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BSTRACT 

pecificity in protein–DNA recognition arises from 

he synergy of several factors that stem from the 

tructural and chemical signatures encoded within 

he targ eted DNA molecule. Here , we deciphered 

he nature of the interactions driving DNA recogni- 
ion and binding by the bacterial transcription fac- 
or PdxR, a member of the MocR family responsi- 
le for the regulation of pyridoxal 5 

′ -phosphate (PLP) 
iosynthesis. Single partic le cryo-EM perf ormed on 

he PLP-PdxR bound to its target DNA enabled the 

solation of three conformers of the complex, which 

ay be considered as snapshots of the binding pro- 
ess. Moreover, the resolution of an apo-PdxR crys- 
allographic structure pr o vided a detailed description 

f the transition of the effector domain to the holo- 
dxR f orm triggered b y the binding of the PLP ef- 

ector molecule. Binding analyses of mutated DNA 

equences using both wild type and PdxR variants 

evealed a central role of electrostatic interactions 

nd of the intrinsic asymmetric bending of the DNA 

n allosterically guiding the holo-PdxR–DNA recog- 
ition pr ocess, fr om the first encounter through the 

ully bound state. Our results detail the structure and 

ynamics of the PdxR–DNA complex, clarifying the 
i
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NTRODUCTION 

ene expression is controlled by the activity of transcrip- 
ion factors (TFs). TFs are grouped in different families 
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domain directly contacts the DNA through base-specific in-
teractions ( 1 ). 

The GntR family comprises a group of bacterial tran-
scriptional regula tors tha t share a common ar chitectur e.
The N-terminal DNA-binding domain is composed of a
winged type helix-turn-helix motif (wHTH), formed by
the canonical three helical bundle and a �-strand hair-
pin (the wing) ( 2 ). The C-terminal effector binding and / or
oligomerization domain varies and defines the classification
of the GntR regulators into different subfamilies ( 3 , 4 ). Of
these, the MocR subfamily is characterized by a large C-
terminal domain that structurally resembles the fold type I
pyridoxal 5 

′ -phosphate (PLP)-dependent enzymes. As the
archetype of these is aspartate aminotr ansfer ase (AAT) ( 5 ),
this is called the AAT-like domain in the MocR subfamily.
A long fle xib le linker connects the two domains of MocR
( 3 , 6 ). PLP is a highly versatile cofactor, contributing to
around 4% of all known cellular enzymes, mostly reacting
with amino acids ( 7 ). In MocRs, PLP, alone or in combina-
tion with other molecules that bind to it, can act as effec-
tor, inducing a conformational change in the protein that
affects the TF DNA binding properties and triggers the
transcription activation or r epr ession. Some of the MocR
family members are involved in the regulation of amino
acid and vitamin B6 metabolism, whereas others regulate
the catabolism of compounds used as substrates, like rhi-
zophine and ectoine ( 8 ). 

The most studied member of the MocR subfamily is
GabR from Bacillus subtilis , a regulator of � -aminobutyric
acid (GABA) metabolism ( 9 , 10 ). To date, GabR is the only
MocR TF whose crystal structure has been solved ( 11 , 12 ).
GabR is a protein dimer, with a head-to-tail domain-swap
arrangement in which each AAT-like domain interacts with
the wHTH domain of the facing subunit (Supplementary
Figure S1) ( 11 ). The structures of GabR in the apo form
and in the presence of both PLP and GABA provided a
starting point to unravel the mechanistic role of the ef-
fectors in the transcriptional activity of the GabR regula-
tors ( 13 , 14 ). Functional and computational data suggest
that large movements of the wHTH domain, with asso-
ciated motions of the linker, accompany the apo-to-holo
tr ansition. These structur al rearr angements regulate the
DNA-binding and the transcriptional mechanism of GabR
( 11 , 15 , 16 ). 

PdxR, a distinct MocR TF which shares ∼36% se-
quence identity with GabR, regulates the so-called DXP-
independent pathway of the de novo biosynthesis of PLP in
Corynebacterium glutamicum ( 17 ), Streptococcus pneumo-
niae ( 18 ), Listeria monocytogenes ( 19 ) and Bacillus clausii
( 20 ). This metabolic pathway is common to many other
prokaryotes and involves the PLP synthase complex ( 21 ).
When bound to PLP, PdxR acts as a r epr essor of its own
pdxR gene and, in the absence of PLP, it acts as a direct
activator of the pdxST operon, which encodes the PLP syn-
thase subunits ( 17–20 ). 

The biochemical and the DNA-binding properties of
PdxR, as well as the organization of its target regulon, have
been widely studied in the probiotic bacterium B. clausii ,
where the pdxR gene is adjacent to and transcribed di v er-
gently from the pdxST operon. In the pdxR-pdxST inter-
genic region, two direct (motif 1 and 2) and one inverted
(motif 3) repeats represent the PdxR binding site (Figure
1 ). Functional data suggest that PdxR recognizes differ-
ent combinations of these motifs on the target DNA de-
pending on the presence of PLP, with the apo form show-
ing comparable affinity for all the repeats whereas the holo
form pr efer entially binds the inverted repeats ( 20 ). There-
fore, PLP acts as an anti-activator by changing the DNA
binding mode of PdxR and abolishing its activity as a
tr anscriptional activator. Similar ly to GabR, the switch in
motif binding likely in volves conf ormational changes of
the wHTH domains through motion of the fle xib le linker
( 8 , 20 ). Although some aspects of the PdxR regulatory ac-
ti vity hav e alr eady been clarified, a compr ehensi v e under-
standing of the molecular mechanism underlying its func-
tion has been hindered by the absence of detailed structural
information on the DNA-protein complex. 

In this study, we integr ated X-r ay crystallogr aphy, single
particle cryo-electron microscop y, DNA curvatur e pr edic-
tion, and DNA binding studies to investigate the mecha-
nism exploited by PdxR to bind and modulate the tran-
scription of its target DNA. We observed that upon PLP-
binding, the AAT-like domains of PdxR adopt a more ex-
tended conformation. Single particle analysis of the holo-
PdxR–DNA cryo-EM data re v ealed the e xistence of mul-
tiple conforma tional sta tes of the system, r epr esenting dif-
ferent snapshots along the dynamic path of the PdxR–DNA
comple x assemb ly. Binding assa ys perf ormed on PdxR vari-
ants with modified DNA targets indicate that the specificity
of the interaction is the result of an interplay between DNA
sha pe reco gnition and direct DN A sequence readout, hint-
ing at an allosteric role played by non-specific electrostatic
contacts in modulating the asymmetric and sequential bind-
ing of the wHTH domains to the DNA. 

MATERIALS AND METHODS 

Construction of recombinant PdxR variants 

The plasmid pET28 pdxR ( 20 ) containing the coding se-
quence of the pdxR gene from B. clausii (strain Em Lm
Pc rif Cf Cs Nv; Enterogermina N / R; Bacillus Genetic
Stock Center) was used as a template in site-directed muta-
genesis reactions performed by QuikChange methodology
(Strata gene, La Jolla). Muta genic primers, synthesized by
Metabion International AG (Steinkirchen, Germany), are
reported in Supplementary Table S1. All mutations were
confirmed by sequence analysis (Microsynth AG, Balgach,
Switzerland). Plasmids were purified using a NucleoSpin
Plasmid kit from Macherey-Nagel. 

Expression and purification of apo- and holo-PdxR wild type
and of the holo- variants 

Transformed Esc heric hia coli BL21 (DE3) competent cells
were grown at 37 

◦C until the optical absorbance at 600 nm
r eached ∼0.5. PdxR over expr ession was induced by the ad-
dition of 0.2 mM IPTG, then the temperature was lowered
to 28 

◦C for 18 h. Cells were harvested by centrifugation and
the pellet was resuspended in lysis buffer containing 20 mM
Tris ·HCl, 0.5 M NaCl, 100 �M PLP, pH 8, and one tablet
of cOmplete ™ Protease Inhibitor Cocktail (Roche, Basel,
Switzerland). Cells were lysed by sonication on ice, and
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Figure 1. Schematic r epr esentation of the B. clausii pdxR-pdxST intergenic region, covering the pdxR and the pdxS promoters and the PdxR binding 
sites. The –10 and –35 regions of both promoters are highlighted in gray; the PdxR target direct repeats (motif 1 and motif 2) are in dark green and blue, 
respecti v ely, and the inverted repeat (motif 3) is in light green. The arrows indicate the transcription orientation of the two genes. 
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ysate was centrifuged at 12 000–24 000 g for 30 min. The 
upernatant containing PdxR was r ecover ed, and the pro- 
eins were precipitated using ammonium sulfate at 45% sat- 
ration, centrifuged for 30 min at 12000 g and resuspended 

n a solution containing 20 mM Tris ·HCl, pH 8.0. The re- 
uspended pellet was dialyzed overnight against 20 mM 

ris ·HCl, 0.5 M NaCl, pH 8, a t 4 

◦C , and then centrifuged
or 30 min at 12000 g , filtered using 0.45 �m filters, and 

oaded onto a nickel-nitrilotriacetic acid (Sigma-Aldrich, 
t. Louis, Missouri, USA) column pre-equilibrated with 20 

M Tris ·HCl, 0.5 M NaCl, pH 8, using an ÄKTA prime 
PLC system (Ge Healthcare , Chicago, Illinois , USA) at 1 

l / min. Protein was eluted with a linear gradient of 0–0.5 

 imidazole in 20 mM Tris ·HCl, 0.5 M NaCl, pH 8.0. Frac- 
ions containing PdxR were pooled, PLP was added (100 

M, final concentration), and the sample was dialyzed for 
2 h against 50 mM HEPES sodium, pH 7.5, 0.5 M NaCl. 

The concentration of PdxR (Mw ∼ 55 kDa, monomer) 
as determined by collecting the UV-visible spectrum us- 

ng a theoretical extinction coefficient at 280 nm of 66 700 

 

−1 cm 

−1 , estimated with the EXP ASY PROTP ARAM 

nline tool ( http://w e b.expasy.org/protparam ). PLP content 
as calculated by adding 0.2 M NaOH and measuring the 
bsorbance at 388 nm ( 22 ). Typically, 1 l of bacterial culture
ielded ∼10 mg of pure holo-PdxR. The same purification 

rotocol was applied for all the holo-PdxR variant proteins. 
To produce the apo form, pooled fractions eluted from 

he IMAC were incubated for 1 h at room temperature in 

he presence of 50 mM L -cysteine, and then dialyzed against 
5 volumes of 20 mM Tris ·HCl, 0.5 M NaCl, 5% glycerol, 
0 mM L -cysteine, pH 8, overnight at 4 

◦C with constant 
haking. Sample was then concentrated and loaded onto a 

ephadex 200 16 / 60 column at 1 ml / min and eluted in iso-
ratic mode in 10 mM Na-Pipes, 250 mM NaCl, 50 mM 

risodium citrate, pH 7. The apo formation was monitored 

ollowing the disappearance of protonated PLP aldimine 
bsorbing at 420 nm. Purified apo-PdxR was concentrated 

o at least 10 mg / ml for crystallization screening. 

rystallization and structure determination 

rystals of apo-PdxR were obtained using the microbatch- 
nder-oil method with protein at 5 or 10 mg / ml. The ini-
ial sparse matrix screen was set up with the Oryx6 crystal- 
ization robot (Douglas Instruments , Douglas House , East 

arston, Hungerfor d, Ber kshire, UK). The optimized crys- 
allization solution contained 33% (v ol / v ol) PEG 400, 200 

M calcium acetate, and 200 mM imidazole, pH 7.5. Prior 
o flash freezing, crystals were soaked in cryoprotectant so- 
ution, containing 16% (w / vol) PEG 3350 and 30% (w / vol) 
EG 400 in 10 mM Na-Pipes, pH 7.5, and 0.5 M NaCl. 
-r ay diffr action data sets were collected a t 100 K a t the
iamond synchr otr on beamline I03. 
Data wer e index ed, integrated, and scaled using Xia2 

 23 ), XDS ( 24 ), and Aimless ( 25 ). The dataset was scaled in
he space group P 6122 to resolution of 2.8 Å. Phases were 
btained by molecular replacement (MR) using the struc- 
ure of GabR from B. subtilis (PDB code: 4N0B) ( 11 ) as a
earch model in Molrep ( 26 ), finding 10 copies in the asym- 
etric unit (four dimers plus two further dimers formed 

y crystallo gra phic symmetry). Iterati v e cy cles of model 
uilding and refinement of the structur e wer e performed 

ith Coot ( 27 ) and Refmac5 v.8.0155 ( 28 ), 10-fold NCS 

veraging was performed by DM ( 29 ). The quality of the 
lectron density allowed the reconstruction of 10 copies of 
he C-terminus of PdxR (residues 103–469) and of one of 
he 10 N-terminal domains (residues 3–83). No density for 
esidues 84–102 was identified. A summary of statistics for 
ata collection and refinement is reported in Supplementary 

able S2. 

NA fragments preparation 

arious DNA fragments encompassing the wild type and 

odified PdxR target sequences were designed and pur- 
hased fr om Eur ofins Genomics (Ebersberg, Germany) or 

etabion International AG (Steinkirchen, Germany) as 
y ophilized f orwar d and re v erse single-stranded oligonu- 
leotides (sequences are listed and schematically displayed 

n Supplementary Table S3). For the protein–DNA bind- 
ng assay, the forward oligonucleotides were labeled at the 
 

′ end with the Cy3 fluorophore. Oligonucleotides were dis- 
olved in sterile water to achieve a final concentration of 
00 �M. Equimolar amounts of complementary oligonu- 
leotides wer e mix ed and denatur ed by heating to 95 

◦C 

or 5 min, and then annealed by cooling to 25 

◦C, reaching 

 final concentration of the double-stranded fragments of 
0 �M. 

olo-PdxR–DN A comple x formation 

urified holo-PdxR in 50 mM HEPES, 0.2 M NaCl, pH 

.5, was incubated with a 48-bp synthetic DNA fragment 
ontaining the two direct and the inverted repeats of pdxR- 
dxST intergenic region (wild type, Supplementary Table 
3) in 1:2 ratio to generate the protein–DNA complex. The 
nal sample was stored at 4 

◦C for 48 h before cryo-electron 

icroscopy (cryo-EM) experiments. 

ryo-EM grid pr epar ation and data collection 

he concentrated solution of holo-PdxR–DNA complex 

as diluted with 50 mM HEPES, pH 7.5, to reach a 

http://web.expasy.org/protparam
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concentration of 0.5 mg / ml and to decrease the concentra-
tion of NaCl to 50 mM. Holey carbon grids (Quantifoil
R1.2 / 1.3, Cu 300 Mesh, Quantifoil Micro Tools GmbH,
SPT Labtech, China) were glo w-dischar ged for 30 s at
30 mA using a GloQube system (Quorum Technologies,
Lewes, UK). A 3.5 �l droplet of the sample containing
the holo-PdxR–DNA complex was applied on a glow-
discharged grid within the chamber of a mark IV Vitrobot
(FEI, Thermo Fisher Scientific). The temperature was set
at 4 

◦C with 100% humidity. The sample was incubated 30
s, the excess solution was blotted for 4 s and the grid was
ra pidl y plunged into liquid ethane. 

Cryo-EM data were collected on a Talos Arctica electron
microscope opera ted a t 200 kV, using EPU 2.8 automa ted
software (Thermo Fisher Scientific). Image acquisition was
carried out at a nominal magnification of 120 000 ×, corre-
sponding to a calibrated pixel size of 0.889 Å / pixel at the
specimen le v el, at nominal defocus values ranging between
−0.8 and −2.2 �m. A total of 3284 movies were recorded
using a Falcon 3EC direct electron detector (Thermo Fis-
cher Scientific) operating in electron counting mode and to-
tal dose of 40 e −/ A 

2 , equally distributed over 40 movie frac-
tions (1 e −/ A 

2 per fraction). 

Cryo-EM data processing 

The main steps of data analysis are schematized in the work-
flo w sho wn in Supplementary Figure S2. Collected movie
frames were aligned and dose-weighted using MotionCor2
( 30 ) with 5 by 5 patches and B-factor of 150. Contrast
transfer function (CTF) was estimated with CTFFIND4.1
( 31 ) on aligned and non-dose-weighted micro gra phs. Mi-
cro gra phs yielding resolution limit estimates ≤ 5 Å were
kept for further processing, discarding those containing rel-
evant ice contamination or protein aggregates. The selected
3 197 micro gra phs were imported into Relion 3.1 ( 32 ). Af-
ter manual picking and the generation of 2D r efer ences, a
total of 135 8491 particles were automatically picked and
e xtracted. Se v eral rounds of r efer ence-fr ee 2D classification
wer e carried out, r esulting in 267 988 of selected particles
that were used to generate a de novo 3D model in Relion . The
reconstructed model was low pass filtered to 60 Å and gi v en
as a r efer ence for an initial round of 3D classification. The
best and most populated class generated was chosen and
used as a r efer ence (filter ed at 60 Å ) for an additional round
of 3D classification, run over the same set of particles. In-
spection of the produced classes identified two distinct con-
formers of DNA-protein complex, displaying a DNA dif-
ferently bound to the protein (Supplementary Figure S2):
class 1 exhibited a compact shape with the DN A tightl y
and symmetrically bound to the protein which is anchored
at both the ends of the double-strand filament (closed con-
formation); class 2 showed a single protein domain wrap-
ping the DNA fragment and the second one missing, re-
sulting in an asymmetric complex, with the DN A partiall y
detached from the dimeric core of the protein (half-closed
conformation). Particles belonging to these two classes (112
086 total particles) were selected and subjected to an addi-
tional round of 2D classification for further cleaning. The
resulting 92 710 good particles were selected for further
processing. 
In parallel, autopicking was also performed with WARP
(WARP 1.0.9) ( 33 ), using the deep convolutional neural net-
work BoxNet2Mask 20180918 as a template. The resulting
321 382 particles were extracted and imported into Relion
3.1 . Se v eral rounds of 2D classifications were performed,
yielding a set of 112 581 particles showing high resolution
fea tures, tha t were combined to the first refined particle
dataset (see Supplementary Figure S2). To pre v ent invali-
dation of gold standard FSC by duplicates, particles that
had been translated within 20 Å of their nearest neigh-
bor wer e r emoved. The de-duplication procedur e was per-
formed twice. Individual stacks were subjected to a sub-
sequent round of 3D classification, using the half-closed
map as a r efer ence model. Among the generated 3D classes,
an additional conformer of the holo-PdxR–DNA complex
emerged that differs from the others for the absence of den-
sities at both the edges of the double strand filament (open
conformation, Supplementary Figur e S2). P articles belong-
ing to different conformers (open, half-closed, and closed)
were individually selected and independently processed. 

After refinement with C1 symmetry and postprocessing,
the resolution measured using a mask was estimated to be
about 4.6 Å for the open map (56 199 particles), ∼4.3 Å
for the half-closed map (68 689 particles), and ∼4.3 Å for
the closed map (32 628 particles). Inspection of the recon-
structed maps re v ealed an incorrect handedness that was
re v ersed using the ‘vop zflip’ command of UCSF Chimera
( 34 ). 

Bayesian particle polishing and additional masked refine-
ment of the polished particles improved the resolution to
3.9 Å for the closed conformer, and 4.0 Å for the half-
closed and the open conformers. Since the quality of the
closed map does not allow a clear distinction between the
nucleotide bases of the DNA, we took advantage of the
pseudo-symmetry of this conformer to perform a parallel
job of refinement imposing a C2 symmetry. This increased
the resolution to about 3.7 Å . 

CTF-refinement did not improve the resolution of the re-
sulting reconstructions. The B-factors were automatically
calculated by Relion in the post-processing of the recon-
structed maps. 

Features consistent with the estimated resolution, in-
cluding clear helical pitch throughout the maps, and well-
defined density for bulky side chains, were identified (Sup-
plementary Figures S3–S6). The overall resolution of the
maps obtained was estimated with the FSC = 0.143 cri-
terion. The input maps wer e corr ected for the modulation
transfer function (MTF) of Falcon 3EC detector and sharp-
ened using negati v e temperature B factors as estimated by
Relion . Local resolution of the final maps was estimated in
Relion (Supplementary Figures S3–S6). 

Sta tistic informa tion of the maps is reported in Supple-
mentary Table S4. All reconstructed maps were sharpened
using the Autosharpen tool in Phenix prior to model build-
ing. UCSF Chimera and Coot were utilized for graphical vi-
sualization of the cryo-EM density maps. 

Model building and refinement 

A basic r equir ement for the r econstruction of the holo-
PdxR–DNA complex structures was the identification of
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he correct orientation of the bound DNA fragment with 

espect to the protein. Indeed, the quality of the recon- 
tructed maps was sufficient to distinguish DNA grooves 
nd to locate the phosphate backbone, but it did not allow 

nambiguous assignment of the specific bases. As a guide 
or model building, we took advantage of the asymmetry 

f the half-closed map conformer, that we found to reflect 
he intrinsic asymmetric curvature of the PdxR DNA tar- 
et resulting from the computational analysis of its intrin- 
ic bendability (see below) (Supplementary Figure S7A). In 

act, it must be considered that, apart from motifs 1 and 3, 
he absence of palindromic features in the sequence of the 
NA fragment forces the DNA to assemble in a unique ori- 

ntation with respect to the protein. 
Hence, after creating an initial model of the DNA in a 

traight B conformation in Coot , we docked it into the half- 
losed map, following the asymmetry in the curvature sug- 
ested by the pr ediction. Ther eafter, an e xtensi v e manual re-
uilding and refinement was performed to obtain the right 
urvature and the best fit. As a further element in support of 
he correct assignment, we searched for good quality areas 
f the map corresponding to tracts of repeated bases (i.e. 
he A / T rich tracts, Figure 1 ). Supplementary Figure S7B 

hows a DNA tract where the density can only accommo- 
ate repetition of pyrimidine bases in one strand and purine 
ases on the other, but not vice versa . 
Following this criterion, the DNA was fitted into the half- 

losed map with motif 1 bound to the visible wHTH do- 
ain, and motif 3 corresponding to the portion of DNA 

etached from the protein, where density accounting for the 
HTH was missing. 
Once a model for the DNA was built, a model for the 

tructure of PdxR was obtained by using the coordinates 
f the crystal structure of apo-PdxR (PDB code: 7PQ9), 
omprising the wHTH domain and the N-terminal tract of 
he linker (residues 3–83) and the AAT-like domain and the 
-terminal portion of the linker (from residue 103 up to 

esidue 469). Both models were individually fitted as rigid 

odies to the sharpened density map using UCSF Chimera , 
erged, and transferred to Coot , where the protein chain 

as joined to the DNA. The whole structure was rigid body 

efined against the half-closed map using the real space 
efinement tool in PHENIX . The model was inspected in 

oot for manual model building and further refined using 

henix.real space refine tool with all default settings and 

mposing secondary structure restraints. 
Once the coordinate model for the half-closed conformer 

as built, it was used as a starting template to reconstruct 
oth the closed (in C1 and C2 symmetry) and the open con- 
 ormers obtained f or the PdxR–DNA complex using Coot . 
or the closed conformer, a second wHTH domain was 
opied and docked to the corresponding region of the den- 
ity, while in the case of the open conformer, the wHTH 

omain bound to DNA was removed from the coordinate 
odel, gi v en the absence of suitable density. Insufficient or 

acking density was found at the N-and C-termini (residues 
–6 or 3–14 and 465–469) and at the linker region (from 

esidues 80–87 to 100–104) of those maps, and the corre- 
ponding model coordinates were removed from the model. 
lso, the first two and the last fiv e base pairs of the DNA

ragment at the 5 

′ and 3 

′ ends respecti v ely were removed 
rom the open structure due to weak density in those re- 
ions. Both the open and the closed (C1 and C2 symme- 
ry) models were then refined using phenix.real space refine 
ool with all default settings and imposing secondary struc- 
ur e r estraints. Since the quality of the map does not allow 

o clearly identify the DNA bases, for the structural analy- 
is herein discussed the C2 symmetry map and the relati v e 
oordinate model was used as r epr esentati v e of the holo- 
dxR–DNA closed conformer. 
In all reconstructed maps, we observed extra density ex- 

ending out from Lys309 to the PLP-cavity, clearly visible 
n both sites of the PdxR dimer. We assigned this density 

o a PLP molecule, whose model was imported in Coot 
nd linked as a Schiff-base to Lys309 of both the AAT-like 
onomers of all ma ps, consistentl y with our spectroscopic 

nalysis. 
Final visual inspection was performed in Coot to adjust 

econdary structures, amino acid side chains, PLP and nu- 
leotides into the density, and to correct Ramachandran 

utliers. The quality of the final model was validated us- 
ng MolProbity ( 35 ) and the quality of side chain fit with 

MRing er ( 36 ). Sta tistics for the final model are shown in
upplementary Table S4. 
The w e b server STRIDE ( 37 ) was employed for sec- 

ndary structure assignments (Supplementary Figure S8). 
ISA ( 38 ) was used to analyze the 3D structures, UCSF 

himera and Chimera X ( 39 ) were used to produce figures. 

rediction of DNA topology from sequence and generation of 
NA fragments with altered shape 

he 3D structure of the 48-bp DNA target of PdxR 

as created through the Christoph Gohlke DNA Curva- 
ure Analysis service (C. Gohlke, http://www.lfd.uci.edu/ 
 gohlke/dnacurve/ ) ( 40 ), using the AA wedge model ( 41 ). 
he same procedure was carried out for the modified DNA 

ragments (Supplementary Table S3). 
The target DNA sequences with altered curvature were 

esigned according to the DNA curvature model proposed 

y De Santis et al. ( 42 ). The curvature was calculated in 

odulus and phase adopting the roll, tilt, and twist an- 
les theoretically evaluated for the 10 different dinucleotide 
teps by a conformational energy minimization process 
 42 ). The most curved fragments were obtained by mutat- 
ng some nucleotides to increase the length of A and T tracts 
n phase with the double helix periodicity. On the contrary, 
reaking the A and T tracts by the insertion of C and G nu-
leotides along the wild type DNA sequence destroyed the 
0-bp periodicity of the dinucleotide steps AA and TT and 

rovided the straight fragment. 

luorescence DNA-binding assay 

dxR binding to target DNA fragments was analyzed by 

itrating PdxR against a fixed concentration of Cy3-labeled 

NA in 20 mM Na-HEPES buffer, pH 8.0, containing 50 

M KCl, 5 mM MgCl 2 , 2% (v ol / v ol) glycerol, 1 mM DTT.
he Cy3-labelled DNA (5 nM) was mixed with the serially 

iluted PdxR protein (final concentration, 0–480 nM) in a 

nal volume of 800 �l a t 25 

◦C . PLP (0.5 �M) was added to
nsure complete sa tura tion. Fluorescence emission spectra 

http://www.lfd.uci.edu/~gohlke/dnacurve/
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wer e r ecorded from 550 nm to 650 nm upon excita tion a t
546 nm at 25 

◦C using a FluoroMax-3 Jobin Yvon Horiba
spectrofluorimeter (Kisshoin, Japan). Excitation and emis-
sion slits were set at 3 nm and 5 nm, respecti v ely. Emission
fluorescence values at 560 nm obtained from three differ-
ent experiments were combined and analyzed using the Hill
equation (Eq. 1 ) which gi v es the apparent dissociation con-
stant ( K Dapp ) values of the DNA-protein binding equilibria.

F luore sc e nc e = 

F max × [ P dxR 

] n 

[ P dxR 

] n + K 

n 
Dapp 

(1)

where F max is the maximum fluorescence, and n is the Hill
factor. 

RESULTS 

Crystal structure of the apo-PdxR AA T -like domain 

The structure of apo-PdxR, i.e. without PLP, was solved
by X-ray crystallo gra phy at 2.8 Å resolution, using crys-
tals of the full-length protein in the apo form. The qual-
ity of the electron density allowed the reconstruction of the
C-terminal portion of PdxR (residues 103–469) that com-
prises the C-terminus of the interdomain linker (residues
103–106) and the entire AAT-like domain (Supplementary
Figure S8). The asymmetric unit comprises ten PdxR pro-
tomers, with four complete PdxR dimers and two protomers
that form dimers across crystallo gra phic axes (Supplemen-
tary Figure S9). No density for the central region of the
linker (residues 80–106) was identified. One isolated unit
of the wHTH domain (residues 3–83) over 10 copies of
PdxR dimer could be built in the asymmetric unit. This
domain is trapped by crystallographic contacts between
fiv e protomers in the lattice. As no density was present for
the linker, it was not clear which AAT-like domain pro-
tomer is the same chain as this wHTH domain. This pre-
cludes attributing functional significance to the interactions
formed with the surrounding monomers within the crystal.
Consequently, these contacts will not be discussed. As for
GabR ( 43 ), in PdxR an extended loop (residues 109–120)
directly connecting the linker to the AAT-like domain and
exposed to the PLP cavity was identified. The AAT-like do-
main was found in the canonical aminotr ansfer ase homod-
imeric assembly, typical of all fold type I PLP-dependent
enzymes (Supplementary Figure S10) ( 5 ). Each protomer
is composed of a large (residues 107–387) and a small
(residues 388–468) subdomain (Figure 2 A). An extended
dimer interface covers about 2 350 Å 

2 , involving 52 amino
acids of the two monomers interacting through hydrogen
bonds and salt bridges ( 38 ). A network of interactions in-
volving aromatic residues located at the �4 helix of both
monomers contributes to the stabilization of the dimer in-
terface. This network starts from a stacking nucleus formed
by a pair of facing Phe128 residues and e xtends ov er the N-
terminus of the helix, involving Trp124, Phe121 and Phe119
(Figure 2 B). 

The PLP-binding cavity resides in the large subdomain
in the proximity of the subunit interface. Within this cavity,
we identified the quartet of residues typical of PLP-binding
proteins: i) Lys309, the so-called ‘acti v e site lysine’, con-
served in aminotr ansfer ases (e.g. Lys258 in E. coli AAT)
as well as in MocR TFs (Lys312 in GabR) ( 11 ); ii) Ser308
and Arg316, the canonical residues that in the holo forms
of AAT enzymes (Ser257 and Arg266 in E. coli AAT) and
MocRs (Ser311 and Arg319 in GabR) contact the phos-
phate group of PLP ( 44 ); iii) the conserved Asp276 (Asp222
in E. coli AAT and Asp279 in GabR) interacting with the
pyridinium nitrogen of PLP to maintain the effector in the
protona ted sta te (Figure 2 C). In addition, in PdxR the PLP-
binding pocket is surrounded by other residues, such as
T yr202 and T yr278, that are also conserved in B. subtilis
GabR (Tyr205 and Tyr281, respecti v ely). Howe v er, the or-
ganization of these residues in the a po-PdxR markedl y dif-
fers from the apo-GabR crystal structur e, wher e a molecule
of imidazole bound to the PLP cavity was detected ( 11 ). In
PdxR, Tyr202 is rotated by a pproximatel y 75 

◦ with respect
to the corresponding Tyr205 in GabR, and it forms a �-
stacking interaction with Phe247. Tyr278 is rotated by ∼95 

◦
with respect to Tyr281 in GabR and it establishes hydrogen
bonds with Asn142 of the other monomer and with Ser308,
which assumes a dif ferent conforma tion with respect to
the corresponding Ser311 in GabR (Supplementary Fig-
ure S11). In the absence of PLP and unintentionally bound
ligands (i.e. imidazole in GabR), these residues in PdxR
fill the cavity, with Tyr278 positioned at its center, sup-
ported by a network of �-stacking, H-bond, dipole-dipole,
van der Waals interactions established with Tyr202, Ser308,
Lys309, Arg316, Thr112, Val178, Asp279 and Asp276 of
the same monomer and with His338 and Asn142 of the
other monomer (Figure 2 C). 

The cryo-EM analysis of B. Clausii holo-PdxR–DNA com-
plex enables the identification of different conformational
states 

Over all structur es . Our first a ttempts to obtain structural
information about PdxR in the PLP-bound form were pur-
sued through X-ray crystallo gra phy. Howe v er, crystalliza-
tion screening carried out on the holo-PdxR, either in iso-
lated form or bound to fragments of different sizes of its tar-
get DNA, proved to be unsuccessful. Instead, we performed
cryo-EM experiments in which the holo- form of the PdxR
dimer was analyzed in complex with a 48-bp double strand
DNA fragment, co vering the tw o dir ect and the inverted r e-
peats predicted as PdxR binding sites (Figure 1 and Supple-
mentary Table S3) ( 20 ). Single-particle analysis allowed us
to reconstruct the maps of three forms of the holo-PdxR–
DN A complex in w hich the DN A is differentl y bound, bent,
and wrapped around the protein (Figure 3 ). Consistently
with the high flexibility of the N-terminal regions of PdxR
that most likely pre v ented particle alignment required for a
clear 3D map reconstruction, the three conformers differ in
the presence of density defining the linker and the wHTH
domains. Depending on the extent of the contacts estab-
lished and the consequent le v el of mutual wrapping of pro-
tein and DNA, we r eferr ed to the three states as the ‘open’,
the ‘half-closed’ and the ‘closed’ conformers. 

In the open conformer, the DNA-protein contact is only
mediated by the ridge of the central AAT-like domain of
PdxR, since both tails of the DNA fragment were found
free from direct interactions with the protein. No density
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Figure 2. Structure of apo-PdxR AAT-like domain. ( A ) The homodimeric crystal structure of B. clausii apo-PdxR in ribbon r epr esentation (top and side 
view). Plum and light green colors were used to distinguish the small and the large subdomains, respecti v ely, of one sub unit; Ma genta and dark green colors 
were used for the small and large subdomains of the other subunit. Black circles indicate the PLP cavity. ( B ) Interactions at the subunit interface. Pairs 
of Phe128-Phe128 and other aromatic residues at helix �4 involved in the intersubunit contacts are represented as sticks. Dashed lines show the stacking 
interactions. ( C ) PLP-binding site of apo-PdxR. Residues surrounding the empty pocket ar e r epr esented as sticks and labelled. Bold residue labels indicate 
the quartet of residues typical of PLP-binding proteins. Asterisks refer to secondary structures and residues belonging to the flanking subunit. 
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onomers was detected in the map. In this form, the total 
ngle of curvature of the DNA is about 130 

◦. 
In the half-closed complex, one of the two wHTH do- 
ains is anchored to the DNA tail at motif 1, while the 

ther, missing in the density ma p, is most likel y dissoci- 
ted from the AAT-like domain of the adjacent monomer. 
her efor e, in this conformer the protein is not attached to 

he DNA tail at motif 3, resulting in an asymmetric assem- 
ly (Figure 3 ). From the open to the half-closed conforma- 
ion, no change in the global curvature of the DNA was 
etected, which remains arched at about 130 

◦. 
In the closed conformation, the simultaneous binding of 

he two wHTH domains to DNA compacts the structure 
f the complex. In this arrangement, the DN A is strongl y 

ent and wrapped around the protein, forming an arc of 
115 

◦ over PdxR and conferring an overall symmetry to 

he PdxR–DNA complex (Figure 3 ). 
Since PLP binding to PdxR may trigger conformational 

hanges including large reorganizations of the wHTH do- 
ain which moves jointly with the linker ( 20 ), the accumu- 
ation of different conformational populations of the holo- 
dxR–DNA comple x might deri v e from di v erse occupan- 
ies of PLP among the PdxR homodimers. Ne v ertheless, 
 close look at the PLP-binding site of all reconstructed 

aps of the complex revealed in all cases an extra density 

n both monomers of PdxR (Supplementary Figure S12), 
erfectly fitting with a molecule of PLP covalently bound 

o Lys309 (described below). Ther efor e, the structural dif- 
erences observed among conformers do not result from a 

ack of or partial binding of the ef fector. Ra ther they in- 
ica te tha t holo-PdxR explores alterna tive conforma tional 
tates upon binding to its target DNA. The co-existence of 
ultiple conformers of the holo-PdxR–DNA complex re- 

ealed by single-particle cryo-EM suggests the existence of 
 dynamic equilibrium of these intermediates in solution. 

he apo-to-holo conversion of PdxR. The superimposi- 
ion of the crystallo gra phic structure of apo-PdxR dimer 
o the open holo-PdxR–DNA complex obtained by cryo- 
M (residues 107–464: overall rmsd mean on C � carbons 
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Figure 3. Cryo-EM structures of the PLP-bound PdxR in complex with its target DNA. ( A ) Representati v e cryo-EM micrograph for the holo-PdxR–DNA 

comple x. ( B ) Representati v e 2D class av erages of the open, the half-closed, and the closed conformer of the complex as calculated with Relion . ( C ) Side 
and top views of the cryo-EM 3D reconstructions of the holo-PdxR–DNA complex. 
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∼1.4 Å , with maximum displacement of about 7 Å ), showed
that the presence of PLP covalently bound to Lys309 at both
the AAT-like domains alters the mutual positioning of the
protein core subunits, inducing an overall structural move-
ment that opens the dimer (Figure 4 A, MovieS1). A closer
inspection of the PLP binding pocket re v ealed that the ef-
fector induces pronounced local structural rearrangements
that involve residues surrounding and lining the site (Fig-
ure 2 C, 4 B and Supplementary Figure S11). In more de-
tail, upon PLP binding, the pyridine ring of the effector dis-
places Tyr278, which moves by about 10 Å , shifting Asp279
by around 2.5 Å (Figure 4 C). The side chain of Tyr202 ro-
tates by about 45 

◦, directly interacting with the pyridine ring
of PLP at the center of the cavity (Figure 4 D). Following
these movements, the entire AAT-like domain rearranges,
with effects that extend up to the external surface (Figure 4 E
and F). Posed at the center of the cavity, the PLP ring con-
tacts all the surrounding residues, most of which are con-
served in GabR and in fold type I PLP-dependent enzymes
( 11 , 45 ). More specifically, i) the nitrogen atom of the PLP
pyridine ring interacts with the side chain of the conserved
Asp276 on �8 ( 11 ); ii) the hydr oxyl gr oup at the C3 of the
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Figure 4. From apo- to holo-PdxR: structural changes at the PLP-binding site affect the overall structure of the AAT-like domain. ( A ) Superposition of the 
apo- (green) and holo-PdxR (open conformation, purple) shown as side and top vie ws. Dar k and light colors are used to distinguish monomers. Upon PLP 

binding, the AAT-like domain opens, arrows indicate the direction of the whole movement. PLP is shown as yellow sticks. ( B ) The structural organization 
of the PLP-binding site found in the holo-PdxR is reported. For the sake of simplicity, we used the half-closed holo-PdxR structure as r epr esentati v e since 
only minor variations were observed at the PLP-binding site comparing all the holo- structures. Residues interacting with PLP and located within ∼5 Å of 
the effector are represented as sticks and labelled. ( C, D ) Structural changes at the PLP-binding site: structural details of the transition explored by Tyr278, 
Asp279 and the 277–291 segment (panel C), and by Tyr202 once the molecule of PLP is bound to Lys309. ( E, F ) The structural effects of the PLP-binding 
transmitted to the external surface of the AAT-like domain are displayed. The rotation of Tyr278 induced by the presence of PLP within the cavity, zoomed 
in panel C, is highlighted by a black box. In panel E, the apo structure (green) is superimposed to the holo structure in the open conformation (purple); 
panel F shows the superposition of the apo (green) to the holo half-closed structures (dark and light blue color the AAT-like and the wHTH domain with 
the linker of the other monomer, respecti v ely). As an example of helix �9-wHTH domain interaction, the Ile255-Tyr68 contact is shown. Lys287 and Ile255 
on the AAT-like domain and Tyr68 located in the wHTH domain of the flanking monomer are represented as sticks and labelled. Red circle indicates the 
clash point between Lys287 and residues at �(H)3 of the wHTH domain that would occur if the structural rearrangement induced by PLP binding did not 
take place. Arrows indicate the direction of the apo-to-holo movements. 
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pyridine ring contacts the conserved Tyr202 on the �5- �7
turn, Phe247 on the �8- �9 turn and Tyr278 on �9- �10 turn,
anchoring the PLP unit within an aromatic niche; iii) the
phosphate group is involved in electrostatic interactions ( i.e.
hydrogen bonds and salt bridges) with the conserved Ser308
on the �10- �3 turn and Arg316, and with Ser318 on �11;
iv) the imine nitrogen forms a hydrogen bond with Thr112
on the extended loop (Figure 4 B). Further arrangements
of the Asn108-Ile114 and Cys133-His145 segments and of
the tract defined by Ser342-Ser335 of the other monomer
(not shown) contribute to expanding the PLP-cavity vol-
ume, providing the space r equir ed for the positioning of
PLP. 

Notably, the structur al arr angement of the PLP-binding
site found in the holo-PdxR closely resembles the arrange-
ment observed in the crystal structure of the apo-GabR
(Supplementary Figure S11). Here, a molecule of imida-
zole deri v ed from purification or crystallization buffers was
detected bound to the site ( 11 ). This observation led us to
conclude that the presence of imidazole in the PLP-binding
cavity of Ga bR sta bilizes a holo-like conformation. In ad-
dition, we noted that the holo-PdxR conformation could be
accommodated in the crystal lattice (Supplementary Figure
S13), suggesting that the crystallo gra phic structure of apo-
PdxR is the pr eferr ed apo conformation and r epr esents the
first bona fide apo-structure of the AAT-like domain of a
member of the MocR family. 

Only minor structural variations were observed at the
PLP-site when superposing the AAT-like domain of the
open, the half-closed, and the closed structures of the holo-
PdxR dimer (residues 107–464: overall rmsd on C � car-
bons ∼0.6 Å , with maximum displacement of about 3.5 Å ).
Ther efor e, once the effector is bound, the structural orga-
nization of the site is only negligibly affected by the overall
transition of the protein occurring upon the DNA-complex
formation. 

The analysis of the structural changes involving the AAT-
like domain shows that the ensemble of the rearrangements
induced by PLP entry e xtends ov er the entire AAT-like do-
main, leading to a global opening of the dimer. It is reason-
able to suppose that this movement could contribute to the
modulation of the DNA binding process since it may affect
the structure of the linker and the position of wHTH do-
mains of PdxR. Indeed, a crucial structural response that
has been proposed to be directly induced by the effector
binding to MocRs is a change in the position of the wHTH
domains. This is associated with a rearrangement of the
linker region ( 15 , 20 ). Being endowed with a high le v el of
flexibility, this region is generally hard to describe from a
structural point of view. To date, the only information avail-
able on the conformation of the linker comes from the crys-
tallo gra phic structures of GabR ( 11 , 12 ). In our data (apo
and holo) the PdxR linker is described by a good quality
density map for the amino acids placed at the terminal re-
gions (residues 80–83 / 87 and 101 / 103–106, depending on
the conformer and the monomer). The density was partially
defined or absent for the central portion (residues 83–100)
in most structur es, pr e v enting a clear-cut identification of
the spatial position adopted by this segment upon the apo-
to-holo conv ersion. Howe v er, a defined but not continuous
density outlining the linker path was identified in one of
the monomers of the half-closed holo-PdxR. This density,
starting from Gln80, running along the AAT-like domain of
the flanking monomer, and extending towards Arg106, was
used to build the entire tract of the linker (Figure 5 A and
Supplementary Figure S14A). According to the reconstruc-
tion, the segment including residues 100–106 protrudes into
the most external region of the PLP-binding cavity, with
the side chain of Lys101 extending in the direction of the
phosphate group of the effector. Interactions established
between the ε -amino group of the lysine side chain and i)
Asn108 and His113 on the extended loop, ii) Tyr423 on the
�15, iii) the backbone carbonyl of Asn142 (of the flanking
monomer), sustain Lys101 position and orientation (Figure
5 B). The spatial organization of the reconstructed linker in
PdxR suggests that it moves close to the PLP-cavity upon
PLP binding (Supplementary Figure S14B), as previously
proposed ( 15 , 20 , 43 , 46 ). 

In contrast with the linker described in GabR, which
forms an �-helix at the C-terminal region upon PLP binding
( 11 , 12 ), our data did not re v eal the presence of secondary
structure elements within the linker. 

One unclear aspect of the regulatory mechanism of the
PdxR transcriptional activity is how the effector binding
triggers PdxR conformational changes that affect the DNA
binding mode, and so modulate PdxR function. We note
that the displacement of Tyr278 upon PLP binding at the
core of the AAT-like domain is likely to be crucial to the
apo-to-holo structural change. This displacement directly
affects the arrangement of the structural elements that com-
pose the external surface at the side of the large subdomain
(Figure 4 E and F). This area constitutes the docking site
of the wHTH of the other monomer observed in both the
half-closed and the closed conformations. Indeed, the entire
tract 255–288 undergoes a discrete structural repositioning
(Figure 4 E). Particularly, the flip of the loop 283–288 re-
sults in a rotation of about 30 

◦ in Lys287. In the apo struc-
ture the side chain of this residue is exposed to the solvent,
while in the holo state it is oriented towards the AAT-like
domain. The superposition of the apo onto the holo half-
closed structure re v eals that the flipping of the loop 283–
288 generates a more favorable interacting surface for the
wHTH domain, that otherwise would collide with Lys287
and other elements of the 283–288 loop (Figure 4 F). Like-
wise, the concomitant movement of helix �9 towards the
solvent supports the interaction with the wHTH domain
and the linker, since it favors the approaching of residues
that will constitute the binding site for both the structural
elements (Figure 4 F and Supplementary Figure S14A). 

Together, these observa tions indica te tha t structural vari-
ations of the AAT-like domain upon PLP binding may
guide a different positioning of the wHTH domain and the
linker to which it is connected, suggesting a possible mech-
anism underlying the apo-to-holo switch in DNA bind-
ing mode. Indeed, the structural changes induced by PLP
binding to the AAT-like domain could alternati v ely hamper
(apo) or favor (holo) the approach of the mobile domains to
the PdxR core, thus leading to a selecti v e stabilization of al-
ternati v e conformations of PdxR in the apo and holo states
that have different abilities to bind the DNA. 

Notably, these rearrangements are observed in all the
holo structures, e v en in those where the wHTH domain and
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Figure 5. From apo- to holo-PdxR: the structural organization of the linker region. ( A ) The linker path in the half-closed PdxR structure. The structure is 
r epr esented as a dark gray surface, while the linker is shown in cyan ribbon r epr esentation, surrounded by the reconstructed cryo-EM density map (solid 
r epr esentation). ( B ) Close-up view of the external side of the PLP-binding site, where the C-terminus of the linker and the extended loop (residues 100–114) 
approaches. Lys101 and the interacting residues located within ∼5 Å , Thr112 and Ile114 are represented as sticks. The PdxR subunits are shown as gray 
and black ribbons. Hydrogen bonds and dipole-dipole interactions are represented using dashed lines. The asterisk indicates residues belonging to the 
flanking subunit. 
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he linker have suf ficient conforma tional flexibility tha t they 

re not visible in the cryo-EM maps (i.e. the open and the 
alf-closed structures). This indicates that these movements 
r e a dir ect consequence of PLP binding and that they occur 
efore the structural changes that bring the linker and the 
HTH domains close to the core domain of PdxR. Binding 

o DNA may further induce changes in the structural orga- 
iza tion of PdxR tha t lead to the conformations observed 

y cryo-EM in the final complexes. Indeed, the linker and 

HTH domains may be sampling a discrete range of con- 
ormations, and DNA binding captures them in one of these 
oses. 

olo-PdxR–DNA interaction. The structural transitions 
nduced in PdxR upon PLP binding to the AAT-like do- 

ain have a strong impact on how PdxR interacts with its 
arget DNA. The cryo-EM structures re v eal a multi-step 

tructural reorganization of the complex. Such variations 
nvolve concerted movements of both molecular partners, 
ith the accumulation of at least three intermediates. Holo- 
dxR and DNA must establish a large network of specific 
nd non-specific interactions to achie v e the highest le v el of 
inding, DN A bending, and wra pping, typical of the closed 

tructure. 
The recognition of specific DNA sequences is mediated 

y the wHTH domain of PdxR, which is structurally con- 
erved among the GntR family (Figure 6 A-B). The ob- 
erved DNA-binding mode closely resembles the one found 

n FadR-DNA structure ( 47 ). The helices and the wing are 
ositioned in a conserved orientation with respect to the 
ucleic acid (Supplementary Figure S15): the helices �(H)2 

nd the so-called ‘recognition helix’ �(H)3 occupy the DNA 

ajor groove, while the wing contacts the minor groove. In 

he PdxR–DNA half-closed conformation, the binding to 

NA is achie v ed through a single wHTH domain that con- 
acts the first direct repeat (motif 1, Figure 1 ). This inter- 
ction stabilizes the initial partial bending of the DNA ob- 
erved in the open structure: its double strand is arranged 

n the longitudinal plan of PdxR with an asymmetric shape. 
n its closed conformation, the holo-protein binds DNA 

ith the two wHTH domains anchoring both the first di- 
ect (motif 1) and its palindromic inverted repeat (motif 3) 
n the opposite sides of the DNA filament (Figure 1 and 

igure 3 C). In this state, the DNA molecule is largely bent 
o allow the simultaneous contact between the two wHTH 

omains of PdxR and the two DNA-binding motifs, longi- 
udinally spanning over the protein surface. 

Thr ee r esidues of the wHTH domain of PdxR wer e pro- 
osed to be involved in DN A interaction, namel y Arg43 

nd Ser52 located on the HTH motif, and Lys75 on the 
ing ( 20 ). The cryo-EM structures of both the half-closed 

nd closed holo-PdxR–DNA conformers validate the in- 
 olvement of Ar g43 and Lys75 in the interactions with the 
N A binding motifs, w hile Ser52 contacts neighboring nu- 

leotides. In addition, other interactions formed by flanking 

esidues, i.e. Lys42 and Lys44 on the �(H)2, Gln53, Ans54, 
hr55, and Glu57 on the �(H)3, and Arg74 and Phe77 on 

he wing, were found to contribute to the sequence readout 
nteraction with the DNA motifs 1 and 3 (Figure 6 A, B). 

ther residues in the wHTH domain further stabilize the 
NA binding at the cognate sites by means of electrostatic 

nteractions established with the phosphate backbone at a 

inor groove, namely Arg10, Pro15, Leu16, and Tyr17 on 

he �(H)1, and Ser41 on the �(H)1- �(H)2 loop. 
Besides the specific contacts formed with the canonical 
NA binding domain, a very relevant element of PdxR– 

NA interaction is r epr esented by the non-specific contacts 
stablished between basic residues distributed at the ridge of 
he AAT-like domain and the DNA phosphate backbone of 
he bridging sequence between motifs 1 and 3 (Figure 6 C). 
he electrostatic forces lining at the top of the dimeric core 
f the protein mediate the DNA binding e v en in the absence 
f interactions with the wHTH domains, as observed in 

he open structure. Se v eral residues contribute to the over- 
ll positi v e charge of the AAT-like ridge surface. Among 

hose, we identified: i) Lys126 and Lys129 on �4 located at 
he interface between the two large subdomains of the AAT- 
ike domain; ii) L ys360, Arg364, L ys367, Ar g370, Ar g371 at 
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Figure 6. Sequence-specific and non-specific interactions guide the holo-PdxR–DN A reco gnition. ( A ) The wHTH domain forms specific interaction 
with the target DNA. Representati v e ribbon depiction of the wHTH domain of the holo-PdxR–DNA in the closed conformation (light pink). Residues 
interacting with the DNA are represented as sticks, labelled, and differently colored according to the secondary structure element they belong to ( �(H)2, 
green; �(H)3, orange; w = wing, red). DNA is shown as gray ribbon. ( B ) Schematic summary of the holo-PdxR–DNA main contacts formed through the 
wHTH domain. The different distribution of the identified contacts on motifs 1 and 3 is likely due to coordinate uncertainties associated with the local 
resolution of the EM maps. ( C ) Non-specific contacts formed with the AAT-like domain. Basic residues of the PdxR AAT-like domain interacting with 
the DNA backbone are highlighted and represented in dark and light pink sticks, depending on the PdxR monomer. In all panels motifs 1, 2, and 3 are 
colored in dark green, blue and light green respecti v ely. 
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the �13 (Figure 6 C). These r esidues ar e longitudinally dis-
tributed over the protein–DNA central interface. A similar
positi v e charge distribution involved in DNA binding was
also observed in GabR ( 48 ). Of relevance in our structure is
the Lys129 couple: the positi v ely charged, long, and fle xib le
side chains of these residues experience several conforma-
tional changes along the apo- to holo-PdxR–DNA transi-
tion towards their final position in the closed conformation
(Supplementary Figure S16). Only in the closed state the
side chains of both Lys129 are directed towards the narrow
minor groove located at the site of maximum curvature of
the DNA, where the A / T-rich tract and motif 2 converge.
The pronounced bending of the DNA upon the full PdxR
binding produces a deforma tion a t tha t site tha t enhances
its local negati v e electrostatic potential, complementing the
positi v ely charged tips of both lysines 129 and conferring
some extent of specificity to these electrostatic interactions,
as described in ( 49 ). 

The dynamics of the holo-PdxR–DNA complex formation.
Formation of the holo-PdxR–DNA complex r equir es nu-
mer ous, multidirectional, and sequential pr otein–DNA
contacts to be established. All the structured protein do-
mains of PdxR, including the AAT-like domain, are in-
volved and cooperate in DN A binding, w hich is sustained
by both longitudinal (non-specific) and lateral (specific) in-
teractions. Hence, DN A reco gnition requires not merely the
canonical DNA binding domains; rather, the whole protein
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ontributes to the process. The large extent of interconnec- 
ion and m utual wra pping achie v ed in the closed state com-
lex r equir e conformational r earrangements that involve 
oth the protein and the DNA and are correlated to their 

ndi vidual structural fle xibility. Undoubtedly, in PdxR –– as 
n other MocR TFs –– most of the conformational plastic- 
ty is provided by the dynamics of the linker region. Nev- 
rtheless, the movements of the AAT-like domain upon 

LP binding further contribute to the structural transition 

f PdxR. Gi v en the correlation between DNA sequences 
nd their propensity to bending ( 50 ), we investigated the 
ntrinsic bendability of the 48-bp DNA fragment compu- 
ationally using a DNA curvature prediction tool ( www. 
fd.uci.edu/ ~ gohlke/dnacurve/ ) ( 40 ). The global structure 
s calculated starting from the nucleotide sequence. The 
esulting 3D-model of DNA re v ealed a natural propen- 
ity to bend in one direction of the investigated fragment, 
ith a total angle of curvature of about 165 

◦. The over- 
ll bending brings the two cognate sites (motifs 1 and 3) 
loser to each other (Figure 7 A and Supplementary Figure 
17A). Unsurprisingly, the region of the sequence where the 
NA bends corresponds to an adenine-thymine rich tract 

5 

′ -TTTTCTTAAAAA-3 

′ ), known as a curvature-inducing 

eature ( 51 ), which is located in the first half of the 48-bp
ragment (Supplementary Table S3). Alternative 3D DNA 

tructur es wer e also genera ted, following dif ferent algo- 
ithms, but all converge to similar results (Supplementary 

igure S17A). 
In the light of these observations, we hypothesize that 

hen the holo-PdxR binds the DNA, the electrostatic in- 
eractions established with the ridge of the AAT-like do- 
ain induce an initial conformational change of the nucleic 

cid. Following its intrinsic bendability, the DNA fragment 
symmetrically bends around the dimeric core of PdxR in 

he sole direction allowed by its sequence (as seen in the 
pen conformation). Such movement induces an initial in- 
rease of the DNA curvature of about 35 

◦ with respect to 

he unbound fragment (Figure 7 A, B). This structural tran- 
ition favors the establishment of the first specific contact 
ith the wHTH domain of PdxR at motif 1, most likely sup- 
orted by movements of the linker region (half-closed con- 

ormation). This interaction, by altering the DNA structure, 
acilitates the anchoring of the second wHTH domain at 
otif 3, further compacting and closing the protein–DNA 

omple x (closed conformation). Notab ly, gi v en the head-to- 
ail arrangement of the PdxR monomers, the simultaneous 
inding of the two wHTH domains, symmetrically located 

t the opposite ends of PdxR, can only occur on opposite 
NA strands, as observed in the closed structure (Figure 
 B). In this state, the DN A m ust further bend an additional
15 

◦ to allow the binding of the two wHTHs to the in- 
erted repeats (motifs 1 and 3), thus adopting a symmetric 
S’ shape (Figure 7 B). 

While the trajectory of the structural changes followed by 

he DNA molecule is clearly defined in the cryo-EM struc- 
ur es (Figur e 7 ), that of PdxR can be only inferred gi v en the
bsence of density in the regions that mostly rearrange upon 

NA binding , i.e. the linker and the wHTH domain. We 
annot exclude that the DNA may explore different confor- 
a tional sta tes in the unbound form, and tha t the confor-
a tion tha t we observed in our open structure is the result 
f the interaction with the protein selecting the conforma- 
ion showing higher affinity. 

he PdxR mode of DN A recognition: DN A binding e xperi- 
ents 

he structural data here reported indicate that the shape 
eatures of the target DNA, its bending propensity, and spe- 
ific recognition sequences all contribute to the process of 
he holo-PdxR–DN A reco gnition. To investigate the rel- 
vance of both DNA sequence and conformation in the 
echanism of holo-PdxR–DNA binding, we produced al- 

ered forms of the target DNA fragment to test how these 
aria tions af fect the binding capability of the holo-PdxR. 
he wild type DNA sequence was modified with the aim 

o independently perturb: i) the base readout, specifically 

odifying the sequence of the two inverted repeats recog- 
ized by holo-PdxR, and ii) the shape readout, changing 

r disrupting the intrinsic bendability of the 48-bp DNA 

ragment. 
Three modified DNA fragments containing modified se- 

uences at motifs 1 (M1), 2 (M2), 3 (M3) and simultane- 
usly at motifs 1 and 3 (M13) were produced to impair bind- 

ng to the direct and inverted repeats (Supplementary Fig- 
re S18A). To exclude that such substitutions introduced al- 
erations in the overall DN A sha pe, the 3D structure of the 
our modified fragments was calculated ( www.lfd.uci.edu/ 
 gohlke/dnacurve/ ) ( 40 ). A minor change in the curvature 
as observed only for the M2 mutant (Supplementary Fig- 
re S17B). Two additional DNA sequences were designed 

o alter the intrinsic bendability of the original DNA frag- 
ent based on the nearest-neighbor curvature model ( 42 ). 

n the first mutant, the nucleotide sequence between mo- 
ifs 1 and 3 was modified to achie v e the maximum possi- 
le curvature of the 48-bp segment, conserving the same di- 
ection of bending of the wild type. This produced a bent 
NA. In the second one, the introduced nucleotide substi- 

utions aimed at totally abolishing the DNA curvature. The 
atter two DNA fragments were called ‘bent’ and ‘straight’, 
especti v ely (Supplementary Figure S18B). All DNA frag- 
ents (sequences reported in Supplementary Table S3) were 

abelled at the 5 

′ terminus with the Cy3 fluorophore. The 
ffinity of the holo-PdxR for the modified DNA fragments 
as analyzed by measuring the change in the emitted fluo- 

escence of the labelled DNA fragments upon titration with 

dxR. These data showed that the introduced mutations 
t motifs 2 and 3 do not impair holo-PdxR–DNA bind- 
ng. A 4-times reduced affinity was observed when motif 
 was modified, whereas modification of both the cognate 
equences of motifs 1 and 3 causes a 20-fold decrease in 

f finity. Minor ef fects are observed w hen the DN A curva- 
ure is more (‘bent’ fragment) or less (‘straight’ fragment) 
ronounced than in the wild type (Table 1 , Supplementary 

igure S19). 
An interesting finding from the structural data is the 

ossible role of the electrostatic forces between protein 

nd DNA in mediating the initial stages of the complex 

ormation. Following the first encounter between the two 

olecules, these contacts may also favor conformational 

http://www.lfd.uci.edu/~gohlke/dnacurve/
http://www.lfd.uci.edu/~gohlke/dnacurve/
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Figur e 7. DN A structural dynamics upon holo-PdxR binding. ( A ) The pr edicted curvatur e of the 48-bp DNA containing PdxR target sequences generated 
by (C. Gohlk e, www.lfd.uci.edu/ ~ gohlk e/dnacurve/ ) is shown. ( B ) Side and top views of the holo-PdxR–DNA complex in the open (top), half-closed 
(middle), and closed (bottom) conformers. In both panels the DNA molecule is depicted in gray ribbon r epr esenta tion. PdxR cogna te binding sites are 
colored in dark green (motif 1) and light green (motif 3); motif 2 is colored in blue. The protein is represented as white transparent ribbons. 
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changes of the nucleic acid, promoting the preliminary
rearrangements observed in the open to the half-closed
transition and the late structural rearrangements leading
to the closed conformer. To evaluate the contribution of
these interactions to the protein–DN A reco gnition process,
we produced three PdxR variants, namely K126Q / K129Q,
K360Q / R364Q, and R370Q / R371Q, that were analyzed
for their DNA binding capability (Supplementary Figure
S19). These mutations, removing positi v e charges from
PdxR, impair the protein DNA binding compared to the
wild type (Table 1 ). As already seen for the wild type pro-
tein, strong effects are observed when residues binding ei-
ther motif 1 or both motifs 1 and 3 are altered. In addi-
tion, a noticeable inability to bind the DNA is observed for
K126Q / K129Q with the bent fragment (Table 1 ). 
 

DISCUSSION 

The structural analyses of PdxR reported in this work, in-
tegrated with DNA binding affinity assays, provide clues to
decipher the mechanism by which the holo form of the pro-
tein (with PLP bound to it) binds to its target DNA. 

The crystal structure of apo-PdxR re v ealed the orga-
nization of the AAT-like domain in the absence of PLP,
providing the first structural description of the empty ef-
fector binding domain of a MocR TF (Figure 2 ). Com-
parison with the holo-PdxR–DNA open structure re v ealed
that, once PLP binds to the AAT-like domain, PdxR un-
dergoes structural rearrangements that originate from the
PLP-binding site and e xtend ov er the whole AAT-like do-
main (Figure 4 ). We propose that these structural changes
alter the external surface of the large subdomain of the

http://www.lfd.uci.edu/~gohlke/dnacurve/
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Table 1. DNA binding experiments and mutational analysis. The K Dapp values are the mean ± SEM of at least three independent fluorescence binding 
assays. For those fragments whose binding could not be detected, K D 

was not determined (nd). The experiments were performed using the holo form of 
PdxR (PdxR) variants 

K Dapp (nM) 

DNA fragments (48 bp) PdxR wt K126 / K129Q K360 / R364Q R370Q / R371Q 

Wild type 16.5 ± 0.7 36.6 ± 1.7 33.8 ± 2.6 18.8 ± 0.8 
M1 64.3 ± 5.7 80.4 ± 3.3 nd 83.0 ± 5.9 
M2 14.8 ± 1.2 41.8 ± 3.4 36.9 ± 2.3 50.9 ± 3.9 
M3 18.7 ± 2.7 42.2 ± 2.7 36.9 ± 2.6 41.2 ± 2.3 
M13 356 ± 111 nd nd nd 
Bent 25.8 ± 7.0 nd 38.8 ± 3.2 46.5 ± 3.3 
Straight 22.8 ± 2.7 61.3 ± 3.0 54.8 ± 5.4 47.5 ± 1.8 

Figur e 8. The m ulti-step mechanism of binding of holo-PdxR to DN A. Scheme of the binding mechanism of holo-PdxR–DNA. The process involves 
conformational changes of both binding partners, which are allosterically dri v en by electrostatic interactions. The two subunits of the PdxR dimer are 
shown in dark and light gray, the linker is r epr esented as a black line. PdxR binding sites ar e color ed in dark green (motif 1) and light green (motif 3); motif 
2 is colored in blue. 
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AT-like domain most likely affecting the position of the 
inker and wHTHs. The consequent change of the inter- 
ace between the wHTH and AAT-like domains may deter- 
ine the change in affinity for the cognate sites of the target 
NA. 
The cryo-EM structures of holo-PdxR in complex with 

ts target DNA re v ealed that the structural changes occur- 
ing upon effector binding further extend when the first 
ontact with DNA is established (Figure 3 ). The open con- 
ormer of the holo-PdxR–DNA complex indicates a role of 
lectrostatic forces in the initial encounter with the nucleic 
cid. Non-specific electrostatic interactions are in many 

ases the driving forces securing the TF longitudinal mo- 
ion along the DNA that facilitates the rapid identification 

f the target sequence. In this process, the natural geomet- 
ic properties of DNA play a central role ( 52–54 ). Indeed, 
N A sha pe features, such as minor gr oove narr owing, in-

uce a variation of the local electrostatic potential. In this 
ase, the enhanced negati v e electr ostatic envir onment at- 
racts positi v ely charged amino acids of the binding protein 

hrough the phenomenon of the electrostatic focusing ( 55 ), 
hus generating a specific element of recognition ( 56 , 57 ). 
imilarly, in the case of PdxR, the intrinsic properties of 
he unbound target DN A sequence, w hich is bendable in 

ne dir ection, ar e r esponsible for a curvatur e prone r egion
hat forms a narrow minor groove. This favors the establish- 
ent of shape readout interactions with the basic residues 

t the ridge of the AAT-like domains. The presence of an 

 / T-rich sequence located at one end of the DNA fragment 
onfers asymmetric properties to the nucleic acid, guiding 

he binding direction of PdxR, as previously described for 
istones in nucleosomes ( 58 ). Hence, following the natural 
symmetric curvature of the DNA, those initial f orces ma y 

nduce an additional bending of the DNA, as observed in 

he open and in the half-closed structures. This would pro- 
ote the anchoring of one of the two wHTH domains to 

he first DNA binding site, namely motif 1, switching the 
on-specific protein–DN A reco gnition e v ent to a specific 
ne. Since our data lack some information about the linker 
nd the wHTH domain positions, we can only assume that 
rom the half-closed to the closed conformers of the com- 
lex other changes in the protein structure occur, leading 

he second wHTH domain to interact with motif 3 (closed 

onformer). Such interaction is coupled to a pronounced 

urving of the nucleic acid, which further bends over the 
rotein surface, forming a ‘S’-shaped symmetric protein– 

NA complex (Figure 7 ). We propose that the binding of 
ne wHTH domain can alter the structure and flexibility of 
ither or both of the DNA and the protein, allosterically fa- 
ilitating the interaction between motif 3 with the second 

HTH domain. The closure of this conformational state 
s instrumental to the gene regulation activity of the PLP- 
ound PdxR. 
The relati v e contribution of base reco gnition and sha pe 

eadout to the DNA binding process is highlighted well by 

he results of DNA binding assays obtained with mutated 

NA fragments and protein variants (Table 1 ). The replace- 
ent of positi v ely charged residues in PdxR nonspecifically 
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decreases the affinity of all DNA fragments. On the other
hand, DN A m uta tions a t the binding motifs have a spe-
cific effect on affinity. More specifically, we observed that
M1 mutation reduces the binding affinity while mutations
of motifs 2 and 3 do not show any significant effect. This
finding, in conjunction with the cryo-EM structure of the
PdxR–DNA complex in the half-closed state, supports the
hypothesis that motif 1 interacts first with the protein in
the binding process. When M1 and M3 mutations are com-
bined, a drastic effect is observed with all protein forms.
This result indicates that the sim ultaneous m utation of both
motifs not only perturb the first sequence-specific binding
step but, most remar kab ly, impairs the subsequent e v ents
that lead to the formation of the final closed conformation
of the complex. 

Importantly, the impairing effect on the DNA binding
of mutation K126Q / K129Q is strong when it is coupled
to the ‘bent’ DNA. This observation, combined with the
cryo-EM structures of protein–DNA complex intermedi-
a tes, shows tha t residues K126 and K129, which contact the
most deformed region of the DN A, w here motif 2 is located
(Figure 6 ), play a major contribution in the DN A-sha pe
recognition. 

Together, our data highlight a possible allosteric role
of the positi v ely charged residues at the AAT-like domain
ridge in modulating the asymmetric and sequential binding
of the wHTH domains to the DNA; indeed, the recogni-
tion between protein and DNA is often allosterically mod-
ulated ( 59–62 ). As already mentioned, in PdxR, the di-
rection of the binding process is defined by the asymme-
try of the natural DNA fragment curvature. Recently, a
similar phenomenon has been described using the model
of the electrostatics-mechanical coupling. More precisely,
exploring the DNA binding properties of the TF PU.1,
this concept has been introduced to quantitati v ely e xplain
how non-specific protein–DNA interactions may induce
electrostatics-dri v en DN A sha pe deforma tion tha t modu-
lates the overall protein–DNA binding mechanism ( 54 ). 

Based on our structural and functional data, we conclude
that a plausible mechanism describing the binding reaction
of holo-PdxR to its target DNA would involve multiple
steps implying allosterically dri v en conformational changes
experienced by both the binding partners, as formalized in
Figure 8 . Step 1. The initial step is governed by shape read-
out interactions. Electrostatic forces mediate the first con-
tact with PdxR and induce and stabilize the asymmetric
DNA curvature. Step 2. The DNA curvature enables motif
1 to come closer to one of the two wHTH domains favoring
its docking. The second step is ther efor e guided by a base
r eadout r ecognition. We cannot assess yet if this process is
only mediated by DNA structural changes or if the pro-
tein may also explor e differ ent conformational states before
adopting the one that allows the correct interaction with
motif 1, observed in the structure. Step 3. In the third step,
the structural changes induced on either the DNA or the
protein by the binding of the first wHTH domain coopera-
ti v ely favor the binding of the second wHTH domain, which
then becomes sequence specific, forming a closed symmetric
complex. 

In conclusion, with the caveat that our in vitro obser-
vations are limited to a 48-bp long DNA fragment, these
r esults r epr esent a fundamental step to clarify the molec-
ular mechanism at the basis of the PdxR transcriptional
regulation induced by PLP binding and by the formation
of a protein–DNA comple x. Gi v en the sequence and the
predicted structural homology of the different members of
the MocR family and the common positi v e charge distribu-
tion over the surface of the ridge of the AAT-like domains
( 51 , 63 ), we belie v e that the model here proposed for PdxR
could be extended to GabR and to other MocR TFs. Our
findings may also have a more general relevance in the con-
text of protein–DNA binding mechanism since they high-
light a critical role of the non-specific electrostatic interac-
tion in modulating the recognition of DNA sequences. In
addition, the identification of a structural plasticity in the
PdxR–DNA system r einfor ces the general view that shows
that wra pped protein–DN A complex es ar e not static but dy-
namic entities that explore distinct conformational states,
in compliance with the dynamism r equir ed by their specific
biological function. This has also been observed in histone-
DN A assembl y in nucleosomes ( 58 ) and other DNA regula-
tory systems ( 62 , 64 ). The presence of an A / T-rich sequence
on DNA in proximity to the binding site that confers asym-
metric flexibility to a specific region of the nucleic acid rep-
resents a common feature of all those systems. 
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