT dgoR
or one of the four dgoR mutants in a WT reporter strain, i.e.
WT strain carrying fluorescent Venus reporter under the con-
trol of the dgo promoter on the chromosome. In the presence
of D-galactonate, whereas cells expressing WT DgoR either
only from the chromosome or from both plasmid and chro-
mosome exhibited considerable Venus fluorescence, cells ex-
pressing WT DgoR from the chromosome and mutant DgoR
from the plasmid showed either partial (A97V) or nearly com-
plete (S171L, T180I and M188I) repression of the Venus re-
porter, indicating that all four mutants are dominant over WT
dgoR (Figure 3).

Because for all the above i1 vivo assays, WT DgoR and its
mutants were expressed from the autoregulated dgo promoter,
we confirmed that the observed phenotypes indeed reflected
the repression ability of the proteins and were not due to the
effect of mutations per se on the level of proteins. For this, we
expressed WT DgoR and its mutants from a heterologous Py,
promoter. All four mutants expressed to a similar level as WT
DgoR (Supplementary Figure S1). Collectively, the data from
various /7 vivo assays establish that compared to the WT pro-
tein, the DgoR mutants, T180I and M188I, are insensitive to
D-galactonate, whereas A97V and S171L are less responsive
to the effector.

In vitro analyses indicate that A97V, S171L and
M188l are non-/slightly responsive to D-galactonate
due to altered allosteric behavior

The superrepressor phenotype of the TRs can be due to the
following reasons: (i) the repressor binds the operator with
increased affinity and (ii) the repressor is unable to respond
to the effector, i.e. either unable to bind the effector or has
altered allosteric properties such that effector binding does
not induce a conformational change required for derepres-
sion (54,69,71,73,74). The amino acid residues correspond-
ing to the four DgoR mutants lie in the C-terminal E-O do-
main (Figure 1B) (54). Because the C-terminal E-O domain
of GntR family members is also involved in their oligomer-
ization (2,22,75-78), which can affect the ability of the TR
to bind DNA and effector, we first investigated whether the
superrepressor behavior of the four DgoR mutants was due
to a change in their oligomeric status. Using size exclusion
chromatography, we previously showed that the DgoR pro-
tein forms dimer (54). Here, we found that the four mutants
purified as C-terminally His-tagged proteins are folded and
have similar retention volume on a size exclusion column as
the WT protein (Supplementary Figure S2).

We next tested whether an increased affinity of DgoR mu-
tants for the dgo promoter was the reason for their non-
/slightly inducible behavior in the in vivo assays. For this, we
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determined the DNA binding affinity of WT DgoR and mu-
tants in EMSAs using a fluorescently labeled double-stranded
DNA probe obtained by annealing the 5’-end Cy5-labeled and
unlabeled single-stranded complementary oligonucleotides of
55 nt length corresponding to the sequence of the dgo pro-
moter and encompassing the two inverted repeats required for
DgoR binding (54). The fluorescently labeled probe was incu-
bated with increasing concentrations of purified WT DgoR
and mutant proteins, and their apparent affinity constants
(Kp) for the dgo promoter were determined. The apparent
Kp of the three mutants that were amenable to analysis by
EMSAs (A97V, S171L and T180I) ranged from 298 + 21 to
569 4+ 28 nM, comparable to the apparent Kp of WT protein
(502 £ 32 nM) (Figure 4A and B). We performed MST for the
M188I mutant that failed to bind the dgo promoter in EM-
SAs; WT (936 + 97 nM) and M188I (740 £ 19 nM) bound
DNA with a similar affinity (Figure 4C). Thus, for all four
DgoR mutants, the increased affinity for the dgo promoter is
not the reason for their non-/slightly inducible behavior. Al-
though A97V and T180I mutants were mildly DNA binding
defective in vivo (Figure 2), we could not capture their slightly
altered behavior in EMSAs (Figure 4B), likely due to the dif-
ferential sensitivity of the assays.

We further investigated whether the superrepressor behav-
ior of the DgoR mutants was due to their inability to respond
to the effector. For this, we first employed EMSAs to exam-
ine the ability of A97V, S171L and T180I mutants to respond
to D-galactonate. Whereas D-galactonate abrogated the bind-
ing of WT DgoR to the dgo promoter in a concentration-
dependent manner and completely released DNA fragment at
1.6 mM, D-galactonate could not significantly release dgo pro-
moter bound to T180I even at ~25 mM (Figure SA). Further,
corroborating with the mild inducible behavior of A97V and
S171L in vivo (Figure 2), a concentration-dependent release
of the dgo promoter was observed starting at ~13 mM bD-
galactonate (Figure 5A).

Next, we performed MST to examine whether the no/mild
response of the four mutants to D-galactonate is because they
cannot bind or have a considerably reduced affinity for the ef-
fector. We used the R102Q mutant as a control. We previously
identified R102 residue as a part of the effector binding pocket
that directly interacts with D-galactonate; the R102Q mutant
does not respond to D-galactonate in vivo and although in
vitro it exhibits similar folding, oligomeric status and affin-
ity for the dgo promoter as WT DgoR, unlike WT protein, it
does not release DNA in the presence of D-galactonate (54).
Here, in MST, we found that R102Q does not bind the effec-
tor, corroborating with it being a part of the effector-binding
cavity. Of the four mutants investigated here, T180I did not
bind the effector, while A97V had a slightly tighter affinity
(Kp = 3.3 &£ 0.3 uM), S171L had a slightly weaker affin-
ity (Kp = 20.1 & 0.6 uM) and M188I had a similar affin-
ity (Kp = 11.3 £ 0.9 uM) for p-galactonate, when com-
pared to the WT protein (Kp = 8.4 + 1.3 uM) (Figure 5B
and Supplementary Figure S3). Whereas the inability to bind
the effector explains the non-inducible behavior of T1801, the
slightly tighter affinity of A97V compared to WT protein and
a comparable affinity of M188I to that of WT DgoR suggest
that altered allosteric properties underlie their mild and non-
responsive behavior, respectively. Similarly, the observations
that S171L has only a slightly weaker affinity (~2-fold) for
the effector and that increasing D-galactonate concentration
in vivo does not improve its inducibility (Figures 2B and 5B,
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and Supplementary Figure S3) indicates altered allostery as
the major reason for its mild inducible behavior.

Using limited proteolysis, we previously showed that the
binding of p-galactonate induces a conformational change
in WT DgoR; the protein incubated with p-galactonate was
less accessible to digestion with trypsin and showed a dif-
ferent digestion pattern compared to the protein incubated
without the effector (32). Here, R102Q and T180I mutants
that do not bind D-galactonate had a similar trypsin diges-
tion profile in the absence or presence of effector. Among the
three mutants that bind D-galactonate, a comparison of their
trypsin digestion profiles in the absence and presence of effec-
tor showed that whereas A97V and S171L were less accessible
to trypsin digestion and had a different digestion pattern when
incubated with D-galactonate, indicating a conformational
change upon effector binding, M188I had a similar trypsin
digestion profile in the absence or presence of D-galactonate,
suggesting that effector binding does not induce any confor-
mational change (Figure 5B and Supplementary Figures S3
and S4). In limited proteolysis experiments, we observed that
compared to the WT protein, the A97V mutant was strik-
ingly more labile to trypsin digestion, while the M188I mu-
tant was more resistant (Supplementary Figure S4) (discussed
later).

Correlating the data from various in vitro assays for the
binding and response of DgoR mutants to D-galactonate,
the overall conclusion is as follows: (i) Because R102Q and
T180I mutants are unable to bind D-galactonate, hence,
even in the presence of the effector, there is no conforma-
tional change in the proteins; therefore, these mutants are
non-inducible. (ii) Binding of D-galactonate to A97V and
S171L induces a conformational change in the proteins;
however, these mutants are unable to undergo a conforma-
tional change required for complete DNA release, resulting
in a mild inducible behavior. (iii) Although D-galactonate
binds M188I, effector binding does not induce any confor-
mational change in the mutant, resulting in a non-inducible
behavior.

Taken together, the detailed in vivo and in vitro analyses of
the four DgoR mutants studied here show that at least A97V,
S171L and M188I mutants are non-/slightly responsive to D-
galactonate due to their altered allosteric behavior.

Possible mechanism of allosteric communication

We next turned to MD simulations to understand the basis of
the altered allosteric behavior of the mutants. For this, draw-
ing on our experimental data and the existing literature on
similar TRs, we first considered a potential mechanism for
allosteric communication that regulates the function of WT
DgoR in the presence of its effector and DNA, as shown in Fig-
ure 6A. There are four predominant states available for DgoR.
State A represents the APO state, where DgoR monomers
form functional dimers, as suggested by experimental evidence
(54) (Supplementary Figure S2B). State B represents the E-
bound state, where effector molecules bind to the C-terminal
domains of DgoR. State C represents the D-bound state, where
DgoR binds to DNA via N-terminal domains. State D repre-
sents the ED-bound state, where the effector binds to the C-
terminal domains of the DNA-bound DgoR. In this model,
we assume irreversible binding of the effector and DNA, and
the arrows indicate the direction of state transitions based on
experimental evidence (32,54). In the APO state, DgoR can
transition to the E-bound or D-bound state by binding either
the effector or DNA, respectively. Upon transitioning to the E-
bound state, conformational changes occur that inhibit DNA
binding. Conversely, when the effector binds to the C-terminal
domains of the D-bound state, DgoR undergoes conforma-
tional alterations that result in the release of DNA.

To investigate the atomistic conformational changes within
DgoR complexes, we performed MD simulations of WT
DgoR in four states: APO, E-bound, D-bound and ED-bound.
For comparative analysis, we also modeled mutants based on
experimental evidence: A97V, S171L and M 1881 in four states
(APO, E-bound, D-bound and ED-bound)—mutants that bind
both DNA and p-galactonate but are defective in releasing
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DNA in the presence of effector; and T180I and R102Q in
two states (APO and D-bound)—mutants that bind DNA but
do not bind p-galactonate. We acknowledge that while the
ED-bound state of WT DgoR may be a transient state, making
E-bound and D-bound states the dominant states, ED-bound
state remains biologically plausible and relevant. The inclu-
sion of the ED-bound state of WT DgoR in our model enables
us to investigate the structural and dynamic characteristics of
this state and compare them directly to those of mutant forms.

DgoR dimeric structure bound with effector and
DNA

The DgoR dimeric structure, modeled as described in the ‘Ma-
terials and methods’ section, served as the initial structure for
all simulations (Figure 6B). DgoR is observed as a functional
homodimer, with two monomers interacting side to side: the
N-terminal and C-terminal domains of one monomer inter-
act with the N-terminal and C-terminal domains of another
monomer, respectively. For both the monomers, N-terminal

domains interact with inverted repeats on the DNA, and C-
terminal domains bind D-galactonate as an effector. The struc-
tural alignments of the Coc atoms of the modeled structure of
DgoR show root mean square deviations (RMSDs) of 2.1 A
to the template (PDB ID: THW2) and 1.8 A to the crystal-
lographic symmetry-generated dimer of C-terminal domain
of DgoR (PDB ID: 7C7E). Although the experimentally de-
termined structure of DgoR provides a C-terminal domain
orientation via symmetry operation, we opted for the FadR
orientation, as the symmetry-generated dimer of DgoR may
not accurately reflect changes due to the missing N-terminal
domain and linker regions. The mutation sites simulated in
this study are depicted in Figure 7. Residue A97 is involved
in the dimeric interface, interacting with residues from both
monomers. R102 directly interacts with the effector, as ob-
served for D-galactonate binding pocket interactions. S171
interacts with the linker region between the N-terminal and
C-terminal domains and, thus, is suggested to play a role in
maintaining allosteric communication. T180 is present in the
effector binding pocket and forms hydrophobic interactions
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Figure 6. (A) Proposed allostery model of DgoR functioning. Different states and transitions are mentioned in the text. The image was created in
BioRender (Chaba, R., 2024, BioRender.com/k00y485). (B) Modeled structure of DgoR dimer in complex with DNA and effector. The mutation sites
simulated in this study are shown in spheres, and bound D-galactonate (D-Gal) is shown in sticks. Zn ion is shown in a purple sphere. Structural
alignment of the model with X-ray crystal structures is shown with FadR (PDB ID: THW2) and the crystallographic symmetry-generated dimer of

C-terminal domain of DgoR (PDB ID: 7C7E).

with the effector. M 188 lines the effector binding pocket and,
thus, is suggested to contribute to its stability.

Molecular simulations of WT DgoR suggest
underlying allosteric communication
We analyzed the structural dynamics and allosteric communi-
cation in the dimeric full-length modeled WT DgoR across dif-
ferent states to understand the coupling between N-terminal
DNA-binding and C-terminal E-O domains. For a detailed
discussion of analyses, please refer to the Supplementary
Data. Structural stability analyses using RMSD and RMSF
(root mean square fluctuation) values (Figure 8A and
Supplementary Figure S5) revealed significant deviations in
the APO and ED-bound states, particularly in the N-terminal
domain, highlighting conformational flexibility. Effector bind-
ing in the E-bound and ED-bound states induced conforma-
tional changes in the C-terminal domain, synchronizing mo-
tions across the protein and modulating DNA-binding capa-
bility. Dynamic cross-correlation (DCC) maps (Figure 8B) re-
vealed anticorrelated motions between the N-terminal and
C-terminal domains of two monomers (regions A and B)
in the APO state, which diminished in the E-bound and D-
bound states. In the ED-bound state, effector binding inten-
sified anticorrelations in the N-terminal domain, resembling
the APO state, suggesting an allosteric mechanism facilitat-
ing DNA release. Principal component analyses (PCAs; Figure
8C(i)) showed that effector binding in the C-terminal domain
drives rotational motions in the N-terminal domain, partic-
ularly within the wHTH motif, supporting the role of long-
range allosteric regulation in DNA release.

Dynamical network analyses (Figure 8C(ii)) further iden-
tified residue-level pathways underpinning allosteric commu-

nication. Community partitioning using the Girvan-Newman
algorithm revealed state-specific rearrangements, with effec-
tor binding to the D-bound state (ED-bound state) increasing
the number of communities, with the nucleotides of the bound
DNA no longer interacting with N-terminal domain residues
but instead forming their distinct communities. Suboptimal
pathway analyses (Figure 8D(i)) showed reduced allosteric
communication pathways in the E-bound and D-bound states
compared to the APO state, while the ED-bound state ex-
hibited an increased number of pathways, enabling alternate
routes for efficient information transfer between domains. De-
spite state-dependent variations, the consistency in path length
distributions (Figure 8D(ii)) suggests that WT DgoR main-
tains robust allosteric signaling across its functional states.

Mutants reveal altered conformational dynamics
and allosteric communication compared to WT
DgoR

Structural and dynamical analyses of DgoR mutants revealed
distinct differences from WT DgoR in terms of conforma-
tional stability and allosteric regulation across functional
states. For a detailed discussion of these analyses, please refer
to the Supplementary Data. RMSD analyses (Figure 8A and
Supplementary Figure S5) showed that while WT exhibited in-
creased structural deviations in the ED-bound state compared
to its E-bound and D-bound states, mutants showed simi-
lar or reduced deviations, indicating altered conformational
dynamics.

Our limited proteolysis data suggested that A97V and
M188I alter protein stability; these mutants were more and
less susceptible to trypsin digestion, respectively, compared to
the WT protein (Supplementary Figure S4). For comparative
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Figure 7. Detailed interactions of mutation sites simulated in this study. D-galactonate (D-Gal) in yellow sticks and Zn ion in sphere are shown. Residues in
green sticks and ribbon belong to monomer 1, and residues in orange sticks and ribbon belong to monomer 2. Main chain atoms are not shown for clarity.

purposes, we measured the fraction of native contacts main-
tained during the simulation for APO states (Figure 8D(iii)).
Looking at the relative shifts in the peak, we observed that
in comparison to WT, indeed, A97V is the least stable mu-
tant, and M 1881 is the most stable mutant, as indicated by the
decreased and increased values of the fraction of native con-
tacts maintained during the simulations, respectively. To fur-
ther validate that these mutations alter the stability of DgoR,
we determined the apparent melting temperature (Ty,) of the
proteins by subjecting them to thermal denaturation from 25
to 90°C and recording their circular dichroism (CD) spectra.
Compared to the WT protein (Ty, = 62 £ 0°C), A97V had
a lower Ty, (56.3 £+ 0.6°C), while M188I had a higher T,
(67.3 £ 0.6°C), confirming that these mutations either de-
creased (A97V) or increased (M188I) the stability of DgoR
(Supplementary Figure S6).

DCC maps highlighted state-specific alterations in inter-
and intradomain motions (Supplementary Figure S7). A97V
and S171L showed increased anticorrelated motions (region
A) in the E-bound state compared to WT, suggesting that
effector binding in mutants is less effective at suppressing
DNA-binding ability. A97V and T180I exhibited weak syn-
chronized motions (regions C-F) in the D-bound state, in-
dicating impaired DNA interactions. Conversely, S171L dis-
played strong correlations (regions C-F) in the D-bound
state, suggesting favorable DNA binding, but reduced cor-
relations in the ED-bound state, indicating more rigidity
in the mutant structure that hinders DNA release. A97V
exhibited intense correlations in the ED-bound state, indi-

cating that effector binding does not favor DNA release.
M188I consistently showed sparse correlations across states,
reinforcing its structural rigidity and effector-insensitive be-
havior. R102Q showed effective synchronized motions (re-
gions C-F) in the D-bound state, suggesting favorable DNA
binding.

PCA further revealed that mutations affected essential dy-
namics (Supplementary Figure S8). In the APO state, mu-
tants exhibited minimal motions, reflecting structural rigid-
ity. In the E-bound state, while A97V and S171L showed
significant interdomain fluctuations within N-terminal do-
mains, consistent with altered correlations in DCC maps
(Supplementary Figure S7), M1881 showed rigid behavior. In
the D-bound state, whereas T180I showed notable motions in
the N-terminal domain, suggesting the impact of mutation on
DNA binding, A97V, M188I and R102Q exhibited minimal
motions, suggesting favorable interactions with DNA within
the simulated time frame. In both the D-bound and ED-bound
states, S171L showed significant motions in the N-terminal
and C-terminal domains, indicating that this mutation mod-
ulates the dynamic motions of the complex, regardless of ef-
fector binding. The ED-bound states of A97V and M188I ex-
hibited minimal motions, indicating that effector binding did
not sufficiently alter DNA interactions.

Community network analyses identified changes in residue
connectivity due to mutations (Supplementary Figure S9). In
particular, unlike WT, substantial interactions between DNA
nucleotides and N-terminal domain residues were observed
in the mutants in their ED-bound states, highlighting that ef-
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Figure 8. (A) Average RMSD values for backbone atoms of dimeric full-length DgoR calculated for the different states of WT and mutants.
Corresponding time-evolution RMSD and RMSF plots are shown in Supplementary Figure S5. (B) DCC maps calculated as the time average for Cx
atoms of dimeric protein for four states of WT DgoR complex. The N-terminal (residues 1-71) and C-terminal (residues 91-229) domains are annotated
with boxes of green and purple, respectively. Correlation coefficients ranging from —1 to + 1 are color coded: blue for positive correlations (0.25-1), red
for negative correlations (—0.25 to —1) and white for weak or no correlations (—0.25 to +0.25). For a detailed description of regions A-F and comparative
DCC maps for mutant complexes, please refer to Supplementary Figure S7. The correlations within these regions are mapped to the structural regions
of the WT DgoR complex with red and blue lines indicating negative and positive correlations between the residues, with subscripts 1 and 2
corresponding to monomer 1 and monomer 2, respectively. (C) (i) Motion along the top principal component (PC1) for four states of the WT DgoR
complex. Red arrows depict the direction and magnitude of displacement with cutoff values of 3.5 A. (i) Networks split into distinct communities, each
highlighted by a unique color, are depicted for the four states of the WT DgoR complex. The values in parentheses represent the total number of
communities observed for each respective state. Motion along PC1 and community network analysis for mutants are shown in

Supplementary Figures S8 and S9, respectively. (D) (i) Total number of suboptimal paths between the N-terminal and C-terminal regions for WT and
mutant DgoR complexes across different states. (i) Distribution of suboptimal path lengths computed for allosteric communication between the
N-terminal and C-terminal domains of different states of WT and mutant DgoR complexes. (iii) Native contact analysis. Distribution of fraction of native

contacts observed during simulation in APO states of WT and mutants.

fector binding did not impact the DNA release ability. Sub-
optimal path analyses (Figure 8D(i) and (ii)) revealed re-
duced allosteric communication efficiency in mutants com-
pared to WT. In the APO state, A97V and S171L showed
fewer suboptimal paths and shorter path lengths, suggesting
less efficient signal transmission. Although in the E-bound,
D-bound and ED-bound states, A97V and S171L showed
an increased number of paths, a right-shifted path length
distribution indicates inefficient communication. M188I dis-
played fewer paths with shorter lengths, reflecting rigidity
and disrupted function. T180I and R102Q exhibited broader
path length distributions, indicating compromised allosteric
regulation.

Overall, these findings demonstrate that mutations dis-
rupt the delicate balance of allosteric communication in
DgoR, leading to altered conformational dynamics, im-
paired effector-mediated DNA release and reduced functional
efficiency.

Establishing hypothesis of allosteric
communication via predictive studies

Our simulation data support the proposed model of DgoR
functioning, where the N-terminal and C-terminal domains
allosterically modulate DgoR activity by altering its confor-
mational dynamics in response to effector binding and DNA
interaction. Effector binding in WT DgoR induces long-range
allosteric communication between the C-terminal E-O and
N-terminal DNA-binding domains, facilitating DNA release
through dynamic conformational changes, synchronized mo-
tions and alternate communication pathways. Simulations of
mutant complexes in various states revealed that these mu-
tations affect multiple conformational states, a phenomenon
challenging to discern through static structures or experiments
alone. Mutating A97 at the dimeric interface to valine and
S171 near the linker region to leucine (Figure 7) affects al-
losteric communication in all four states. In the APO state
of A97V, structural destabilization indicated by the native
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Figure 9. Predictive studies establish the hypothesis of allosteric communication. (A) Detailed interactions of F142 and E151 in the ED-bound state of
the WT DgoR complex. D-galactonate (D-Gal) in yellow sticks and Zn ion in sphere are shown. Residues in green sticks and ribbon belong to monomer 1,
and residues in orange sticks and ribbon belong to monomer 2. Main chain atoms are not shown for clarity. (B) F142A and E151A confer no growth and
faster growth phenotype to the AdgoR strain in D-galactonate, respectively. The plasmid pACYC177 and WT dgoR or dgoR mutants cloned in pACYC177
[pdgoR(WT), pBS13; pdgoR(F142A), pGA39; and pdgoR(E151A), pGA44] were individually transformed in a dgoR::kan strain. The transformants were
grown in a minimal medium supplemented with D-galactonate, and the ODys9 was measured. The experiment was performed twice, and each
experiment had three technical replicates. A representative dataset, with average (£SD) from technical replicates, is shown. (C) F142A is non-inducible,
while E151A exhibits constitutive behavior. The AdgoR strain carrying the fluorescent Venus reporter on the chromosome under the control of the dgo
promoter was transformed either with the plasmid pACYC177 or with the pdgoR clones mentioned in panel (B), and fluorescence reporter assays were
performed as described in the legend to Figure 2A. Data represent the average (£SD) from three independent experiments. The P-values were
calculated using the unpaired two-tailed Student's t-test (***P < 0.001).
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contact analysis (Figure 8D(iii)) maps to the smaller number
of suboptimal paths (Figure 8D(i)). More suboptimal path
lengths for E-bound, D-bound and ED-bound states indi-
cate that A97V and S171L mutations abolish the efficient al-
losteric communication (Figure 8D(ii)). Mutating M188 lin-
ing the effector binding pocket to isoleucine (Figure 7) rigid-
ifies the structure in all four states, as indicated by average
RMSD (Figure 8A), DCC maps (Supplementary Figure S7),
PCA (Supplementary Figure S8), native contacts and subopti-
mal paths analyses (Figure 8D), preventing effective allosteric
communication. T1801 and R102Q affect the binding pocket
of D-galactonate (Figure 7) and play a direct role in allosteric
communication for DgoR functioning (Figure 8D(i) and (ii)).

By integrating network data and suboptimal path analy-
ses obtained from simulations, we identified several residues
as critical nodes for allosteric communication. Among the
most frequently recurring nodes (present in over 70% of the
paths), we selected two residues, F142 and E151, to validate
our predictions and evaluate the reliability of our simulations.
The remaining residues will be the focus of future investiga-
tions. While static structures indicated that F142 and E151
are positioned in the C-terminal domain (Figure 9A), MD
simulations demonstrated the dynamic and sustained hydro-
gen bonding interactions between E151 and the side chain of
N72 in the linker region of another monomer, as well as the
functional relevance of F142 in the effector binding pocket.
These findings highlighted the role of E151 in efficient al-
losteric communication and F142 in maintaining the integrity
of the effector binding pocket, encouraging us to test their
impact on DgoR function. We thus created alanine substi-
tutions of these residues and determined the growth of mu-
tants in D-galactonate and their inducibility in fluorescence
reporter assays, as performed for the four mutants isolated in
the genetic screen (Figures 1D and 2A). The AdgoR strain ex-
pressing F142A could not grow in D-galactonate, whereas the
strain expressing E151A exhibited growth similar to AdgoR
carrying empty plasmid (Figure 9B). Further, in contrast to
the AdgoR reporter strain expressing WT DgoR, while the
strain expressing F142A did not exhibit any increase in Venus
expression in the inducing medium compared to its expres-
sion in the non-inducing medium, the strain expressing E151A
showed a considerably high reporter expression (similar to
the AdgoR carrying empty plasmid) even in the non-inducing
medium (Figure 9C). Because the expression of the E151A
mutant in AdgoR resulted in phenotypes similar to cells lack-
ing DgoR, we verified its expression from the autoregulated
dgo promoter (Supplementary Figure $10). These in vivo data
show that F142A cannot respond to D-galactonate, consistent
with being part of the effector binding pocket, while E151A
is completely DNA binding defective, corroborating its role in
efficient allosteric communication.

Conclusion

Using E. coli DgoR as a model and its superrepressor alleles,
we provided the first detailed mechanistic insights into the al-
losteric regulation of a FadR subfamily sugar acid TR. We val-
idated the superrepressor behavior of DgoR mutants (A97V,
S171L, T180I and M188I), which were isolated in a previ-
ous genetic screen, and elucidated the molecular basis of their
altered function using a combination of genetics, biochemi-
cal approaches and MD simulations. Previously, an allosteric
mechanism of transcriptional regulation has been suggested

Nucleic Acids Research, 2025, Vol. 53, No. 1

through structural characterization of various members of the
FadR subfamily, including E. coli FadR, V. cholerae FadR, V.
alginolyticus FadR, A. fabrum Atul419, E. coli NanR and
E. coli UxuR (14,20-23,35,79). These structural studies in-
dicated that TRs undergo dramatic conformational changes
upon effector binding, enabling efficient regulation. However,
conformational dynamics have only been studied for UxuR,
where researchers compared the dynamics of APO UxuR to
its effector-bound structures, observing significant N-terminal
domain transitions within the nanosecond range. While these
simulations provided insights into the conformational dynam-
ics of TRs upon effector binding, they lacked the bound DNA
structure in the N-terminal domain.

In our study, we proposed an allosteric communication
model underlying the DgoR function, identifying four al-
losteric conformational states available for DgoR. We con-
ducted unbiased simulations for the WT and mutant forms
of DgoR to gain mechanistic insights. By combining in silico
and experimental data, we uncovered that the mutations af-
fect the underlying allosteric communication of different con-
formational states. We further validated our model by test-
ing the predictions it generated. Our approach of identifying
functionally relevant differences in communication pathways
and interactions within known conformational states lays the
groundwork for future efforts to directly explore transitions
between states. Finally, this study offers a basis to examine the
allosteric behavior of other TRs of the GntR /FadR family and
improve our understanding of transcriptional regulation.

Data availability

The entire data are available in the article and in its online
supplementary material.
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Supplementary Data are available at NAR Online.
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