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1. Introduction

1.1 The regulation of transcription in bacteria

In all living organisms, cells express specific subsets of genes to respond and
to adapt to changes in environmental conditions. The regulation of gene
expression often involves rearrangements in genetic material, DNA-binding
protein recruitment or modulation of protein production by post-transcriptional
modifications.

Bacteria have evolved sophisticated mechanisms to produce an adequate
amount of proteins and metabolites at the right time to maintain homeostasis
and to respond to different stimuli and nutrient availability.

In prokaryotes, the regulation of gene expression mainly occurs at the
transcriptional level, where transcription factors (TFs) play a crucial role.

The transcription unit of bacterial chromosomes comprises a regulatory region,
transcription start and termination sites. The regulatory region contains the
promoter and the TF binding sites, where TFs bind to regulate the RNA
polymerase (RNA pol) access to target sequences.

TFs are sequence-specific DNA-binding regulatory proteins coupling
environmental stimuli and gene transcription, and their expression/activity also
need to be modulated. For example, the DNA-binding affinity of TFs can be
modified by the binding of effector ligands, whose concentration varies
according to nutrients/metabolites availability. The concentration of TFs in
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cells can be tuned though other mechanisms, involving covalent modifications,
proteolysis or sequestration (Browning & Busby, 2004).

When TFs bind to specific DNA sites, they can activate or repress transcription
with several mechanisms. An example of negative regulation is the impairment
of transcription through steric hindrance; in fact, repressors can interact
directly with the promoter region or with a downstream site, interfering with
RNA pol binding or with its progression along DNA (Figure 1.1A). Contrarily,
some positive regulators bind to a promoter’s upstream site, leaving space for
the recruitment of RNA pol. Other activators can induce a conformational
change in DNA, facilitating a better alignment of the promoter region for the
polymerase binding (Bervoets and Charlier, 2019). A TF can exclusively act as
an activator/repressor or switch its activity according to the target promoter.
Several families of bacterial TFs have been identified and classified on the
basis of different domains that modulate their regulatory activity. TFs are
generally composed of at least two domains, one functioning as signal sensor
through the binding with metabolites and other allosteric modulators, and the
other one working as responsive domain, which directly interacts with DNA

(Balleza et al., 2009).
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Figure 1.1 Examples of regulation mechanism of transcription factors. A: Negative regulation
of repressors (red coloured symbols) by steric hindrance. The TF occupies the RNA pol
binding site (upper panel); the TF can also bind a downstream site, interfering with the
progression of RNA pol (lower panel). B: Activation of transcription by positive regulators
(green symbols). The TF can bind upstream of the promoter, allowing recruitment of RNA pol
(upper panel). Another mechanism of activation relies on the remodelling of the promoter
region to favour the binding of RNA pol (lower panel; adapted from Bervoets and Charlier,
2019).

Structural, functional, phylogenetic studies, and sequence comparisons
allowed the classification of DNA-binding proteins, and specifically TFs, into
several groups on the basis of similar structural motifs and of their mechanism
of DNA-recognition. The most common and studied binding motifs found in

gene regulatory proteins are the helix-turn-helix (HTH), homeodomain, zinc
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finger, leucine zipper, helix-loop-helix and B-sheet DNA-binding proteins
(Pabo and Sauer, 1992).

1.2 The Helix-turn-helix DNA-binding proteins and the GntR family of

transcriptional regulators

The HTH structure was the first DNA-binding motif discovered and
investigated in detail (Henikoff et al., 1988; Brennan and Matthews, 1992;
Gallegos et al., 1993; Nguyen and Saier, 1995). In HTH proteins, the DNA-
recognition unit is extremely conserved, showing strong similarities among the
different members of this family. The basic structural elements that compose
the HTH domain are three helices and one turn located between the 2" and the

3" helix (Aravind et al., 2005, Figure 1.2A).

Figure 1.2 Structural features of the HTH domain. A: Structure of a canonical tri-helical HTH
domain (pdb code: 1K78). B: Structure of a winged HTH domain (pdb code: 1SMT) Helices

are shown in green ribbons, labelled with orange “H”, turns and strand are in blue. Conserved

residues are represented in orange sticks. (Adapted from Aravind et al., 2005).



Among the HTH proteins, the GntR family represents a large group of TFs
distributed among prokaryotes and regulating diverse biological processes.
Their name originates by the identification of the negative regulator of the
gluconate operon GntR in Bacillus subtilis (Fujita and Fujita,1987; Haydon
and Guest 1991).

The TFs belonging to the GntR family present a very similar molecular
architecture, consisting of a N-terminal HTH DNA-binding domain linked to

a C-terminal signalling domain through a linker of variable length (Figure 1.3)

Effector-binding/oligomerization
domain

Figure 1.3 Schematic representation of a GntR transcription factor, showing the N-terminal

HTH DNA-binding domain and the C-terminal effector-binding and/or oligomerization

domain (Created with BioRender.com).

The N-terminal domain structure is highly conserved among the different
members of the family. The HTH motif is constituted by helices H> and H3 and
a tight turn, where helix Hs is the “recognition helix” that invades the DNA
major groove. Of notice, the DNA-binding motif of GntR-like proteins is
classified as winged HTH (wHTH) for the presence of a B-strand hairpin unit
(the “wing”, Figure 1.2B), which provides an additional DNA-binding
interface, by interacting with target bases of the minor groove (Rigali et al.,

2002; Aravind et al., 2005).



The C-terminal domain is involved in oligomerization and/or in effector
binding, and it imposes steric constraints to the HTH domain, influencing the
DNA-binding properties through conformational changes occurring upon
ligand binding (Rigali et al., 2004). It presents several differences among
GntRs conferring heterogeneous functions and specificity for effector ligands
to each member of the group (Rigali et al., 2002).

Based on sequence comparisons and structural prediction studies performed on
their C-terminal domain, the GntR TFs are further divided into subfamilies
named FadR, HutC, MocR, YtrA, PImA and AraR.

The FadR subfamily is the most represented, covering the 40% of the GntR
regulators. The name originates from the regulator of fatty acid metabolism
FadR, whose crystal structure was solved both in the absence and in the
presence of DNA (van Aalten et al., 2000; Xu et al., 2001). The a-helical C-
terminal domain consists of 160-170 amino acids. Members of FadR subfamily
bind molecular effectors, such as carboxylic acids, and regulate various
metabolic pathways involving substrates such as aspartate (AnsR), pyruvate
(PdhR), glycolate (GIcC), galactonate (DgoR), lactate (LIdR), malonate
(MatR), or gluconate (GntR; Suvorova et al., 2015).

The HutC proteins, covering about 30% of GntR regulators, form the second
most represented subfamily. The C-terminal domain consists of a-helices and
B-sheets and it is capable of binding effectors such as histidine (HutC), fatty
acids (FarR), sugars (TreR) and alkylphosphonates (PhnF; Aravind &
Anantharaman, 2003).

The third subfamily, called MocR, presents the longest C-terminal domain
among GntRs, which is formed by 350 amino acids and is homologous to the

fold type I pyridoxal 5’-phosphate (PLP)-dependent enzymes.



The YtrA group, constituting the 6% of GntRs, contains the shortest a-helical
C-terminal domain of the family, which is composed of only 50 amino acids
(Rigali et al., 2002).

The PImA subfamily represents a small group and comprises TFs only found
in cyanobacterial.

Similarly, the AraR is a minor subfamily. Its C-terminal domain is homologous
to the one present in the GalR/Lacl family. AraR proteins modulate the
expression of genes encoding transporters for the uptake and utilization of L-
arabinose (Suvorova et al., 2015).

The composition in secondary structure and the comparison of the C-terminal

domains of the different GntR groups are showed in Figure 1.4.
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Figure 1.4 Comparison between the C-terminal domains of the different groups of GntR family.
The composition in a-helices and B-sheets is shown in a schematic representation (Adapted

from Hoskisson and Rigali, 2009).



The object of this research work is a TF belonging to MocR subfamily,
Therefore, in the following sections we will give more detailed information on

this group of GntR regulators.

1.3 MocR transcription factors

The subfamily of TFs MocR is constituted by proteins which are structurally
composed by a small N-terminal DNA-binding domain connected by a flexible
linker to a large C-terminal region. As mentioned above, the latter domain
resembles the fold type I PLP-dependent aminotransferases, enzymes that
catalyse the transfer of an amino group from an amino acid to an acceptor o-
ketoacid, using PLP as a cofactor (Schneider et al., 2000).

The name MocR derives from the GntR regulator identified within the moc
locus in Rhizobium meliloti, responsible of the degradation of rhizopine
(Rossbach et al., 1994). Many other MocR proteins were then recognized, and
some were also experimentally characterized, such as GabR from Bacillus
subtilis (Belitsky, 2004), which regulates the utilization of y-amminobutirric
acid (GABA), that will be more extensively discussed later.

Studies focused on the genomic distribution of MocRs highlighted that they
are widespread among Eubacteria, but their presence in bacterial phyla is not
homogeneous, since some species do not possess any MocR TF, while others
are characterized by the presence of multiple MocR TFs (Bramucci et al.,
2011).

MocRs regulate several metabolic pathways of amino acids or vitamin Be, as
well as of compounds not connected with the classical substrates of PLP-
dependent enzymes, like ectoine or rhizopine (Tramonti et al., 2018).

Experimental evidence demonstrated that PLP plays a crucial role in the
8



control of gene expression carried out by MocRs, as described in sections 1.5.4
and 1.7.3.

In several cases, the operons controlled by MocR TFs have been characterized.
For example, TauR activates the expression of taurine utilization genes in
Rhodobacter capsulatus (Wiethaus et al., 2008); GabR activates the expression
of gabT and gabD encoding GABA aminotransferase and succinic
semialdehyde dehydrogenase, respectively, forming a pathway for glutamate
generation through GABA (Belitsky and Sonenshein, 2002); PdxR is involved
in the regulation of the PLP biosynthesis in several bacteria and it acts on
pdxST genes (Jochmann et al., 2011; El Qiadi et al., 2013; Belitsky, 2014, Liao
et al., 2015, Tramonti et al., 2015).

The mechanism of recognition between DNA-binding domains of TFs and
their target sites on nucleic acid is usually conserved in each DNA-binding
protein class (Morozov and Siggia, 2007). However, even if the sequence
conservation between the HTH domains within the same family is high, there
can be a certain variability in consensus DNA sequences among different
subfamilies (Badis et al., 2009), as in the case of GntRs.

For MocR subfamily, no conserved palindromic sequences were
experimentally identified or computationally predicted (Rigali et al., 2002).
For example, direct repeats in the target DNA sequences recognized by GabR
(Belitsky, 2004), TauR (Wiethaus et al., J, 2008) or PdxR (Jochmann et al., N
2011) do not present any evident similarity.

MocR regulators represent a very interesting object of study, given their
involvement in PLP and amino compounds metabolism and the presence of the
protein scaffold of PLP-dependent enzymes. In fact, although the MocR
members share the evolutionary route followed by GntR TFs (Rigali et al.,
2002), the high structural similarity of the C-terminal domain with PLP-
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dependent enzymes opens questions on the possibility that it might confer a

catalytic activity to MocRs, an issue which is still under debate.

1.4 PLP-dependent enzymes and the structural similarity with the C-

terminal domain of MocRs

PLP virtually represents the most versatile cofactor, being utilized by a large
number of enzymes diffused in all living organisms, for reactions that mainly
involve amino acids (Jansonius et al., 1998; Schneider et al., 2000; Christen
and Mehta, 2001). Examples of reactions catalysed by PLP-dependent
enzymes include the transfer of amino groups, decarboxylation, conversion of
L- and D-amino acids, a-, B- or y-eliminations.

In the resting state, PLP is bound to a lysine residue through a Schiff base
linkage, forming an internal aldimine. Lysine is exchanged with a substrate
upon its binding to the active site, and an external aldimine is formed between
the substrate and PLP, triggering catalysis (Eliot and Kirsch, 2004).

The first half of transamination reaction consists in the transfer of an amino
group from an amino acid to an a-ketoacid or an aldehyde, in which PLP acts
as a transitory acceptor of the amino group from the donor substrate and is
converted to pyridoxamine 5’-phosphate (PMP; Figure 1.5). The amino group
is then transferred to the acceptor substrate and PLP is concomitantly

regenerated.
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Figure 1.5 First half reaction catalysed by aspartate aminotransferase from E. coli. An internal
aldimine is generated through a Schiff base linkage between the aldehyde carbon of PLP and
Lys258. The amino group of aspartate displaces the g-amino group of Lys258, forming an
external aldimine, through a nucleophilic attack. The abstraction of the hydrogen attached to
the C, of the aspartate forms a quinonoid intermediate, which is then reprotonated at the
aldehyde carbon, generating a ketimine intermediate. Finally, ketimine is hydrolyzed to PMP

and oxaloacetate (Adapted from Kirsch et al., 1984).

PLP-dependent enzymes have been classified in five different fold types,
according to their primary, secondary, and tertiary structures (Grishin et al.,
1995)

Fold type I transferases are represented by aspartate aminotransferase (AAT)
and this group contains the best structurally characterized vitamin Be-
dependent enzymes. The members of this family are generally dimeric, but
they can potentially arrange in larger quaternary structures. Each monomer is

itself composed by a large domain containing a seven-stranded p-sheet and a
11



C-terminal smaller domain of a three- or four-stranded PB-sheet covered by
helices on one side (Figure 1.6A).

In AAT, the lysine involved in the interaction with PLP is located in the large
subdomain of each monomer on a short helix following a B-strand. The
phosphate group contacts the N-terminal part of an adjacent helix while the
PLP aromatic ring faces the neighbouring B-strands. The active site lies in a
pocket at the interface of the two monomers, and it is formed by residues from
both subunits that interact with the cofactor (Schneider et al., 2000). During its
catalytic activity, AAT undergoes an open-to-closed transition upon interaction
with substrate, involving both the domains. The conformational change buries
the substrate in the active site, placing it close to PLP in the correct orientation
and position for catalysis (McPhalen et al., 1992). As previously mentioned,
the members of MocR subfamily show an architecture that closely resembles
the fold type I PLP-dependent enzymes such as the one found in AAT. Given
the structural homology between AAT and the C-terminal domain of MocRs,
the structural rearrangement detected for AAT upon substrate binding is
expected also to occur in these TFs upon DNA binding, which is likely at the

basis of their mechanism of transcription regulation.

1.5 Structural characterization and DNA-binding properties of MocRs:
the case of GabR from Bacillus subtilis

The best characterized member of the MocR subfamily of TFs is GabR from
Bacillus subtilis. GabR is a y-aminobutyric acid (GABA)- and PLP-dependent
activator of gabTD operon encoding the enzymes involved in the degradation

of extracellular GABA, which represents an important nitrogen source for the
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bacterium. GabR also behaves as a GABA-independent negative autoregulator,
acting on gabR gene (Belitsky and Sonenshein, 2002; Belitsky, 2004).

To date, GabR is the only member of the MocR subfamily whose structure has
been solved, representing a model for the other MocRs, that likely share the
same architecture.

Experimental data obtained in solution and in crystallo showed that GabR is
characterized by a dimeric assembly, with a head-to-tail domain-swap
arrangement. Each monomer is composed of an N-terminal winged HTH
domain (WHTH), a C-terminal AAT-like domain, and a long linker (29 amino
acids) connecting the two domains (Figure 1.6). The PLP binding cleft is
located in each monomer at the large interface between the two AAT-like
domains, as expected given the structural similarity with aminotransferases. A
second interface is formed between the wHTH domain of one monomer and
the AAT-like domain of the other monomer, and the relatively low free energy
involved in the formation of this interface suggests some extent of
conformational dynamics of the quaternary structure in solution and the
possibility of large-scale movements of the DNA-binding domains

(Edayathumangalam et al., 2013).
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Figure 1.6 Comparison of the structures of aspartate aminotransferase and of GabR in their
PLP-bound conformations. A: Crystal structure of dimeric E. coli AAT. (pdb code: 1ARG) B:
Crystal structure of dimeric B. subtilis GabR (pdb code: 4NOB). The central core of GabR
dimer shows a high structural homology with AAT. In each monomer, the effector-binding the
AAT-like domain is connected to the wHTH domain through a linker of 29 residues. In both
panels, the two subunits are represented in orange and green cartoons. PLP molecules are

depicted in yellow sticks (Figures made using Chimera; Pettersen et al., 2004).

1.5.1 The wHTH DNA-binding domain

For the majority of the structurally characterized GntR regulators, the structure
in complex with their target DNA is missing. Two GntRs whose DNA-bound
structures are available are FadR and AraR (Xu et al., 2001; Jain and Nair, 2013).
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Therefore, all the information currently available for GntRs about residues in
the wHTH domain that are involved in the interaction with DNA only arises
from the study of these two systems.

Among the residues identified in FadR as crucial for recognition and binding
of DNA, Arg35 (helix Hz), Thr44 (turn), Thr46, Thr47 (helix H3) and Lys67
(wing) have emerged since these are conserved among the GntR family
members. In GabR they correspond to Arg43, Ser52, Asn54 and Ser55 on the
HTH and Lys75 on the wing, and they constitute the major basic surface of the
wHTH.

The superimposition of the structure of the GabR wHTH domain of GabR with
the structure of FadR in complex with its 19-bp target DNA (Figure 1.7),
revealed that, similarly to FadR, the wHTH of GabR could invade the major
groove of DNA, while the wing might contact the minor groove. The model
allowed to predict also the positioning of the GabR above-mentioned residues
with respect to DNA, and their mode of interaction (Edayathumangalam et al.,

2013).
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Figure 1.7 Putative DNA-binding residues in GabR on the basis of the homology with the
FadR wHTH domain. A: Overall crystal structure of E. coli FadR in complex with 19-bp DNA
(pdb code: 1HIT), represented in blue cartoons. B: GabR wHTH domain superimposed with
the wHTH domain of FadR-DNA complex structure. Structures of FadR and GabR (pdb code:
4NOB) are represented in blue and orange cartoons, respectively. FadR DNA binding residues
are highlighted and depicted in blue sticks; GabR putative binding residues are in orange sticks

and labelled (Figures made using Chimera; Pettersen et al., 2004).

1.5.2 The C-terminal: an AAT-like domain

The crystal structure of B. subtilis GabR revealed that, similarly to fold type I
aminotransferases (Eliot and Kirsch, 2004), the C-terminal domain is divided
into two subdomains, the larger one containing the PLP-binding site. A
conserved lysine residue forming a Schiff base with PLP, typical of
aminotransferases, in GabR monomer corresponds to Lys312.

Other residues involved in PLP binding in GabR are conserved among

aminotransferases, such as Arg319 and Ser311 (Arg266 and Ser257 in E. coli
16



AAT) interacting with the PLP phosphate group and Asp279 (Asp222 in E. coli
AAT), that maintains PLP in the protonated state through its interaction with
the pyridinium nitrogen (Edayathumangalam et al., 2013). These observations

emphasize the similarity between the regulatory domain of GabR, and more in

general of MocRs, and AATs.

1.5.3 The polypeptide linker and its putative functional role

The N- and C-terminal domains are connected by a flexible polypeptide linker
that in MocRs can be of variable length, ranging from 10 to 150 residues with
an average size of 32 residues (Milano et al., 2016). The length and the
composition in amino acids might reflect the functional properties of the linker
(Mattison et al., 2002; Gokhale and Khosla, 2000) and influence the specific
mechanism of DNA-recognition of the different members of the subfamily.

GabR crystal structure showed that the 29-residue long linker does not
establish significant interactions with any of the two domains, suggesting this
structural element to be endowed with high flexibility in solution

(Edayathumangalam et al., 2013).

1.5.4 Conformational rearrangements in GabR structure

GabR is a transcriptional activator of gabTD genes, and it acts in the presence
of both GABA and PLP (Belitsky, 2004). It has been proposed that GabR
undergoes a conformational change upon GABA binding that can be necessary
for transcription activation. This structural rearrangement has been described
as an open-to-close transition that occurs at the level of the AAT-like domain,

similar to what observed in fold type I aminotransferases (McPhalen et al.,
17



1992; Edayathumangalam et al., 2013; Okuda et al., 2015a; Okuda et al.,
2015b).

The structure of GabR C-terminal AAT-like domains, obtained crystallizing the
protein in presence of PLP and GABA, captured the protein in an asymmetric
dimer, one in a closed form, with GABA forming an external aldimine with
PLP, and one in an open form, with only PLP bound as an internal aldimine.
The superposition of the two subunits revealed that binding of GABA favours
the closure of the AAT-domain (Figure 1.8).

Figure 1.8 Structural superimposition of the two monomers in B. subtilis GabR AAT-like
dimer (pdb code: 5X03). A: Cartoon representation of GabR A AT-like dimer bound to the PLP-
GABA adduct (closed form, light blue) and of the open GABA-free form (light grey). B: View
of the binding pocket of superimposed PLP-GABA-bound form (light blue) and of GABA-
free form (light grey). Residues involved in PLP or GABA binding are represented in sticks
and labelled. PLP and PLP-GABA adduct are in light grey and yellow, respectively (Adapted
from Park et al., 2017).

The comparison between the structures of the full-length GabR dimer and of
the AAT-like domains suggested that the GABA-induced open-to-close

transition could weaken the interactions between AAT-like and wHTH
18



domains, through the loss of some hydrogen bonds (Park et al., 2017, Figure
1.9).

Figure 1.9 GABA-induced conformational transition in B. subtilis GabR. A: superimposition
of the crystal structure of full-length GabR dimer (light grey; pdb code: 4MGR) and of the
AAT-like dimer (pdb code: 5X03). The GABA-bound and GABA-free monomers are in blue
and red, respectively. B: Close-up view of the interface between N-terminal and C-terminal
domain. Residues involved in the interaction between the two domains are shown as sticks and

labelled. Hydrogen bonds are indicated by black dotted lines (Adapted from Park et al., 2017)

Moreover, molecular dynamics simulations of PLP-bound GabR showed that
the wHTH domain and the linker represent the most flexible portions of the
structures. Therefore, comparisons of molecular dynamics calculations for the
apo- and PLP-bound forms of GabR suggested that, in the presence of PLP, the
interaction between the wWHTH domain and the AAT-like domain is
destabilized, and the linker likely facilitates a conformational transition
through which the wHTH domain detaches from the protein core. The
flexibility conferred to the wHTH domain by the unstructured linker might be
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at the basis of the mechanism of DNA binding regulation since it influences
the interaction with the DNA, thus tuning the transcriptional activity of GabR
(Milano et al., 2017).

1.5.5 The interaction of GabR with DNA and the proposed mechanism of

transcriptional regulation

GabR binds to the target DNA as a dimer, regardless of the presence or absence
of PLP and GABA (Al-Zyoud et al., 2016, Amidani et al., 2017). The gabR-
gabTD intergenic region is 49 bp long and contains two direct repeats (D1 and
D2), separated by 34 bp (Belitsky, 2004). Another conserved sequence has an
inverted orientation with respect to the first direct repeat (I13; Figure 1.10). It
is controversial whether GabR recognizes the two direct repeats of the gabR-
gabTD intergenic region, or one direct and the inverted repeat, since the
interaction with two direct repeats is not compatible with the symmetrical and
inverted orientation of the wWHTH domains in the structure of GabR

(Edayathumangalam et al., 2013).

TCCTTCTGATACCATCAAAAAGTTATAATTGGTACTTTTCATCATACCAAAGAGA

Figure 1.10 Organization of the B. subtilis gabR-gabTD intergenic region. The sequences
highlighted in red correspond to the repeats proposed as GabR binding sites. Red arrows
indicate the orientation of the two direct repeats (D1 and D2) and the inverted repeat (I3). The

box comprises the -35 sequence of gabTD promoter (Adapted from Nardella et al., 2020).
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It has been proposed that in absence of GABA, GabR binds the inverted repeat
I3 impairing the access of RNA pol. Upon GABA binding, a conformational
change may facilitate the interaction of GabR with the two direct repeats D1
and D2, the recruitment of RNA pol and the transcription of the gabTD operon
(Nardella et al., 2020).

Of note, the DNA sequence containing the sites recognized by GabR is
characterized by an intrinsic propensity to bend, presenting adenine/thymine-
rich tracts. Small angle X-ray scattering (SAXS), atomic force microscopy
(AMF) and electrophoretic mobility shift assays (EMSA) data demonstrated
that the proper shape, phasing and bendability of DNA, as well as the base
readout, are essential for GabR to bind the cognate sites with high affinity. In
fact, mutations introduced to alter DNA phase or bendability were found to
negatively affect the stability of GabR-DNA complexes. In addition to the
natural bendability, the binding of the two wHTH domains induced a more
pronounced curvature to DNA (~ 80°) (Al-Zyoud etal., 2016; Amidani et al.,
2017).

GabR is the most studies MocR transcriptional regulator, and many details
have been elucidated that could be at the basis of its interaction with target
DNA sites and of its mechanism of transcriptional regulation.

Nevertheless, many aspects of the molecular mechanism of the MocRs are not
yet clarified, due to the lack of structural information on these TFs in complex
with DNA.

Another MocR TF widely characterized at the functional level is PdxR, a
regulator involved in vitamin Be metabolism predicted to be structurally
homologous to B. subtilis GabR that could underlie similarities in their

mechanism of action. Therefore, structural studies on this regulator might give
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insight into the modulation of vitamin B¢ synthesis and also provide a model

to understand the mechanism of the other members of the MocR subfamily.

1.6 Vitamin B¢/PLP metabolism and its regulation

PLP, the effector molecule of MocR TFs, is the active form of vitamin Bs. Bs
vitamers form a group of six compounds containing a pyridine ring, differing
in a variable group at the 4’ position of the pyridine ring, which can be an
aldehyde (pyridoxal, PL), an alcohol (pyridoxine, PN) or an amine
(pyridoxamine, PM).

Only plants and microorganisms are able to synthetize vitamin Bs de novo,
while all other organisms have to assume it through their diet, although it is
involved in a multitude of biological functions.

The de novo biosynthesis of PLP follows two independent and mutually
exclusive pathways (Figure 1.11), the deoxyxylulose 5-phosphate (DXP)-
dependent pathway and the DXP-independent one.

Largely studied in Escherichia coli and in other bacteria, the DXP-dependent
pathway involves six different enzymes. In the last steps, PNP synthase forms
PNP through the condensation of 3-hydroxy-1-amino acetone phosphate and
deoxy-D-xylulose-5-phosphate and PNP oxidase converts PNP in PLP
(Fitzpatrick et al., 2007).

The DXP-independent pathway, discovered in fungi, plants and some bacterial
strains, relies on a 3-carbon sugar, a pentose phosphate and glutamine for PLP
synthesis, that is operated by PLP synthase complex, formed by PdxS and
PdxT subunits, also named Pdx1 and Pdx2 (Strohmeier et al., 2006, Raschle et
al., 2007, Fitzpatrick et al., 2007).
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Furthermore, a third biosynthetic route is present in most organisms, that
differs from the two de novo pathway described above, known as “salvage
pathway”. It recycles Bs vitamers from nutrients and protein turnover and
interconvert them using pyridoxal kinase (PLK) and PNP oxidase (PNPOx; Di
Salvo et al., 2011, Parra et al., 2018).
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Figure 1.11 Schematic representation of the two PLP biosynthetic pathways and of the salvage
pathway (Di Salvo et al., 2011).
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PLP is required as an enzyme cofactor in a multitude of biochemical reactions,
so its availability is essential for all living organisms. Nevertheless, its
concentration in cells must be finely tuned, given the high reactivity of the
aldehyde moiety that could generate harmful toxic effects.

In several prokaryotes in which the PLP biosynthesis relies on DXP-
independent route, the expression of PLP synthase subunits is found to be
regulated by PdxR, a transcriptional regulator belonging to MocR TFs
(Jochmann et al., 2011; El Qaidi et al., 2013; Belitsky, 2014; Tramonti et al.,
2015).

1.7 The transcriptional regulator PdxR

PdxR is a member of MocR subfamily of transcriptional regulators involved
in the control of vitamin B metabolism, since it regulates the expression of
PLP synthase complex, that catalyses de novo biosynthesis of PLP in many
bacteria.

The role of PdxR in expression regulation has been investigated in several
microorganisms, such as Corynebacterium glutamicum (Jochmann et al.,
2011), Streptococcus pneumoniae (E1 Qaidi et al.,, 2013), Listeria
monocytogenes (Belitsky, 2014) and Bacillus clausii (Tramonti et al., 2015). It
has been elucidated that, in these organisms, PdxR activates the expression of
the pdxST operon, encoding for PdxS and PdxT subunits of PLP synthase
complex, responsible of the synthesis of PLP. In presence of PLP, PdxR acts as
a repressor of its own pdxR gene. PLP is then an anti-activator, and it seems to

reduce PdxR regulatory activity (Figure 1.12).
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Figure 1.12 Schematic representation of the regulatory activity of PdxR. In absence of PdxR,
the transcription of pdxR gene is activated. When PdxR is not bound to PLP, it activates the
transcription of pdxST genes, encoding for the subunits of PLP synthase. In its PLP-bound
form, PdxR acts as an autorepressor and does not activate the transcription of PLP synthase

genes.

In contrast with B. subtilis GabR, that necessitates the binding of both PLP and
GABA to exert its function, only PLP is necessary for PdxR activity. Moreover,
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it has been demonstrated that PLP is the only Be vitamer that is able to bind
PdxR (Belitsky, 2014, Tramonti et al., 2015).

1.7.1 PdxR target DNA: the pdxR-pdxST intergenic region

The organization of the pdxR-pdxST operon in Bacillus clausii was studied in
Tramonti et al., 2015. Computational analyses allowed to predict the position
of the putative -35 and -10 regions of both pdxST and pdxR. These predictions
revealed the presence of a CTGACC direct repeat and of its palindromic
inverted repeat (named motifs 1 and 3) interspaced by 34 bp, and of a further
CTGACA direct repeat (motif 2) at 18 bp from motif 1.

Other bacteria, such as L. monocytogenes (Belitsky, 2014) and C. glutamicum
(Jochmann et al., 2011), show a similar organization of the promoter region in

two direct and one inverted repeat (Figure 1.13).
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Figure 1.13 Organization of the pdxR-pdxST intergenic regions in B. clausii, C. glutamicum
and L. monocytogenes. DNA repeats and their orientation are represented by red arrows.
Regions at -35 and -10 are highlighted in green for pdxST and in grey for pdxR (Adapted from
Tramonti et al., 2015).

1.7.2 Structural modelling of PdxR from Bacillus clausii

Most of the structural and biochemical information currently available on
PdxR comes from studies performed on the isoform expressed in Bacillus
clausii (Tramonti et al., 2015).

The primary structure of PdxR is conserved among different MocRs belonging
to Firmicutes phylum (Bramucci et al., 2011), and it shares a 36% of sequence
identity with B. subtilis GabR, the best characterized MocR so far. The
sequence conservation allowed to construct a 3D homology model of PdxR,

using the crystal structure of GabR as a template (Figure 1.14).
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Figure 1.14 Three-dimensional model of bcPdxR. Cartoon representation of bcPdxR
homology model, predicted using the crystal structure of bsGabR as a template (pdb code:
4NOB). The HTH domains are shown in light pink and blue; the AAT-like domains are shown
in dark pink and blue (Figure made using Chimera; Pettersen et al., 2004).

PdxR was predicted to be formed by an wHTH N-terminal domain and by an
AAT-like C-terminal domain, containing the PLP binding site. Alignment with
GabR highlighted the presence of three conserved residues on the wHTH
domain, namely Arg43, Ser52 and Lys75, that in GabR are predicted to play a
crucial role in DNA binding (Edayathumangalam et al., 2013).

The putative PLP-interacting residues in B. clausii PdxR are Asp276 and
Lys309. Absorption spectra of PLP-bound PdxR (holo-PdxR) present two
bands at 335 nm and 425 nm, that may be attributed to the enolimine and the
ketoenamine form, respectively, of the Schiff base (Tramonti et al., 2015). A
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mutation of Lys309 generated a protein unable to bind PLP, confirming its role
in cofactor binding. Moreover, a mutant lacking the wHTH domain and the
long linker showed a very low affinity for PLP, indicating that these two
regions are essential for the interaction of PLP with the AAT-like domain, even
if they are not directly involved in its binding.

It has also been shown that PdxR is prevalently dimeric in solution in both the
holo- and the apo- form, and that it assumes different conformations. Given the
overall similarity with GabR, it was hypothesized that upon binding to PLP,
PdxR undergoes a conformational transition driven by movements of the long
linker connecting the wHTH and the AAT domains, that results in a detachment
of the wHTH binding domain from the AAT core (Tramonti et al., 2015;
Edayathumangalam et al., 2013), as better described in the following paragraph.

1.7.3 PdxR interaction with DNA

The entire pdxR-pdxST regulon covers a region of ~120 bp containing the three
6-bp motifs recognized by PdxR (two direct and one inverted repeat).

EMSA experiments revealed that the apo- form of PdxR binds with comparable
affinity to all the combinations of motifs, reaching the highest affinity with a
segment covering all the repeats (motifs 1, 2 and 3). When PLP is bound to
PdxR, the interaction with the first direct repeat and the inverted repeat (motifs
1 and 3) becomes predominant, altering the specificity of PdxR-DNA binding.
A structural prediction of PdxR bound to DNA, obtained by the
superimposition of the 3D model of PdxR with FadR-DNA crystal structure,
provided further evidence that a GabR-like domain swap structure can bind

only inverted repeats (Figure 1.15). In fact, the predicted distance between the
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two wHTHSs (~96 A) is highly compatible with the 34-bp distance separating
the first direct repeat and the inverted one (~100 A).

AAT-like

Figure 1.15 Scheme of the putative interaction between bcPdxR and its cognate DNA. A:
Ribbon representation of the homology model of bcPdxR-DNA, predicted using bsGabR and
FadR-DNA structures as templates. The wWHTH domains are shown in light pink and light blue;
the AAT-like domains are shown in dark pink and blue; DNA chains are in grey. B: Binding of
bcPdxR to the direct and inverted repeats (motifs 1 and 3). Blue arrows indicate the three
hypothetical binding sites in pdxR-pdxST intergenic region (Figures made using Chimera;
Pettersen et al., 2004).

The change in the recognition of DNA binding motifs experienced by PdxR
seems to be mediated by a large structural rearrangement of the wHTH
domains that occurs through the flexible linker. As suggested for GabR (Park
et al., 2017, Milano et al., 2017), this conformational change may involve the
detachment of the wHTH DNA-binding domain from the central protein core.
The electrostatic potential of PdxR model shows that a longitudinal region of
the AAT-like dimer is covered by positively charged residues. Therefore, the
interaction of the wHTH domains with DNA is also supported by basic

residues distributed on the surface of the central protein core (Figure 1.16).
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Figure 1.16 Qualitative electrostatic potential of bcPdxR structure. Surface representation of
the homology model of bcPdxR. Red and blue regions correspond to negatively and positively
charged areas, respectively (Adapted from Tramonti et al., 2015).

A molecular mechanism for the regulation of PdxR activity has been proposed.
According to this model, when PLP is not bound, the apo-form of PdxR can
adopt different conformations, driven by the unstructured and mobile linker
that may undergo large movements, also involving the wHTH domain.
Apo-PdxR can assume both open and closed conformations. In the open form,
it is capable of binding all combination of repeats (1+2, 243, 1+3) of the pdxR-
pdxST intergenic region, while in the closed one it binds motifs 1+3. The open
conformation of the apo-form would allow the recruitment of RNA pol on the
-35 and -10 regions of pdxST promoter, ultimately promoting the transcription
of PLP synthase genes, while the interaction of the pol with -35 and 10 regions
of pdxR gene would be hindered.
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PLP binding to the AAT-like domains shifts the equilibrium towards the closed
conformation, that induces the wHTHs anchoring to the direct and the inverted
repeat (1+3). This conformation inhibits the transcription of pdxR gene and at
the same time does not activate the expression of pdxST operon (Figure 1.17;

Tramonti et al., 2015).
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Figure 1.17 Proposed molecular mechanism of bcPdxR transcription regulation. Apo-PdxR is
in equilibrium between an open and a closed conformation. The wHTH domains interact with
the direct repeats 1 and 2, or with the direct repeat (1) and the inverted repeat (3). In presence
of PLP, the closed conformation is favoured, and PdxR binds one direct and one inverted repeat
(Adapted from Tramonti et al., 2015). The putative mechanism and the shift between the two

conformations are described in the main text.
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Overall, the studies conducted on PdxR and on the homologous GabR helped
to clarify many aspects of their regulatory activity, such as the target regulons
and the specific DNA binding sites, as well as the interaction with cofactors
and conformational transitions influencing the DNA-binding mode.

Functional studies and computer modelling allowed to hypothesize the
molecular mechanism of different MocR regulators. Nevertheless, structural
and further functional studies are necessary to provide additional information

on PdxR, necessary to define the molecular processes at the basis of its activity.
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2. Aim of the work

MocR is a subfamily of transcriptional regulators widespread in bacteria and
implicated in a plethora of biological processes. The recognition of their
specific DNA target sequences is regulated by binding to pyridoxal-5’-
phosphate (PLP) at the C-terminal domain. Indeed, this regulatory unit
contains a binding site for the effector that strongly resembles the one found in
PLP-dependent enzymes, such as aspartate aminotransferases (AAT).
Changing the affinity of the transcription factor (TF) for DNA, the binding to
PLP represents the molecular event at the basis of the mechanism of gene
expression regulation followed by MocRs.

To date, the most characterized MocR is GabR from Bacillus subtilis, a
transcription factor involved in the regulation of GABA metabolism.
Functional analyses aiming at investigating its mode of interaction with DNA
have clarified several aspects of its functions. GabR is the only MocR that has
been structurally characterized in the presence of its effectors, GABA and PLP.
However, the structure of GabR in complex with its target DNA is still missing.
Given the high sequence similarity, one would expect that the members of
MocR subfamily share a common structure and a similar mechanism of
transcription regulation. Nevertheless, the current information available does
not allow conclusions to be drawn since most of MocRs have not been fully
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experimentally characterized yet and only theoretical models of their
mechanism of action have been postulated on the basis of functional analyses
and computer simulations.

At present, a crucial missing piece of information is the structure of MocRs
bound to their target DNA. In fact, the lack of structural information on
individual members of MocRs both alone and in the complex with their target
DNA hampers the possibility to define common or uncommon tracts of the
molecular mechanism of gene expression regulation followed by these TFs.
This PhD thesis is focused on the structural and functional characterization of
the MocR transcriptional regulator PdxR, an activator of the genes encoding
PLP synthase and an autorepressor. For this study, we used PdxR from Bacillus
clausii, a probiotic organism widely used for pharmacological preparations,
which has been previously characterized at a functional level.

The study of PdxR structure have been for long time pursued by mean of X-
ray crystallography. Nevertheless, the crystallization of PdxR in the apo- and
holo- forms, bound or unbound to the target oligonucleotide, was unsuccessful.
The only diffracting crystals were obtained for a truncated form of PdxR
comprising the C-terminal AAT-like domain dimer, in the absence of PLP (data
not published). However, this 2.8 A resolution structure confirms the structural
similarity of the C-terminal domain of PdxR with the one of GabR and the
AAT enzymes, but it does not provide information on the wHTH domains, on
the overall conformation of the protein, and on the binding mode adopted by
PdxR when it is in complex with the target DNA.

In the following chapters of this thesis, | describe the experimental procedures
and the results obtained in the structural and functional characterization of

PdxR bound to its target DNA by means of single particle cryo-electron
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microscopy (cryo-EM) combined to computational analyses and electrophore-
sis mobility shift assays (EMSA).

In the last five years, cryo-EM has achieved a “resolution revolution” thanks
to the technological advancements that allow to observe biological samples at
a resolution comparable with the one achievable by crystallography. The
technique is appropriate for the study of large macromolecules, complexes and
heterogeneous systems that are difficult to pack in a crystalline form. Moreover,
since in a cryo-EM experiment the sample is measured in conditions closer to
the native state, it potentially allows to obtain information on more than one
conformer of the system from the analysis of a single dataset. For all these
reasons, it represents the technique of choice for the structural study of PdxR-
DNA complex and to explore its conformational dynamics.

In this study the full-length PdxR in its PLP-bound form was used in complex
with a 48-bp oligonucleotide containing the target DNA repeats of the pdxST
operon. We took advantage of a 200 kV microscope (FEI Talos Arctica)
equipped with a Falcon III direct electron detector and of a service provided
by CINECA to perform the single particle analysis on a GPU-equipped
computer cluster.

The cryo-EM structure of holo-PdxR bound to DNA has provided information
about the DNA-binding mode adopted by this TF, pinpointing the amino acid
residues and nucleotides directly involved in the interaction, and allowed to
detect different conformations of the complex.

Moreover, since the recognition between TFs and target DNA relies on both
DNA sequence and shape readout, a second purpose of this work was to predict
the intrinsic curvature of PdxR target DNA and to understand how this affects
PdxR binding, probing the role of both the sequence and the DNA shape
readout. To this purpose, modified forms of the PdxR target DNA that alter its
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natural bending and the sequences of the cognate binding sites were produced,
and their binding capability to PdxR was analysed by EMSA.

The structural study, integrated with these methodologies, helps to unveil the
rules governing the interaction with the DNA and so the regulation of gene
expression of PdxR, providing a more general model for other similar TFs

belonging to MocR subfamily.
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3. Materials and Methods

3.1 Cloning, expression, purification

The genomic Bacillus clausii DNA was purified in accordance with the

procedure indicated for Bacillus subtilis (http://2012.igem.org/Team:LMU-

Munich/Lab_Notebook/Protocols). The coding sequence of the pdxR gene

from B. clausii (strain Em Lm Pc rif Cf Cs Nv; Enterogermina N/R; Bacillus
genetic Stock Center) was amplified by PCR using the following primers:
BCPdxR_for: 5—-ggcCATGGAGCTGCTATGGTGCG-3"; BcPdXR_rev: 5—
ggctcgaggctgecgegeggcaccagAAACCCCCATGCATTCAACAC-3.. The
amplified ~1400-bp was inserted into a pET28(+) expression vector using
Ncol and Xhol restriction enzymes.

The construct was transformed in E. coli BL21 (DE3) competent cells. A single
colony was picked, suspended in 20 mL LB containing kanamycin at a
concentration of 40 mg/L, and the pre-culture was incubated overnight at 37
°C and 180 rpm.

The overnight pre-culture was used to inoculate 2 L LB + kanamycin (40
mg/L) and bacterial cells were allowed to grow approximately for 5 hours at
37°C, 180 rpm until OD« reached ~0.5, then 0.2 mM IPTG was added to

induce PdXR overexpression and temperature was lowered to 28°C.
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Bacterial suspension was centrifuged after 18 hours and the cell-containing
pellet was suspended in a lysis buffer containing 20 mM Tris-HCI, pH 8.0, 0.5
M NaCl, 100 uM pyridoxal 5’-phosphate (PLP) and one tablet of cOmplete™
Protease Inhibitor Cocktail (Roche).

Cells were lysed by sonication on ice for 5 minutes, 70 % amplitude, in short
20 seconds pulses with 20 seconds intervals.

Lysate was centrifuged 12000 g for 30 minutes, pellet was discarded, and
supernatant was recovered for subsequent purification steps.

Supernatant was precipitated using ammonium sulphate at 60% saturation,
centrifuged 30 minutes at 12000 g and resuspended in 100 mL of 20 mM
Tris-HCI, pH 8.0.

The resuspended pellet was dialysed overnight against 1 L of 20 mM Tris-HCI,
pH 8.0, 0.5 M NaCl at 4°C.

The sample was centrifuged 30 minutes at 12000 g to remove precipitated
protein, filtered using 0.4 um filters, and loaded onto a nickel-nitrilotriacetic
acid (Sigma-Aldrich) column pre-equilibrated with 20 mM Tris-HCI, pH 8.0,
0.5 M NaCl using AKTA prime FPLC system (GE Healthcare) at 1 mL/min.
The column was washed with 50 mL of the same buffer, 50 mL of the same
buffer containing 20 mM imidazole and 30 mL of the same buffer containing
100 mM imidazole. Protein was eluted with 40 mL of 20 mM Tris-HCI, pH
8.0, 0.5 M NaCl containing 250 mM imidazole. Fractions of 2 mL were
collected at every step and analysed by SDS-PAGE to assess the presence of
the molecular weight band at about 55 kDa corresponding to PdxR.

Fractions containing PdxR were pooled, PLP (100 uM, final concentration)
was added, and the sample was dialysed 72 hours against 1 L of 50 mM Hepes,
pH 7.5, 0.5 M NaCl.
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Spectroscopic measurements allowed to calculate protein concentration using
a theoretical extinction coefficient at 280 nm of 66700 M-*cm, calculated with
EXPASY PROTPARAM online tool (http://web.expasy.org/protparam). PLP
content was calculated adding 0.2 M NaOH and measuring the absorbance at
388 nm (Peterson and Sober, 1954).

The final yield from 2 L of bacterial culture was ~ 20 mg of pure holo-PdxR

(from now on, called simply PdxR).

3.2 PdXR-DNA complex formation

Purified PdXR was incubated with a 48-bp synthetic DNA fragment containing
the two direct and the inverted repeats (in bold) of pdxR-pdxST intergenic
region:
(5’CTGACCTCATCATTTTCTTAAAAACTGACACTTACAATGTGGT
CAGTT-3") in 1:2 ratio, to generate the protein-DNA complex.

The final sample was stored at 4°C for 48 hours before cryo-electron

microscopy (cryo-EM) experiments.

3.3 Sample preparation for cryo-electron microscopy experiments

The most conventional and fast procedure to assess sample quality,
homogeneity prior the cryo-EM experiment is to visualize it by negative
staining EM (NS-EM) at room temperature. This experiment is very quick,
easy to perform and inexpensive. For a NS experiment, few microliters of the
sample are applied on a grid and coated with a stain containing heavy atoms

(e.g., uranyl acetate), and subsequently dried. This procedure allows to image

40


http://web.expasy.org/protparam

biological specimen since the electron-dense stain increases the contrast (the
signal-to-noise ratio) of the image and data collection does not need to be
carried out at low temperature.

For PdxR-DNA complex, NS-EM was not suitable for preliminary screening,
since uranyl ions contained in the stain tend to precipitate when reacting with
phosphate groups of the backbone of nucleic acids. For this reason, PUXR-DNA
samples were imaged directly by using a cryo-electron microscope.

For the cryo-EM experiment, the stock solution of PAXR-DNA complex was
diluted with 50 mM Hepes pH 7.5 to reach a concentration of 0.5 mg/mL and
to decrease the concentration of NaCl down to 50 mM. Preliminary screening
showed that higher salt concentration results in a lower image contrast. This is
due to the electron scattering from ions which is stronger than the scattering of
electrons from water causing a background noise that covers the signal of the
macromolecular sample.

Sample preparation for cryo-EM requires the application of the specimen to be
imaged on a grid, reducing the solution to a thin layer. We used holey carbon
perforated grids (Quantifoil™ R1.2/1.3, 300-mesh) mounted on copper grid
support in which particles are distributed in 1.2 um circular holes with an
interspace of 1.3 pum of a foil of ~12 nm thick of carbon. The regular
distribution of the holes over the grid later facilitates the procedure of
automatic data collection. Since the support surface is highly hydrophobic,
grids are usually treated and hydrophilized with low-energy plasma (glow
discharger), to allow a homogeneous spreading of agueous solutions and
retaining particles on the grid surface.

The general procedure of grid preparation and vitrification follows the
approach developed by Jacques Dubochet and colleagues (Dubochet,1988),
called plunge-freezing, which is now performed by means of a robotic semi-
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automatic cryo-plunger containing a chamber with controlled temperature and
humidity. We used a Vitrobot Mk IV (Thermo Fischer Scientific) operating at
4 °C and 100% humidity.

A droplet of 3.5 pL of the sample containing the PUXR-DNA complex was
applied on a holey carbon grid previously glow-discharged for 45 s at 40 mA
using a GloQube system (Quorum Technologies). After its application on the
grid, the sample is incubated for a certain time (waiting time) and the excess
liquid is wicked away blotting the grid with filter paper before plunging it in
liquid ethane cooled at liquid nitrogen temperature for vitrification. The
waiting and blotting time can appreciably influence the number and the
distribution of particles on the grid surface, so we tested different vitrification
conditions, varying these parameters. Vitrification was carried out by rapidly
plunging the grid into liquid ethane cooled at liquid nitrogen temperature,
around -180 °C.

Plunge-frozen grids were tested on a FEI Talos Arctica (Thermo Fischer
Scientific) 200 kV microscope at the cryo-EM facility of the University of
Milan (Italy), CEMIL, initially collecting a low number of images to evaluate
sample quality, particle concentration and distribution in the grid holes and the
ice thickness, prior a more extensive data collection. The initial screening of
the prepared grids allowed the selection of the best one, that contains the most
adequate number of well separated particles, that was then used for data
collection. The grid selected was prepared by incubating the sample for 30 s
(waiting time), then blotted for 4 s.
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3.4 Data collection

Cryo-EM data were acquired continuously for seven days at CEMIL using a
FEI Talos Arctica (Thermo Fischer Scientific), a 200 kV field emission
electron microscope, using EPU automated data collection software (Thermo
Fischer Scientific), with the specimen constantly maintained at cryogenic
temperature.

Image acquisition was carried out with a nominal magnification of 120,000x%,
corresponding to a calibrated pixel size of 0.889 A on the object scale, at
nominal defocus values ranging between -0.8 and -2.2 um.

3284 movies were recorded using a Falcon 3EC direct electron detector
(Thermo Fischer Scientific) operating in electron counting mode with 1 s
exposure time and total dose of 40 e/A?, distributed over 40 movie fractions
(1 e/A? per fraction).

3.5 Image processing and Single Particle Analysis

Collected data were imported in RELION 3.1 (Scheres, 2012) for all the
subsequent analysis steps. Movie frames were aligned and dose-weighted
using MotionCor2 to correct beam-induced overall movement across the image
(Zheng et al., 2017). Contrast transfer function (CTF) was estimated with
CTFFINDA4.1 (Rohou and Grigorieff, 2015) on aligned and non-dose-weighted
micrographs. Micrographs showing evident ice contamination were removed
and those reporting resolution estimate of 5 A or better were selected for
further analysis.

To generate particle templates, 1121 particles were manually picked from

several micrographs with different defocus values. Particles were then
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extracted and subjected to 2D classification. Automatic particle picking was
performed using the best 2D classes as a reference, resulting in 1,358,491
picked particles, with a subsequent extraction using a particle box size of 256
pixels, rescaled to 128 pixels to speed up the calculations.

Three rounds of reference-free 2D classification were carried out. In this
process, particles are rotated, translated in all possible orientations, and
matched to each other, then averaged together to form a certain number of
classes containing different views of the specimen. Particles not representing
any view are removed at this step, cleaning up the dataset.

A total of 267,988 particles selected from several 2D classes was used to
generate an ab initio 3D model reconstructed from the different orientations of
the particles, that was provided as a reference for an initial round of 3D
classification. The most populated class among the four generated was chosen
as a reference for the first round of 3D classification task, using multiple
classes (K=4). The model was low-pass filtered to 40 A. Among the four
classes produced, it was possible to distinguish two classes differing for the
conformation adopted by the DNA oligomer in the complex and for the
absence (or the presence) of one of the wHTH domains in the PdxR dimer. We
called the two conformers “open” and “closed”, that represented ~23% (61,940
particles) and ~19% (50,146 particles) of the total particles, respectively. The
two resulting 3D maps were then analysed separately.

Each map was subjected to an additional 2D and then a 3D classification round
(K=2) with the aim to discard noisy classes and to keep only well-defined and
aligned ones that could contribute to high-resolution reconstructions.

A final selection of 24,430 particles corresponding to the closed conformer,
and 33,371 particles for the open conformer was obtained. The selected classes
were independently refined using RELION 3D auto-refinement tool and post-
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processing, followed by Bayesian polishing to correct beam-induced motion at
the particle level. CTF refinement (per-particle defocus, beam-tilt estimation,
per-micrograph astigmatism) and subsequent 3D refinement of both sets of
particles showed no significant improvement.

Final refinement of polished particles was performed applying extended and
soft-edged masks (to exclude solvent contribution) to a 40 A low-pass filtered
reference maps.

Masked 3D refinement of the closed conformation was done either imposing
no symmetry (C1) or forcing map calculation with a C2 symmetry. Indeed,
both the protein and the DNA show an intrinsic symmetry and the overall C1
map of the complex reconstructed in the closed state displays a C2 symmetry.
Being the open conformer map clearly asymmetric, no symmetry was imposed
during refinement.

For all the 3D maps, post-processing using the same masks was repeated for

map sharpening and resolution estimation.

3.6 Cryo-EM maps resolution estimation and sharpening

The overall resolution of the three maps of PdxR-DNA complex (open and
closed with C1 and C2 symmetry) was estimated from Fourier Shell
Correlations (FSC) = 0.143 criterion, based on the “gold-standard” protocol
(Rosenthal and Henderson, 2003; Scheres and Chen, 2012), using a mask
around the complex density. A final resolution of 3.9 A was estimated for the
closed conformer refined with C1 symmetry, 3.7 A for the map refined
imposing a C2 symmetry, and 3.9 A for the open map.

The input maps were corrected for the modulation transfer function (MTF) of

Falcon 3EC direct detector and sharpened using negative temperature B factors
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as estimated by RELION (Table 3.1). Since global resolution estimated with
a post-processing job does not consider variations in resolution throughout the
reconstructed map, Local Resolution tool in RELION 3.1 was used to estimate
the resolution of the different regions composing the 3D maps, calculating the
contribution of each part using a post-processing-like procedure with a soft
spherical mask that is moved around the entire map. Averaged half-maps and
B-factor estimated with post-processing were used as inputs for Local
Resolution task. Output maps were visualized in UCSF Chimera X (Pettersen
etal., 2021) and coloured according to the different resolution values (Figures
4.13,4.14,4.15).

Since the closed map calculated with the C2 symmetry achieved a higher
resolution for the protein-DNA interacting portions, this map together with the
map of the complex in the open state were used to build the atomic models.
The two electron density maps were sharpened using the Autosharpen tool in
Phenix (Liebschner et al., 2019) prior to model buiding. UCSF Chimera
(Pettersen et al., 2004) and Coot (Emsley and Cowtan, 2004) were utilized for
graphical visualization of the electron density maps.

3.7 Model building of PAXR-DNA complex

Following the density of the closed and open maps reconstructed by single
particle analysis, the initial atomic model for PdxR-DNA complex was
assembled as follows.

Coordinates of the crystal structure of PdxR aspartate aminotransferase
(AAT)-like domain dimer, comprising also part of the linker (residues 103-
464, data not published), were used as a starting model to build the central core

of PdxR-DNA complex for both open and closed conformers.
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The two winged helix-turn-helix (WHTH) domains and the remaining residues
of the linker (residues 1-102) were extracted by the PdXR structure previously
obtained by homology modelling (Tramonti et al. 2015) and kindly provided
by Prof. Stefano Pascarella, Sapienza University of Rome.

The 48-bp double stranded B-DNA was built in Coot in a straight
conformation.

PLP molecule was imported in Coot and linked as a Schiff-base to Lys309 of

both the AAT-like monomers of the open and closed maps.

3.7.1 Open conformation

The model of open PdxR-DNA complex was built first, since the map appeared
better reconstructed than the closed one, and more details were detectable,
although the resolution was slightly lower.

The crystal structure of the AAT-like domain dimer was rigid-body fitted into
the central core of the sharpened electron density map at 3.9 A resolution using
UCSF Chimera (Pettersen et al., 2004). Model was inspected in Coot and the
two monomers of the AAT-like domain were adjusted using the “jiggle fit”
option (Brown et al. 2015).

The same procedure was adopted to fit one of the two wHTH domains
(monomer A) in the map, since no density was reconstructed for the wHTH of
the monomer B. Moreover, the density corresponding to the long flexible loop
that connects each wHTH with the AAT-like domain was also not clearly
visible, so residues 84-103 were removed from the model, as well as the N-
terminal residues 1-9.

The straight 48-bp B-DNA was partially fitted as rigid body into the density.

However, the pronounced curvature adopted in the complex, clearly visible in
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the density map, only allowed a small portion of the DNA to be correctly fitted.
The DNA molecule was then subjected to a long work of manual building and
refinement in different regions imposing strong geometry restraints, until an
adequate curvature and fit was achieved. At the resolution obtained, the density
showed major and minor grooves, and even bumps for the phosphates in the
backbone; this facilitated and allowed the reconstruction of a reliable atomic
model. 46 of the 48 di-nucleotides were built, since the last two were not
defined by density (n. 47 and 48 of 5’23’ strand; n. 1 and 2 of 3’5’ strand).
All the chains corresponding to the AAT-like and wHTH domains and to the
DNA were merged, and the whole structure was rigid body refined using real
space refinement tool in Phenix, against the overall map at 3.9 A, imposing
secondary structure and Ramachandran restraints for protein.

Final visual inspection was performed in Coot to manually adjust secondary
structures, amino acid side chains, PLP molecules and nucleotides into the
density, and to correct Ramachandran outliers. The final model was validated
using MolProbity (Williams et al., 2018) and EMRinger (Barad et al., 2015).
Statistics for the final model are shown in Table 3.1.

3.7.2 Closed conformation

The map of the closed conformer chosen for model building was the one
reconstructed imposing a C2 symmetry, showing a global resolution of 3.7 A.
Similarly to the open PdxR-DNA, the atomic structure of the closed conformer
was built starting from the merged model comprising the AAT-like dimer
crystal structure, the wHTH domain of both A and B monomers from the
above-mentioned homology model and the 48-bp B-DNA that was taken by

the open model (3.7.1).
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The overall structure was initially rigid body positioned in the final sharpened
open map using USCF Chimera, followed by model building and refinement
procedure manually performed using Coot. PLP was imported and linked to
Lys309 of both monomers.

The DNA was adjusted following the approach used for the open conformer.
The density in correspondence to the last base pair T-A (n. 48 of the 5’23’
strand; n. 1 of the 3’25’ strand) was absent, and it was removed from the
model, as well as protein residues 1-9, and the linker (residues 84-103).

The final model was validated using MolProbity and EMRinger (Table 3.1).
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Table3.1 Cryo-EM data collection, refinement and validation statistics.

*model quality is still not optimal and requires further improvements.

PdxR-DNA open

PdxR-DNA closed

PdxR-DNA closed

complex complex with C1 sym complex C2 sym
Data collection and
processing
Magnification 120K 120K 120K
Voltage (kV) 200 200 200
Electron exposure (e- 40 40 40
1A%
Pixel size (A) 0.889 0.889 0.889
Symmetry imposed C1 C1 Cc2
Initial particle images 1358491 1358491 1358491
(o)
Final particle images 33371 24430 24430
(o)
Map resolution (A) 3.86 3.86 3.73
FSC threshold 0.143 0.143 0.143
Map resolution range 3.7-7.0 3.7-7.0 3.6-6.5
R)
Refinement
Initial model used PdxR AAT domain PdxR-DNA open PdxR-DNA open

Model resolution (A)
FSC threshold

Map sharpening B factor

(A%

Model composition
Non-hydrogen atoms
Protein residues
Nucleotides

B factors (A%

Proteins (min, max)
Nucleotides (min,
max)

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)
EMRIinger score

Ramachandran plot
Favored (%)
Allowed (%)
Outliers (%)

obtained by X-ray
(unpublished data),
WHTH domain obtained
by homology modelling
(Tramonti et al., 2015),
DNA generated by COOT
(Emsley et al., 2010)

3.86

0.143

-117.9

8415
797
92

25.3 (9.5, 81.5)
6.1 (0.0, 20.0)

0.013
2.37

2.97
33.05
4.68
1.06

92.67
7.33
0.00

3.86
0.143
-126.3

3.73
0.143
-111.1

9035
869
94

90.7 (30.0, 163.8)
4.8 (0.0, 20.0)

0.01
1.802

3.57
58.7
10.57
1.39

89.94
10.06
0
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3.8 Prediction of DNA topology from sequence

The 3D structure of the PdxR target DNA was determined with the Christoph
Gohlke DNA Curvature Analysis service
(http://www.Ifd.uci.edu/~gohlke/dnacurve/) using the AA wedge model
(Young and Beveridge, 1998). Same procedure was carried out for the mutants

described in Section 3.9. A 48-bp fragment was used in all cases.

3.9 Electrophoretic Mobility Shift Assays (EMSA)

DNA mobility shift assays were performed using purified PdxR (from 25 nM
to 800 nM) and different DNA fragments (wild type and modified forms) at a
fixed concentration of 10 nM.

The modifications were introduced to alter the sequence of the PdxR target
repeats (known as motifs 1 and 3) or the bendability of the oligonucleotide
(sequences are listed in Table 3.2).

The synthetic double-stranded DNA fragments were generated by annealing of
complementary forward (FWD) and reverse (REV) oligonucleotides.

The resulting fragments were incubated at 22 °C for 20 min in 10 pL of binding
buffer [20 mM HEPES pH 8.0, 50 mM KCI, 5 mM MgClz, 1 mM DTT, 0.05%
(v/v) NP-40, 30 pg/mL BSA and 5% (v/v) glycerol] with increasing
concentrations of purified PdxR (25 nM, 50 nM, 100 nM, 200 nM, 400 nM,
800 nM).

A 10-fold excess PLP with respect to protein was added to ensure complete

saturation.
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Dna fragment (48bp) Sequence

WT CTGACCTCATCATTTTCTTAAAAACTGACACTTACAATGTGGTCAGTT
M13 CTTCTTTCATCATTTTCTTAAAAACTGACACTTACAATGTAAGAAGTT
BENT CTGACCAAAACAAAAAATCTCCAAAAAACTCGAAAAAAGTGGTCAGTT
STRAIGHT CTGACCTCATCATCTCCCTACACACTGACACTTACAATGTGGTCAGTT

Table 3.2 Oligonucleotides used for EMSA. Underlined letters indicate nucleotides of the

direct and inverted repeats (motifs 1 and 3). Red letters indicate mutated nucleotides.

Samples were loaded onto 5% non-denaturing polyacrylamide gels in 0.5x
TBE buffer (45 mM Tris-borate, 1 mM EDTA). Gels were run at room
temperature in 0.5x TBE buffer, then incubated with SyBR Green (Sigma-
Aldrich) for 10 minutes and visualized on UV transilluminator.

The addition of the protein to DNA fragments determined the formation of
slowly migrating bands, whose density increases as protein concentration is
increased. These retarded bands correspond to protein-DNA complexes.
Densitometric measurements of the slower bands (DNA-protein complex)
were transformed into percentage of DNA-protein complex with respect to
total DNA and yielded dependence of binding on protein concentration. Least
square fitting of these data to the Hill equation (Eq. 1) allowed the estimation
of the apparent dissociation constants (Kpapp) reported in the main text, which
are expressed as the average * standard deviation of values obtained in three
or more independent EMSA experiments. These do not correspond to actual
dissociation constant values, rather they coincide with the protein
concentration required to shift 50% of free DNA.
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Eq.1 %free DNA = 100 — (100 X ) + const
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4. Results and Discussion

4.1 Cryo-EM data collection of Bacillus clausii holo-PdxR-DNA complex

The main task of this work was to unveil the structure of the complex formed
by the MocR transcriptional regulator PdxR in its pyridoxal 5’-phosphate
(PLP)-bound form (holo-PdxR, that, for the sake of simplicity, we shall
hereafter call PdxR) and a 48-bp DNA containing the direct and inverted
repeats representing its binding sites.

Cryo-Electron Microscopy (cryo-EM) was employed to acquire images for the
reconstruction of high-resolution electron density maps by single particle
analysis and to build the structure of PdxR from Bacillus clausii bound to its
target DNA.

Single particle analysis follows a trial-and-error approach which is necessary
to select only the best particles among the thousands or millions collected, that
allow the high-resolution reconstruction of the object of interest. The analysis
of the PdXR-DNA system has required a long and complex work because, as
illustrated below, the sample was conformationally heterogeneous. For the
sake of brevity and simplicity, here only the main and most significant steps of

the analysis performed will be described.
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4.1.1 Sample preparation and cryo-EM screening

Prior to collect cryo-EM data, a preliminary step of optimization of sample
concentration, grid preparation and freezing conditions is usually carried out.
We performed screening and data collection at the cryo-EM facility of the
University of Milan (CEMIL), Italy.

Freshly purified PAXR was incubated for 48 hours with its target 48-bp DNA
to allow complex formation, as described in sections 3.1 and 3.2. Few
microliters of sample were applied on glow-discharged holey carbon grids
(Quantifoil™ R1.2/1.3, 300-mesh). An initial screening was performed to
identify the best conditions of protein concentration and buffer. We found that
a sample concentration of 0.5 mg/mL allowed an adequate number of particles
to be deposited within the grid holes, and that a concentration of 50 mM of
NaCl in the final buffer was optimal to preserve the stability of the complex
and, at the same time, to minimize the background signal generated by ion
scattering. Six different vitrification conditions were then tested, this time only
varying the time of incubation of the sample on the grid and the blotting time
(as described in section 3.3), using a Vitrobot system. Screening was
performed at the cryo-electron microscope using a FEI Talos Arctica 200 kV
(Thermo Fischer Scientific).

Ice thickness and particles distribution are the main aspects which are
considered for the evaluation of the best vitrified grid, suitable for data
collection. The grid blotted for 4 seconds after a sample incubation of 30
seconds showed the best particle distribution and adequate ice thickness and it

was used for an extended data collection.
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4.1.2 Data collection and micrograph inspection

A full dataset of 3284 movies (or micrographs) was collected using a Falcon
3EC direct electron detector (Thermo Fischer Scientific). Micrographs were
recorded in a low-dose mode to prevent radiation damage to the sample (1 €
/A? per movie frame). A representative collected micrograph is showed in
Figure 4.1A. It displays a random and homogeneous distribution of particles
in the vitreous ice layer, and the absence of ice contamination or particle
aggregation reflects the good quality of the sample and of the vitrification
procedure adopted.

To evaluate the good contrast of the collected images and eventually present
aberrations, we also inspected the power spectra of the micrographs.

The aberrations of the electron microscope are mathematically described by
the Contrast Transfer Function (CTF), an oscillating function that modulates
the image contrast in the Fourier space and must be calculated to restore the
actual contrast of the cryo-EM data. The effect of CTF can be seen in the
alternating light and dark rings (Thon rings) composing the power spectra of
the micrographs, which show the relation between image contrast and spatial
frequency (Orlova and Saibil, 2011; Carroni and Saibil, 2016).

The circular and symmetric Thon rings in the power spectrum density of the
micrographs indicate that the effects of drifting, astigmatism, or other optical

aberrations were negligible (Figure 4.1B)
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Figure 4.1 Inspection of cryo-EM micrograph of holo-PdxR-DNA complex. A: A
representative micrograph from the data collection, showing the well-distributed particles of
PdxR-DNA complex. B: Power spectrum of the same micrograph. Thons rings are visible as

concentric circles radiating from the centre.

4.2 Single Particle Analysis

One of the biggest issues in Cryo-EM data analysis is the large computational
resources required for single particle image processing and data storage, that
cannot be sustained by a common personal computer. A typical cryo-EM data
set is constituted by hundreds or thousands of images, each one being a movie
of 2 gigabytes. Therefore, a single dataset consists of about 2 up to 5 TB of
data that require at least 190 CPU-hours for each run of image processing. To
speed-up the calculations, all software performing single particle analysis were
implemented to use graphics processors (GPUs) to address the most

57



computationally intensive steps of cryo-EM structure determination workflow.
Therefore, the usage of GPU-based architecture is fundamental due to the
highly demanding computational cost of a typical run of image processing.

In order to analyze the cryo-EM data collected we took advantage of the
computing resources provided by the high-performance computing facility
CINECA (https://www.hpc.cineca.it/).

All data were imported and stored on a cloud infrastructure called MARCONI
100, provided by ISCRA CINECA, in which we remotely performed cryo-EM
data processing using RELION (REgularized Llkelihood OptimizatioN) 3.1
(Scheres, 2012), a widely use program suite for single-particle analysis based

on a Bayesian approach.

4.2.1 Image processing

Prior to work with single particles, images containing the 2D projections of the
specimen of interest must be processed.

The 3284 movies collected were first aligned for beam-induced motion
correction and drift with MotionCor2 (Zheng et al., 2017); then, CTFwas
calculated using CTFFIND4.1 (Rohou and Grigorieff, 2015). After an
inspection of the whole data set, images containing relevant ice contamination
or protein aggregation were removed and micrographs showing CTF resolution
limits better than 5 A were selected for further analysis (3197 total images

selected).
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4.2.2 Particle picking and extraction

Cryo-EM data analysis relies on a machine-learning approach, where the
human eye plays a crucial role in choosing the first set of particles from the
collected micrographs to train the software in picking all the possible 2D
projections resembling the specimen of interest, if manual selection is carried
out.

For PdxR-DNA data set, 1121 particles were manually picked from a selected
group of micrographs with different defocus values and used as references for
the automated particle picking procedure on the entire set of images (an

example of manual and automated picking is shown in Figure 4.2)

Figure 4.2 Example of micrographs showing manually and automatically picked particles (in
green circles). A: Manual picking: representative micrograph where a low number of particles
were selected by eye to train the program. B: Autopicking: representative micrograph
displaying all the particles selected after software training.
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A total of 1,358,491 particles were collected and extracted from the original
micrographs. From this point forward, all subsequent tasks were performed on

these selected single particles.

4.2.3 2D classification

After extraction of the autopicked particles, one needs to identify those
particles that are suitable for high-resolution structure determination. One of
the most effective ways of selecting suitable particles is 2D classification
(Scheres, 2016). Therefore, extracted particles were subjected to a reference-
free 2D classification, a procedure that classifies particles according to their
shape and spatial orientation, generating a certain number of 2D class averages
containing views of differently orientated particles (Orlova and Saibil, 2011).
The aim of the 2D classification step is to remove junk particles, contained in
smeared or noisy classes that do not include the particles of interest, thus
reducing their negative impact on the further steps of 3D reconstruction.

The first round of 2D classification iteratively generated 100 class averages
(K=100) from which we selected all the particles resembling a protein-DNA
complex (Figure 4.3 A). We proceeded with two additional rounds of 2D
classification, setting the same number of classes (K=100) and selecting the
best and highly populated ones. Selection has been made on the basis of signal-
to-noise ratio, that corresponds to those classes showing strong, white density
for the macromolecular complex and a black and featureless background
(Scheres, 2016), and of their distribution, meaning how many particles were
averaged in each class, and particle shape. We were mostly guided by the

presence of the DNA, being clearly detectable in several classes. Some
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examples of the resulting “good classes” are shown in Figure 4.3 B. A total of

267,988 particles were selected for further analysis.
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Figure 4.3 2D class averages resulted by different rounds of 2D classification on PdXR-DNA
complex. A: 2D classes generated by the first round of 2D classification sorted by their
distribution. 36 of 100 classes are showed. Classes selected for subsequent rounds of
classifications are in red squared. B: Examples of best 2D class averages obtained with the last

round of 2D classification.

At this step, class averages populating multiple orientations should appear and
should be selected. Therefore, 2D class averages containing multi-angle views
of the particles were selected and used to generate an initial low resolution 3D
model of PdxR-DNA complex.
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4.2.4 Generation of a 3D initial model and 3D classification

A preliminary low resolution three-dimensional map of PdXR-DNA complex
was generated using the 3D Initial Model tool in RELION. The resulting map

Is shown in Figure 4.4.

Figure 4.4 Low resolution PdxR-DNA initial model generated de novo from the selected 2D

classes.

This model provided a first clue on the architecture of the complex, even if was
not possible to detect any detailed structural information, being the map at low
resolution.

This model was then used as a reference map for the first round of 3D
classification, using K=4 and without imposing any symmetry. The reference
map was low pass filtered at 60 A to prevent model bias.

Among the 4 classes generated (Figure 4.5A), the most populated class that
showed strong protein-like features was selected, and it was further used as a
reference (filtered at 60 A) for an additional round of 3D classification with
K=4 run over the same set of particles. The idea was to provide a better-

defined starting 3D reference to facilitate the alignment procedure performed
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by RELION. The difference in classification efficiency reflects the dependence
upon a starting model of the reference-based 3D classification procedure.
Therefore, the better is the starting model the better is the result of the 3D
classification.

The maps generated with the second round of 3D classification revealed the
presence of two possible conformations of the PdXR-DNA complex, showing
a density ascribable to DNA differently bound to a density most likely
belonging to the protein (Figure 4.5B).

Overall, both reconstructed maps resemble the three-dimensional structure
predicted by homology modelling for both GabR and PdxR in the DNA-bound
form (Al Zyoud et al., 2016; Tramonti et al., 2015), as shown in Figure 1.13,
section 1.7.3), with the domain-swap homodimer and the double strand of
DNA bound to wHTH domains.

Class 1 (red coloured map) exhibits a more compact shape in which the DNA
molecule looks tightly and symmetrically bound to both monomers of PdxR
(closed conformation). On the contrary, in class 2 (sea green coloured map)
the DNA looks partially detached, with one of the winged helix-turn-helix
(WHTH) domain missing in the density (open conformation).

Class 1 and 2 were selected and kept separate in all subsequent steps of the

single-particle analysis.

63



A el e 2N aé
A i=D4CIass ‘,"" @ W \;\'@f

Figure 4.5 Schematic representation of two rounds of 3D classification. A: The four classes
generated with the first round of 3D classification using the 3D initial model as a reference
(violet map) are represented. The first class (in green) was selected for the second round of
3D. B: The four classes generated by the second round of 3D classification are shown. The
first two classes (red and sea green map, respectively) represent two different conformations
of PdxR-DNA complex and were selected for subsequent analysis. The angular distribution of
particle projections is shown in the same orientation and at the bottom of the respective map.
The height and colour (from blue to red) of the cylinders are proportional to the number of

particles that populate that view.
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4.2.5 Refinement of the closed conformer

The map corresponding to the closed conformation of PAXR-DNA complex
(red coloured map in Figure 4.5 B) was subjected to a further round of 2D
classification in order to perform an additional “cleaning up” procedure to
remove noisy averages that could impair a high-resolution reconstruction. Best
classes were selected and subjected to a 3D classification with K=2. This step
produced a most populated class, containing 24,430 particles and displaying
the highest resolution. The selected class was then refined using the 3D
Autorefine tool, that allowed the generation of a map at 7.3 A resolution.

The refined map was then improved and sharpened using the Post-processing
tool. A crucial procedure to gain higher resolution in cryo-EM reconstruction
is to create a mask covering the particle of interest and excluding the noisy
contribution of the solvent. The step of post-processing improved the nominal
resolution to 4.5 A, generating a clearly more detailed map, where the
secondary structures of the protein and the double helix of DNA with minor

and major grooves were visible. The procedure is summarized in Figure 4.6.
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Figure 4.6 Analysis of the closed conformer: the route to the high-resolution map. The map
obtained by the 3D classification was subjected to further 2D (K=50) and 3D (K=2)
classifications. Among the resulting two classes, class number 1 was selected (shown in light
red and squared). The map produced with refinement and post-processing steps is shown on
the right. The angular distribution of particles projections is displayed in the same orientation

as the relative map.

Additional steps of refinement can be performed on the post-processed maps
with the aim of achieving further improvements in the resolution, including
CTF-refinement and particle polishing procedures. CTF-refinement is useful
to correct a posteriori the preliminary 3D reconstruction of the data for the
optical aberrations and magnification anisotropy, which are strongly affected
by the alignment of the magnetic lenses of the microscope, and to estimate a
per-particle defocus. The latter represents a further improvement of the
calculated CTF that was initially determined for the overall micrograph. The
CTF-refinement algorithm re-estimates the defocus values for each particle.
This optimization considers the possibility that ice distribution on the

micrograph is not perfectly homogeneous and flat, resulting in slight shift of
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the exact position of the single particle along the z-axis. In our case, several
attempts of CTF-refinement did not yield higher-resolution reconstructions, so
we decided to proceed only with polishing.

Particle polishing utilises a Bayesian approach to estimate and correct the
beam-induced movement of single particles in the data set once a preliminary
3D-map reconstruction is generated, in a similar way to motion correction, that
operates on the entire micrographs.

The application of a single round of Bayesian polishing procedure, followed
by a further step of masked 3D refinement and post-processing, allowed us to
reconstruct a map of PdxR-DNA complex in its closed conformation at a
global resolution of 3.9 A, without imposing any symmetry in refinement

tasks. The FSC curve is showed in Figure 4.7.
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Figure 4.7 Cryo-EM map of closed PdXR-DNA complex with a C1 symmetry. A: The

cryo-EM density reconstructed at 3.7 A resolution. B: FSC curves calculated for independently

refined half-maps.
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As evidenced by the blue/red histograms shown in Figure 4.5 and 4.6 under
the different classes generated by 3D classification jobs, the angular
distribution of particles projections reflects an inhomogeneous distribution of
particles, with some views being less represented than others. More in details,
the front views of the complex seem to be more populated than the top views.
This is most likely due to a slight effect of preferential orientation which is
adopted by the PdxR-DNA complex particles when they were deposited over
the grid, and it represents a recurring problem in Cryo-EM. This phenomenon
is principally caused by the adsorption of particles to the air/water interface or
to the grid support in a preferred manner, preventing the random and uniform
distribution of angular views of the particle projections, that results in a
“smearing effect” of the 3D reconstruction, also slightly visible in our map of
“closed” PdxR (Figure 4.8). A strategy usually employed in this case to tackle
this phenomenon is to apply tilting during data collection (Tan et al., 2017).
With our data, this problem was only partially solved since the collection was
performed without tilting. However, the smearing effect, which is slightly
visible after the refinement step, becomes less pronounced after post-
processing, returning some regions of the map endowed with local resolution
lower than others, mostly those around the more external portions of the DNA.
All considered, our data were good enough to allow a good reconstruction of
the density map that was used to build a reliable atomic model of the closed
complex, as it will be better detailed later.
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Figure 4.8 Preferred orientation in the closed PdxR map. Side and bottom views of the map
generated with a masked refinement at 3.9 A showing a slight “smearing effect”, which

direction is indicated by the pink arrow.

In single particle analysis it is possible to apply symmetry averaging during
refinement, which is always helpful to boost the signal and increase the final
resolution of the generated maps. PdxR was predicted to be structurally
homologous to the domain-swap symmetric homodimer of Bacillus subtilis
GabR, therefore, it should be endowed with an intrinsic C2 symmetry
(Edayathumangalam et al., 2013; Tramonti et al., 2015). Nevertheless, the
DNA binding could break the symmetry. However, the inspection of the
reconstructed map in closed conformation revealed that the overall two-fold
rotational symmetry (C2) of the protein is maintained also in complex with the

DNA. Higher resolutions would have revealed further detail, such as DNA
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nucleotides disposed in a non-symmetric manner, but at ~ 4 A resolution such
details are not distinguishable. Therefore, a further step of refinement was
performed, this time imposing a C2 symmetry, using a reference map in which
the symmetry axes were aligned with the main x,y,z axes of the coordinate
system, according to RELION’s conventions.

Starting from the Bayesian polished particles, a masked refinement and post-

processing were run applying a C2 symmetry (Figure 4.9).

c1

Polishing
Masked 3D Refinement
Post-processing

3.7A

Figure 4.9 Analysis of the closed conformer. The map obtained from post-processing was
subjected to a Bayesian polishing refinement. Further steps of masked refinement and
postprocessing were performed both without (as discussed in 4.2.5; grey coloured map) and

with a C2 symmetry (red coloured map).

This led to a map showing a global resolution of 3.7 A, that did not improve

after post-processing (Figure 4.10).

70



= Corrected mask
= Phase randomized
— Masked maps
Unmasked
== FSC=0.143

0.8

0.6

0.4

Fourier Shell Correlation

0.0 0.1 02 03 0.4 05 0.6
Resolution (1/A)

Figure 4.10 Cryo-EM map of closed PdxR-DNA complex with a C2 symmetry. A: The
cryo-EM density reconstructed at 3.9 A resolution. B: FSC curves calculated for independently

refined half-maps.

Given the higher resolution, the map reconstructed at 3.7 A was chosen to build
the model of PdXR-DNA complex in the closed conformation.

4.2.6 Refinement of the open conformer

Similarly to what applied for the reconstruction of the closed conformer, the
map displaying the PAxR-DNA complex in an open conformation (class 2 of
the second round of 3D classification, showed in Figure 4.5 B), was subjected
to further 2D (K=50) and 3D (K=2) classification rounds. The jobs carried out

and the resulting maps are schematized in Figure 4.11.
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Figure 4.11 Analysis of the open conformer. The map obtained from the 3D classification
were subjected to further cycles of 2D and 3D classifications that produced a better
reconstructed class (n. 1) that was selected for refinement (shown in sea green and squared).
The map produced after refinement and post-processing is shown on the right. The angular
distribution plot of the different map orientations is displayed in the same orientation as the

relative map.

The first refinement jobs led to a 4.4 A resolution of the reconstructed density
map, while particle polishing, masked refinement and post-processing
improved the resolution of the final map up to a global resolution of 3.9 A
(Figure 4.12).

Contrarily to the closed conformer, in the open one the conformation adopted
by the DNA and the absence of one of the wHTH domains produced an overall
asymmetric structure. Therefore, in this case the C1 symmetry was kept in all

the refinement jobs.
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Figure 4.12 Cryo-EM map of the open PdxR-DNA complex. A: The cryo-EM density
reconstructed at 3.9 A resolution. B: FSC curves calculated for independently refined half-

maps.

4.2.7 Local resolution estimation

A possible limitation of the global resolution estimation through FSC method
is that the procedure does not consider local variations in resolution, due to
processing errors or data heterogeneity, especially in the analysis of
macromolecular complexes. The analysis of the local fluctuation of the
resolution in the individual areas of the object of analysis guides the
construction of a 3D atomic model into Cryo-EM maps, avoiding
misinterpretation of not well-defined densities.

We employed Local Resolution tool implemented in RELION 3.1 to
investigate how the resolution is distributed throughout the density map for
both closed and open reconstructions of PdxR-DNA complex.
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Local resolution estimation in the closed conformer

The first map of the closed conformer, refined without imposing symmetry,
showed an overall resolution of 3.9 A. In Figure 4.13, the final map is coloured
according to local resolution estimated by Local Resolution in RELION, with
a colour gradient ranging from red to blue representing the region with higher

and lower resolution, respectively.

Figure 4.13 Local resolution of the closed PdxR-DNA map with C1 symmetry. The final C1-
closed map is coloured according to local resolution, with a gradient ranging from red to blue

representing the region with higher and lower resolution, respectively.

The distribution of resolution values over the map shows that the central core
of PdxR containing the aspartate aminotransferase (AAT)-like domains
represents the region reconstructed with the highest resolution (< 4 A), as well
as the protein-DNA interacting region, between 4 and 4.5 A, both at the level

of the wHTH and of the AAT-like domains. Indeed, in these regions, secondary
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structures and bulky side chains of interacting residues are clearly visible. This
is crucial to allow a more precise model building and to give insight into the
interaction between the DNA bases or phosphate backbone and amino acid
residues of PdxR.

Portions of the complex that are more exposed to the solvent or endowed with
higher degree of flexibility, such as one of the wHTH domains and the external
regions of DNA and of the AAT-like domains (coloured in blue), represent the
area of the complex reconstructed with the lowest resolution.

The imposition of the C2 symmetry to the closed conformer map was not only
useful to increase the global resolution but allowed also improving the
resolution locally. However, similarly to the C1-closed map, the highest
resolution values are registered in the central area, covering both part of the
AAT-like domain and the DNA in the interacting regions, and it decreases
moving from the centre to the external portions of the complex. In this map,
the density of one of the wHTH domain was better defined and allowed a more

reliable model building.
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Figure 4.14 Local resolution of the closed PdxR-DNA map with C2 symmetry. Map is

coloured according to the estimated local resolution values.

Local resolution estimation in the open conformer

Similarly to the closed map, the local resolution of the open conformer tends
to be higher around the AAT-like dimer and in the DNA-binding regions, both
at the AAT-like and the wHTH domains. However, the higher number of
particles used for its reconstruction and their more homogeneous angular
distribution allowed the reconstruction of a density map of the protein more
defined and clearer than the one obtained for the closed one. Despite this, the
double strand DNA was reconstructed at a slightly lower resolution, with the
lowest values registered in the region that is detached from the protein core.
An explanation for this phenomenon could be attributed to the higher mobility
and flexibility of the DNA where it is not anchored to PdXxR wHTH domain.
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Figure 4.15 Local resolution of the open PdxR-DNA reconstruction. Map is coloured
according to the estimated local resolution values.

4.3 Model building and Refinement

All density maps produced by the single particle analysis were sharpened using

the Autosharpen tool in Phenix (Liebschner et al., 2019), that improved map
contour and connectivity (Figure 4.16 A and 4.16 B).
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Figure 4.16 PdxR-DNA density map improvement and model fit. Panels A and B show the
closed map before and after the sharpening procedure performed by the Autosharpening tool
of Phenix. C: Atomic model of PdxR bound to double strand DNA modelled into the density

map. All maps contoured at 5 ¢ are visualized in Coot.

Even though we could not rely on previously determined atomic structure of
the full-length PdxR, it was possible to manually reconstruct an initial model

for PdxR-DNA complex by taking advantage of the experimental and
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computational data available on both GabR and PdxR. More in details, the
initial atomic model was obtained by assembling the crystal structure of the
AAT-like domain dimer in the apo state (data not published) with the wHTH
domains obtained by homology modelling (Tramonti et al.,2015, Figure 1.14).
The cryo-EM map of the C2-closed conformation was initially used to guide
the reconstruction of the full-length protein structure. To this purpose, the
AAT-like and the wHTH domains were rigid body fitted to the map by using
UCSF Chimera (Pettersen et al., 2004). The rigid body fit of the AAT-like
domain revealed an incorrect handedness of the reconstructed density map.
Therefore, prior to model fit, the handedness of both the closed and the open
cryo-EM reconstructions were corrected by using the flip handedness
command of UCSF Chimera. Due to the absence of clear density, the linkers
connecting the AAT-like domain with the wHTH domains of both dimers were
removed from the model. The obtained initial model produced for PdxR is

reported in Figure 4.17.
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Figure 4.17 PdxR assembled 3D model that was initially used for rigid body fitting cryo-EM
maps of the complex with DNA. The crystal structure of the AAT-like domain dimer of PdxR
is represented in orange ribbons; the wHTH domains extracted by the homology model are

shown in green ribbons.

The atomic model of DNA was initially generated by Coot as a 48-bp B-DNA
straight fragment. The rigid body fit of this model to the density map did not
produced satisfying fitting given the accentuate curvature defined by the
electron density of the DNA, most likely induced by the binding with PdxR.
Therefore, the DNA was fitted as follow: 1. the straight fragment of DNA was
approximately fitted as a rigid body into the density map; 2. the DNA was
refined and partially manually rebuilt, following the major and minor grooves
clearly visible in the electron density. A detail of the final fit is showed in
Figure 4.16 C.

A major problem in DNA fitting was the identification of the correct
directionality adopted by the double strand with respect to PdxR dimer. In fact,

while the direct and inverted repeats (motifs 1 and 3), targets of the PdxR
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wWHTH domains, have the same sequence with inverted orientation, the
bridging sequence between the two motifs is not palindromic. As a result, the
intrinsic asymmetry of the oligonucleotide sequence only allows the DNA to
arrange in a unique direction with respect to the protein. Nevertheless, the
quality of the DNA in the C2-closed map was not enough to clearly distinguish
all the single nucleotide bases of the fragment, jeopardizing a correct
assignment of the DNA direction. For this reason, a model for DNA was
reconstructed by using the open map, that showed higher resolution features at
the level of the protein-anchored portion up to the half of the DNA segment.
The DNA building and fitting were guided by the identification of the densities
corresponding to tracts of repeated bases (i.e., the A/T rich tracts). As an
example, Figure 4.18 shows a tract of the double strand DNA where the
density can only accommodate a repetition of pyrimidine bases in one strand
and purine bases on the other, but not vice versa. Following this procedure, in
the open map the DNA was fitted with motif 1 bound to the visible wHTH
domain, while motif 3 corresponds to the portion of DNA detached from the

protein, where the wHTH was missing.
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Figure 4.18 Close up view of the electron density map of the open PdxR-DNA conformer
where nucleotides of the A/T-rich region were fitted. The thicker tract of the density well
accommodates purines, while the thinner is well fitted by pyrimidine bases. The map is

contoured at 5 ¢ and visualized by Coot.

Once all pieces were assembled, the atomic model of PAXR-DNA, without one
of the wHTH domain, was rigid body refined against the open map and
manually adjusted to better model secondary structural elements and the amino
acid side chains where the density allowed manual reconstruction. The

reconstructed model of DNA was also used to fit the corresponding density in
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the closed map. Rigid body fit, manual building and refinement were carried
out to reconstruct the final atomic model of the closed PdxR-DNA complex.

4.4 Cryo-EM analysis of Bacillus clausii PdxR in complex with its target
DNA revealed the presence of two different conformational states

The cryo-EM structures of PdxR-DNA obtained are consistent with the
predicted homology 3D model (Tramonti et al., 2015) and confirmed the
domain-swap dimeric arrangement of the protein.

In addition, single particle analysis allowed the in silico isolation (and the
reconstruction) of the two most abundant populations of the complex showing
different conformations. In the closed conformation, PdxR is trapped in its
canonical domain-swap arrangement. The simultaneous binding of the two
WHTH domains to the double strand DNA compacts the structure of the
complex, inducing a pronounced bending of the DNA, that forms an arc of ~
~114°, and confers an overall C2-symmetry to the PdXR-DNA system.
Conversely, in the open conformation, the complex adopts a more relaxed
structure, with the DNA tail at motif 3 detached from the protein core and one
of the wHTH domains most likely dissociated from the AAT-like domain of
the adjacent monomer and not adopting a fixed position, hence its absence
from the electron density map (Figure 4.19). In the open form, the total angle
of curvature of the DNA is about 132°, i.e., ~20° less pronounced than in the

closed conformation.
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Figure 4.19 The overall structure of PAXR-DNA complex in its closed and open conformations
fitted in their relative cryo-EM maps (light grey). Closed and open conformers are represented

in red and sea green cartoons, respectively.

4.4.1 PdxR-DNA: closed conformation

The intergenic region target of PdxR is a ~120-bp DNA segment containing
pdxR and pdxST promoters and the TF binding sites. In our cryo-EM
experiments we used a 48-bp DNA fragment, covering the two direct and the

inverted repeats predicted as the PdxR binding sites (Figure 4.20).

5' ETGACCTCATAATTITQTTAAAAACTGACATTACAATGTGGTCAGTT 3’

1 2 3

Figure 4.20 Schematic representation of the 48-bp oligonucleotide used as PdxR target DNA.
The oligonucleotide comprises the two direct repeats (sequence and arrows highlighted in red)
and the inverted repeat (sequence and arrow highlighted in green). The positions of the -10

and -35 hexamers are boxed.
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As predicted, in its closed conformation PdxR binds the target DNA sites
anchoring the first direct (motif 1) and its palindromic inverted repeat (motif
3) with the two wHTH domains. The DNA molecule is largely bent to allow
the simultaneous contact with the PdXR DNA-binding domains, and it spans
longitudinally over the protein surface, establishing further contacts with the
AAT-like domains on a region that in GabR was called “positive ridge”
(Edayathumangalam et al., 2013).

Therefore, PdxR binds its target DNA through three main regions that
comprise: the two wHTH domains, in interaction with motif 1 and 3, and the
positive ridge of the AAT-like domain that contacts the phosphate groups of
the DNA backbone located at the site where the DNA fragment reaches its
maximum curvature. Several sites of interaction that we identified in these
regions involves PdxR residues also found in GabR and previously predicted
to contribute to its DNA binding. Figure 4.21 reports the sequence alignment
of B.clausii PdxR and B. subtilis GabR, where the common residues involved
in DNA binding are highlighted.

85



H, H H W

2 3
WAANN VW WVWVWN (T
bcPdxR  ---LNRDLPTPENEQLYAHIKTEITEGRIGYGTHLE LADSLK FVEAAYEQLVAEGYVEVI PGHEYVQ---
bsGabR  ---DRSEQADYJOQIYQKLKKEILSRNLLPHSVPKELAENLKVVISVNSAYQQOLLAEGY LYAIEJGRFVE - -~
8 80
H, Hy,
bcPdxR  —--DITSFPFEQWRRYFRQTMCKE-—- bcPdxR  ---QGDFE[HLNRMRKIYRRK---
bsGabR ———UrDHFPIKSWF’ECEQKAASRS——— bsGabR  ---SGEYQRHIKEMKOHYREK-—-
115 135 355 372

Figure 4.21 Sequence alignment of B. clausii PdxR and B. subtilis GabR. Partial structure-
based sequence alignment of the regions that in PdxR contact the DNA was made using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo). Symbols of secondary structure elements
of PdxR are shown on the top and marked with H (helices) and W (wing). Residues in black
bold indicate amino acids that interact with DNA in PdxR and are predicted as DNA-binding
sites in GabR. Fully conserved residues are displayed on a red background; conservative

substitutions are displayed with green background.

A detailed list of the contacts identified in the closed structure is given in
Tables 6.1, 6.2, 6.3 and 6.4 (see Appendix). The most relevant interactions
will be here described and discussed.

Similarly to other HTH transcription factors, PdxR recognizes its target DNA
by means of its WHTH domain, conserved among the GntR family. The wHTH
interacts with the DNA cognate site, i.e., motif 1, by following the typical
binding mode described for GntRs: the helices Hz and Hs, the latter called
“recognition helix”, invade the DNA major groove, while the wing (W)
contacts the minor groove (Figure 4.22).

This DNA-binding mode closely resembles the one found in FadR-DNA
crystal structure, being the helices and the wing positioned in a conserved
orientation with respect to the nucleic acid.
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Figure 4.22 Close up view of the wHTH domain in the closed conformer of PdxR-DNA
complex (red) superimposed to the FadR-DNA structure (pdb code: 1H9T; blue). The wHTH

domain and the DNA molecule of the two structures are displayed in cartoons.

Three residues of the wHTH domain of PdxR were predicted and proposed as
involved in DNA interaction, namely Arg43 and Ser52 located on the HTH
motif, and Lys75 on the wing. The cryo-EM structure of PdxR-DNA complex
confirmed these residues to be involved in the interactions with the consensus
sequences at motif 1 and motif 3 (Tables 6.1 and 6.2). In addition, other
contacts formed by flanking residues, i.e., Lys42 and Lys44 on H, GIn53,
Ans54 and Glu57 on Hs, Arg74 and Phe77 on the wing, contribute to the
interaction with the DNA cognate sequences (Figure 4.23).

Therefore, we identified three crucial DNA-binding segments at the wHTH

domain that form an extensive network of contacts with specific bases exposed
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to the major groove and with sugars and/or phosphates of the backbone
exposed to the minor groove formed at the PdxR specific DNA binding sites
(Table 6.1 and 6.2).

Other amino acids at the wHTH domain contribute to the DNA binding by
interacting with the phosphate backbone: Argl0, Leul6, and Tyrl7 on Hy,
Lys38 and Ser41 on the Hi-H: loop.

N

Figure 4.23 DNA-binding residues of the wHTH domain of the closed PdxR-DNA. Amino
acids that interact with the DNA are highlighted and labelled. Residues on the helices H, and
Hs, invading the major groove, are displayed in green and yellow sticks, respectively. Residues

on the wing, of which R74 and K75 contact the minor groove, are displayed as red sticks.
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Besides the DNA-binding residues on the wHTH domains, the final map
reconstructed through single particle analysis showed clear density
corresponding to the side chains of positively charged residues distributed at
the top of the AAT-like domains which forms electrostatic interactions with
DNA phosphate backbone. More specifically, we identified: i) Argl25,
Lys126 and Lys129 on Hs located at the interface between the two large
subdomains; ii) Lys360, Asn363, Arg364, Lys367, Arg370, Arg371 at the His
(Figure 4.24). These residues span longitudinally over the protein-DNA
central interface and are positioned at sites whose polarity is conserved among
the members of the MocR subfamily.

Figure 4.24 Amino acid residues on the AAT-like domains interact with the phosphate

backbone of the DNA. Secondary structure elements are represented in red cartoons. DNA-

binding residues are depicted in sticks and labelled. DNA is shown as grey cartoon.
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Of relevance is the interactions established by Lys129 of both PdxR dimers
that allows the long and flexible side chains of these basic residues to enter the
narrow minor groove found at the site of maximum curvature of the DNA
(Figure 4.25). The narrow minor groove is formed as consequence of the
pronounced bending of the DNA segment upon PdxR binding. Such
deformation, that enhanced the negative electrostatic potential of specific sites
of DNA, has been described as a general structural tool that confers specificity
to protein-DNA interactions occurring at the level of minor grooves (Rohs et
al. 2009). Therefore, the interaction of PdxR at the maximum of the curvature
of DNA represents a specific contact even if it is mediated by non-specific
interactions. The specificity is provided by a non-canonical geometry adopted
by the DNA when it is bound to PdxR.
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Figure 4.25 Insertion of Lys129 in the DNA narrow minor groove. Lys129 of both PdxR
monomers is represented as red sticks and the cryo-EM density is shown as blue mesh,
contoured at 5 . Secondary structure elements are depicted as light red ribbons. DNA is

represented as grey cartoon.

Another structural feature that is worth mentioning is the PLP binding site at
the AAT-like domain, that we identified in the PAXR-DNA cryo-EM structure.
Indeed, as already mentioned, the PdxXR C-terminal domain contains the
effector binding pocket, which is lined by two subdomains, the larger one
containing the PLP-binding invariant lysine, number 309 in PdxR, that forms
a Schiff-base linkage with PLP, and the smaller one that interacts with its a-

carboxylate group.
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A partially defined electron density was detected nearby Lys309 in both
monomers of the closed PdxR-DNA, which is consistent with a molecule of
PLP covalently bound to Lys309 (Figure 4.26). In the cavity identified, PLP
is surrounded by and contacts residues that are conserved in GabR and in fold
type | PLP-dependent enzymes (Edayathumangalam et al., 2013; Catazaro et
al., 2014). More in details, i) the nitrogen atom of PLP pyridine ring interacts
with the side chain of Asp276 on B3, a conserved residue also found in AATS
and in GabR, that maintains the correct protonation state of the cofactor
(Edayathumangalam et al., 2013); ii) the hydroxyl group at the C3 of the
pyridine ring contacts Tyr202 on the Bs-H7 loop, Phe247 on the second a-turn
and Tyr278 on Ps; iii) the phosphate group is involved in hydrogen bonds or
salt bridges with Ser308 on the third a-turn, Arg316 and Ser318 on Buo; iv) the

imine nitrogen forms an hydrogen bond with Thr112 on the 3-Hs loop.
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Figure 4.26 PLP bound in the AAT-like domain of the closed PdxR-DNA complex. Close up
view of the PLP-binding pocket in the closed conformation. Secondary structure elements are
shown in light red. PLP is represented as gold sticks and cryo-EM density (blue mesh, con-
toured at 5 o) is shown around the cofactor. Residues involved in the interaction with PLP are
shown in stick representation and labelled. For the sake of simplicity, only the PLP-binding

pocket of the monomer A is shown.

4.4.2 PdxR-DNA: open conformation

In the open conformation, binding to DNA is achieved through a single wHTH
domain that, according to our reconstruction, interacts with the first direct
repeat (motif 1). Similarly to what observed in the closed conformation, the
WHTH domain follows the very same mode of DNA binding, with H2 and Hs
helices contacting the major groove and the wing contacting the minor one at
the PdxR consensus sequence. Also in this state, an important contribution to
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the complex stabilization is provided by contacts established by the basic
residues at the ridge of the AAT-like domain of PdxR with the central portion
of the DNA, where it experiences the maximum bending. The protein-DNA
contacts identified in the open conformer both at the wHTH and at the AAT-
like domains are not dissimilar to those found in the closed structure and are
listed and detailed in Tables 6.5, 6.6 and 6.7 (see Appendix).

No density was found for the wHTH domain that in the closed conformation
contacts the inverted repeat (motif 3) of the DNA. The absence of such
interaction, that provides a strong structural constrain to the final conformation
assumed by the double strand DNA, causes the dissociation of one tail of the
DNA segment from the AAT-like domain core and changes the angle of the
overall DNA curvature of about 20 ° (Figure 4.27). The quality of the density
map surrounding the protein-detached tail of DNA suffers of the enhanced
conformational freedom of the segment, as it becomes lower.

Analogously, we believe that the absence of density defining one of the wHTH
domains in the open conformer is due to the intrinsic limitations of single
particle analysis in reconstructing highly flexible portions of macromolecules.
In a state where only one wHTH domain is bound to DNA, the second wHTH
domain may samples various conformations, being endowed with a high
degree of flexibility which is conferred by the long linker that connects it to
the AAT-like core. Therefore, in the absence of binding to DNA, the inherent
dynamics of the linker-wHTH portion, that may explore multiple

conformational states, hampered the cryo-EM map reconstruction of that site.
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Figure 4.27 Superimposition of the closed and the open conformers of PAxR-DNA complex.
Closed and open PdxR-DNA complexes are represented in red and sea green cartoons,
respectively. The change in the DNA overall curvature which is due to the absence of the
interaction with the second wHTH domain observed in the open complex is highlighted and

zoomed in the inset.

This observation is supported by previous studies performed on PdxR and
GabR that provide a physiological explanation. It was proposed that the
flexible linker allows the wHTH domain to slide away from the AAT-like
protein core regulating the interaction of the TF with the target DNA repeats
(Tramonti et al., 2015; Milano et al., 2017; Frezzini et al., 2019), governing
the transcription mechanism. In fact, the conformational change that might
involve the linker-wHTH portion likely governs the binding to the regulatory
elements in the pdxR-pdxST operon, and subsequently the molecular
mechanism of the activation/repression of the transcription.

We can exclude that the open conformer is a result of a partially PLP bound

form. Indeed, we found a discrete density in the PLP-binding pocket that
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corresponds to one molecule of PLP covalently bound to Lys309 of both
dimers (Figure 4.28).

Figure 4.28 PLP bound in the AAT-like domain of the open PdxR-DNA complex. PLP is
represented as gold sticks and its cryo-EM density is shown as blue mesh, contoured at 5 o.
Secondary structure elements are represented in sea green cartoons and residues nearby PLP
are shown in sticks and labelled. For the sake of simplicity, only the PLP-binding cleft of the

monomer A is shown.

4.5 Structural predictions revealed the intrinsic curvature of PdxR
target DNA

The control of gene expression relies on the recognition of specific DNA
sequences by TFs. A key element underlying the recognition between TFs and
their cognate sequences is the so-called base readout (or direct readout;
Seeman et al., 1976). The recognition of the unique chemical signatures of the
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DNA bases predominantly occurs through the formation of hydrogen bonds
and salt bridges between amino acid side chains (Arg, Asn, Gln, Lys, Ser) and
base pairs exposing donors and acceptor groups in major and minor grooves,
but also nonpolar interaction can be established (Harrison and Aggarwal, 1990).
However, the base readout alone is not sufficient for proteins to discriminate
DNA target sites. A fundamental role in the protein-DNA recognition
mechanism is played by the shape and deformability of the nucleic acid (shape
readout or indirect readout). A deviation from a straight B-DNA structure
allows proteins to establish contacts also with distal DNA regions, conferring
further specificity (Perez-Martin and De Lorenzo, 1997).

It is noteworthy that the shape readout has a significant influence on the base
recognition from a protein, since the bases exposed in major and minor grooves
are different depending on the conformation of the DNA (Harteis and
Scheinder, 2014).

Thus, the stability of a protein-DNA interaction is maximized by the interplay
of sequence recognition and conformational flexibility of both partners.

The deformation of the DNA shape can be localized in a specific site or the
overall shape of a DNA region can be altered with respect to an ideal B-form.

A local shape variation usually involves a single base pair step, like in DNA
kinks, or small DNA tracts with alterations in groove width, such as narrow
minor grooves that are generally present in AT-rich sequences (Rohs et al.,
2009).

An example of global shape distortion is DNA bending, which produces a
curvature on the entire sequence. The curvature of a DNA segment is sequence-
dependent since every nucleotide tract has an intrinsic propensity to bend in a

certain direction (Hagerman, 1990). For example, contiguous A or T tracts are
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known to generate curved structures, but also dinucleotides like AG or GC can
contribute to alter DNA linearity (Bolshoy et al., 1991).

DNA bendability is not a static phenomenon and its interaction with proteins,
such as TFs, relies on a certain degree of conformational dynamics. In fact, if
a sequence-dependent preformed conformation of a DNA fragment is
necessary for protein recognition, it can be further distorted and stabilized by
the binding of a protein, in a way that it optimizes the exposure of the
interacting surfaces of both partners (Rohs et al., 2009). This is a crucial
mechanism that TFs exploit to exert their regulatory function.

The regulation of gene expression requires the correct assembly of the
molecular machinery involved in transcription and both the intrinsic and
protein-induced bendability of DNA plays a crucial role in the achievement of
the adequate geometry of nucleoprotein complexes. In fact, the correct
architecture of promoter regions is essential for TFs to recognize and
discriminate the target sequence, to recruit interacting proteins and favour the
opening of the DNA double helix (Perez-Martin and De Lorenzo, 1997; Van
Der vliet, 1993).

To examine the role of the shape readout in PdXR-DNA recognition, we
studied the intrinsic bendability of the 48-bp fragment by means of an in silico
analysis performed by a DNA curvature analysis tool (C. Gobhlke,
www.Ifd.uci.edu/~gohlke/dnacurve/). This prediction tool generates a 3D
model of DNA calculating its global structure from the nucleotide sequence.
Therefore, we provided the DNA sequence, and we chose the algorithm based
on the AA wedge model to calculate a 3D structure showing the bendability of
the fragment when it is not bound to the protein.

The resulting 3D-model of DNA revealed some extent of intrinsic propensity
to bend of the fragment, displaying a slight overall bending that brings the two
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cognate sites (motifs 1 and 3) toward each other (Figure 4.29 A). In the
unbound state, the total angle of curvature of the DNA is about 165°. It is
possible to identify a region in which the curvature is more accentuated, which
corresponds to an adenine-thymine rich tract (5> TTTTCTTAAAAA 3°),

which, as already mentioned, is known to be a curvature-inducing feature

(Hizver et al., 2001). Alternative 3D DNA structures were also generated,
following algorithms based on different models (Figure 4.29 B). Nevertheless,
all the resulting structures curve in the same direction, although showing
different extent of bending.

Therefore, combining the information obtained by the cryo-EM structures of
PdxR-DNA complex with the structural prediction of the inherent bending of
the 48-bp oligonucleotide, it turns out that when PdxR binds the target DNA,
it induces a conformational change in the double helix that imposes a further
bending to its intrinsic curvature (Figure 4.30).

The specific interaction established between one wHTH domain of PdxR and
motif 1 of the bent target DNA gives rise to the formation of an initial protein-
DNA complex (open conformation) that further compacts when two wHTH
domains simultaneously bind to motif 1 and 3 of the cognate DNA (closed

conformation; Figure 4.30 B and D).
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Figure 4.29 3D structures of the PdxR target DNA backbone generated using the DNA
curvature analysis tool (C. Gohlke, www.lIfd.uci.edu/~gohlke/dnacurve/). A: structural
prediction of the DNA based on the AA wedge model. B: AA wedge-based 3D structure (grey)
is superimposed to alternative structures generated using the following models: Bolshoy and
Trifonov (blue), Cacchione & De Santis (magenta), Calladine & Drew (green), DNAse |

consensus (yellow), nucleosome positioning (red).
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Figure 4.30 The curvature of PdxR target DNA. A: The predicted curvature of the 48-bp DNA
containing the target sequences of PdxR. The 3D structure of the DNA backbone was
generated using the AA wedge model provided by the DNA curvature analysis online tool (C.
Gohlke, www.Ifd.uci.edu/~gohlke/dnacurve/). B: Highlight on the DNA molecule in the
PdxR-bound form (front view), as it was built in the open conformer model. C: Top view of
the open conformer structure, showing the overall shape induced by the binding of one wHTH
domain. D: Front view of the DNA in the closed PdxR-DNA structure. E: Top view of the
closed PdxR-DNA structure. Double strand DNA are depicted in grey cartoons. PdxR cognate
binding sites are highlighted and coloured in green; the AT-rich region of the fragment is

coloured in blue. Protein is represented in white transparent cartoon.
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It is possible that the conformational change induced by binding of the first
wWHTH domain of PdxR to DNA, that increases its curvature with respect to
the unbound state of about 30°, might facilitate the anchoring of the second
WHTH domain to the target inverted repeat. In this configuration, the
simultaneous binding of the two wHTH domains can only occur on opposite
sites, as observed in the closed structure, given the head-to-tail disposition of
the two PdXR monomers. As a consequence, the DNA further bends of ~ 20°
and slightly curves following the opposite position of the wHTH domains. It
assumes an “S” shape, which is visible examining the top view of the protein-
DNA closed complex. In the open conformer, a similar arrangement is not
occurring, being the DNA anchored to one wHTH (Figure 4.30 C and E).

A local alteration of the canonical DNA shape is represented by the minor
groove narrowing, which is correlated with the presence of AT-rich tracts
(Rohs et al., 2009). This phenomenon is a direct consequence of the overall
deviation from an ideal B-DNA form, typical of the PdxR target DNA in the
unbound form. The predicted structural model revealed the presence of some
narrow minor grooves around the site of maximum curvature which is AT-rich.
Only one of them is exposed to the concave side of the DNA where PdxR
binds. As discussed in paragraph 4.4.1, this atypical minor groove confers
specificity to that site and constitute a key contact for lysines n. 129 at the
interface of AAT-like domains (Figure 4.25). Notably, this local alteration is
present even in the unbound state, as determined from the structural prediction.
Indeed, we estimated that the angle of the groove changes of about 10° with
respect to an ideal straight form. This observation reinforces the role of the
DNA conformation in PdxR binding, representing an example of the shape

readout in protein-DNA recognition.
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To summarize, the DNA target of PdxR possesses an intrinsic and sequence-
dependent propensity to bend. Once the first wHTH domain binds motif 1,
inducing a conformational change to the DNA, such propensity could favour
the reorienting of motif 3 in the position that allow the recognition of the
specific bases by the second wHTH domain, imposing further curvature.

With the aim to prove the role of base and shape readout in PdxR-DNA binding
mechanism, we produced modified forms of the 48-bp fragment where both
the target sequences and the overall shape of the segment were altered. The

change in PdxR binding capability was analysed.

4.6 The DNA sequence and shape dictate the binding specificity with
PdxR

In order to understand the relevance of sequence specificity and DNA
conformation in the mechanism of recognition of PdxR target sites, we
designed different fragments that introduce variations in the target DNA. Two
types of DNA were designed, i) to specifically alter the sequence of the two
inverted cognate sites bound by PdxR, ii) to disrupt the intrinsic bendability of
the fragment. The first sequence produced contains modified nucleotides at
motifs 1 and 3, to impair the binding to the target direct and inverted repeat
(M13). To exclude that the substitution in the cognates binding repeats
introduced alterations in the DNA overall shape, a 3D structure of the M13
sequence was calculated (C. Gohlke, www.Ifd.uci.edu/~gohlke/dnacurve/).

Two DNA sequences were designed to alter the intrinsic bendability of PdxR
target DNA on the basis of the predicted models. The nucleotide sequence
bridging the two repeats was modified in one mutant to achieve the maximum

curvature possible with the 48-bp fragment of interest. In the second DNA
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sequence, the nucleotide substitutions introduced aimed at totally abolishing
the DNA curvature, generating a straight B-form. The two fragments were
called “bent” and “straight”, respectively (Figure 4.31 A and B).

All DNA sequences are reported in Table 3.2 (Materials and Methods). Their

predicted 3D structures are shown in Figure 4.31.
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Figure 4.31 Predicted 3D structures of the mutated sequences of the PdxR target DNA in
which alterations in the overall curvature (A and B) and in the binding motifs (C) have been
introduced. A: structure of the bent mutant (maximum curvature achievable); B: straight
mutant. C: the superimposition of the wt DNA form (grey) and of the M13 mutant confirmed

that the mutations did not alter the overall conformation of the DNA.
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The change in affinity of the DNA modified forms for PdXR compared to the
wild type fragment (wt) was measured using Electrophoretic Mobility Shift
Assays (EMSA).

EMSA were performed with a DNA concentration of 10 nM (wt and the three
mutants) and varying the concentration of purified PdxR from 25 nM to 800
nM. The addition of PdxR to the DNA determines the formation of an upper
band corresponding to a protein-DNA complex (black arrows in Figure 4.32),
whose density increases with protein concentration.

In all the cases, the modifications introduced at the cognate sites and in the
interspacing region of the fragment impair to some extent the PdxR-DNA
binding compared to the wt (Kpapp = 60038 nM), as highlighted by the
decrease in complex affinity. The Kpapp measured for the M13 mutant is
1000£110 nM, while is 910+£71 nM and 900+82 nM for the bent and the
straight form, respectively.

Taken together, these results indicate that both the DNA base and the shape
readout influence the mechanism followed by PdxR to recognize its DNA
target sites, even if none of the designed mutant largely reduce or totally
abolish the protein-DNA interaction.

105



25 50 100 200 400 800 0 25 50 100 200 400 800 nM PdxR

ww“' | —

WT BENT
0 25 50 100 200 400 800 0 25 50 100 200 400 800 nM PdxR
e d
[ -
: we »ow e
STRAIGHT Mm13

Figure 4.32 EMSA analyses of the interaction between PdxR and the different forms of the
target DNA. EMSA was carried out with increasing protein concentrations and with a fixed

DNA concentration (10 nM). For each PdxR form, a single representative experiment is
shown. The table on the right reports the Kp app Values estimated from at least three independent
experiments. Red and black arrows indicate the bands corresponding to free DNA and PdxR-

DNA complex, respectively.

Of note, at high PdxR concentrations, and especially when complexed with the
“bent” mutant, a slower band is visible which may be due to the formation of

higher order complexes.
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5. Conclusions and Future

Perspectives

The regulation of gene expression in bacteria is the result of several intricate
and finely tuned mechanisms to produce the right molecular machinery for a
plethora of processes encompassing developmental plasticity, homeostasis and
environmental adaptation.

Transcription factors (TFs) represent the main players in these networks, since
in bacteria the control of gene expression relies mainly on transcriptional
modulation.

The target of this work belongs to the MocR subfamily which is part of the
GntR family of TFs. MocR represents an understudied group of regulators
involved in pyridoxal 5’-phosphate (PLP) and amino compound metabolic
pathways, broadly distributed among Eubacteria.

The molecular mechanism at the basis of MocR transcriptional regulation has
not been clarified yet, given the absence of structural information of TF-DNA
complexes. The member of the MocR family which has been better
characterized is GabR from Bacillus subtilis. However, the only structure
available for a GntR TF in complex with DNA is the one of FadR from
Escherichia coli which is not a member of the MocR group.

Our studies aimed at filling this gap, solving the cryo-EM structure of Bacillus
clausii PdxR in complex with its target DNA. The MocR regulator PdxR
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intervenes in the de novo biosynthesis of PLP, acting on genes encoding the
PLP-synthase subunits, as well as its own gene. The target regulon
encompasses the pdxR-pdxST intergenic region (~120 bp) and its
characterization highlighted the presence of two direct and one inverted repeat
representing the PdxR binding sites. The affinity for the repeats changes
according to the presence or the absence of bound PLP, which is the PdxR
effector ligand that regulates its transcriptional activity.

Cryo-EM structure of PLP-bound PdxR revealed that the winged helix-turn-
helix (WHTH) and the aspartate aminotransferase (AAT)-like domain are
associated in a domain-swap homodimeric assembly, confirming the
prediction based on the crystal structure of the homologous GabR.

We observed two different conformational states of PdXR-DNA complex, a
closed and an open one. In the “closed” one, the domain-swap homodimeric
assembly simultaneously binds the first direct repeat and the inverted one (also
called motifs 1 and 3 in this thesis) through the wHTH domains, whereas in
the “open” state only one of the wHTHs is bound to DNA. The second wHTH
does not have a fixed position and it is not present in the cryo-EM map.
Consequently, the inverted repeat is not bound to PdxR and it shows an
enhanced mobility.

The cryo-EM maps were reconstructed at 3.7 A (closed state) and 3.9 A
resolution (open state), with a higher local resolution at the level of the AAT-
like core and of the region of protein-DNA contacts that allowed us to model
PLP as an internal aldimine and to identify PdXR amino acids and nucleotide
bases which are involved in protein-DNA interaction.

We observed that the wHTH domains contact the DNA grooves at motifs 1
and 3 in a conserved manner, as already noticed in the structure of FadR-DNA
complex, and we identified several residues forming specific interactions with
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DNA bases. Moreover, on the surface of the AAT-like dimer are present
residues that anchor the DNA to the protein, establishing electrostatic contacts
with the phosphate groups, as predicted in Tramonti et al. in 2015. The
consistency of our cryo-EM structures with data reported in literature validates
our 3D models.

Both the closed and open structures revealed that when the DNA is bound to
PdxR it induces a pronounced curvature on the nucleic acid.

The in silico analysis of the DNA sequence highlighted that the PdxR target
fragment has an intrinsic bendability in the unbound form, conferred by the
AT-rich tracts located at the bridging segment between the first direct repeat
and the indirect repeat.

To investigate the role of the DNA sequence and conformation in the complex
formation and stability, a sequence with modifications of motifs 1 and 3 and
two different DNA sequences with altered bendability (one straight and one
bent), were produced and analysed for their affinity toward PdxR by
electrophoretic mobility shift assay (EMSA). The lower stability of the PdxR-
DNA complex calculated using oligos with altered DNA sequences
highlighted that, although complex formation was not abolished, the mutations
at consensus sequences and variation of the original DNA curvature altered the
overall stability of the complex, suggesting that both base recognition and
shape readout orchestrate the specific PAXR-DNA interaction.

The contribute of both base and shape readout to protein-DNA recognition was
previously inferred from functional data for Bacillus subtilis GabR, and a
kinetic model for TF-DNA binding was proposed (Figure 5.1). Al-Azyoud et
al. hypothesized an initial step in which GabR binds the first repeat of its target
DNA with a single wHTH domain. This step was supposed to be only driven
by base readout interactions, independently from the DNA curvature.
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Following this model, the binding of the second wHTH likely occurs when the
DNA assumes a conformation which correctly orients the second repeat,

forming a more stable complex still endowed with a certain degree of

dynamics.
- ‘ —
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Figure 5.1 Schematic representation of the kinetic model proposed for GabR-DNA
interaction. In the first step one wHTH domain binds the first DNA repeat independently of
the bridging sequence. The second step depends on the conformational variations of the DNA
and occurs when the conformation adopted by DNA allows the second repeat to be oriented
correctly for the binding of the free wHTH domain (Adapted from Al-Zyoud et al., 2016).

Our cryo-EM data on PdxR provides the first direct structural evidence for this
model, since we captured an open conformation with a wHTH detached by the
inverted repeat.

Thus, the open conformer should represent an intermediate state preliminary
to PdxR full binding to the first direct and the inverted repeat (closed state).
This conformer is favored in the PLP-bound form of PdxR, when the
transcription of the pdxST genes needs to be repressed.

Our data also indicate that in the mechanism of PdxR-DNA binding a

conformational change is experienced by both the DNA and the protein.
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One advantage of using cryo-EM is the possibility to detect more than one
conformation of the macromolecule or complex of interest in a context, i.e.,
the vitrified ice, that is representative of the distribution of states in solution.
Indeed, particle classification allows to isolate and treat different states
separately. This advanced methodology allows us to study flexible and
sometimes transient complexes that usually are not amenable to crystallization.
Our results represent a fundamental step to clarify the molecular mechanism
of the MocR TFs, since we describe the PdXR-DNA interaction and its
dynamics. These structures represent a model for the entire subfamily, given
the predicted structural homology of the different members.

We are in the process of extending the single-particle analysis, including data
recently collected on the 300kV Krios microscope at the ESRF facility, to
explore the possibility to gain higher-resolution and more detailed
reconstructions. Moreover, in collaboration with Prof. Anita Scipioni and Prof.
Roberto Contestabile of Sapienza University, we plan to design new DNA
sequences inserting modifications in different groups of nucleotides of the
target sequences and in the bridging sequence to locally/globally alter DNA
conformation. We also plan to mutate PdxR residues on the AAT-like domain
to evaluate the role of the positively charged surface on the protein core in
DNA binding, coupled to the DNA bending.

A clear understating of the regulatory activity of PdxR and more in general of
MocR may shed light on different interesting aspects of bacterial metabolism
and pathogenicity, since this group of TFs are known to be involved in the
regulation of many metabolic pathways, such as host adaptation by bacteria.
Inhibition of vital mechanisms could block bacterial proliferation and the

development of latent infections. Therefore, systems regulating the production
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of vitamin Bs, such as PdxR, may be promising drug targets for the treatment
of bacterial infections.
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6. Appendix
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Table 6.1 Closed PdxR-DNA contacts on the wHTH domain, monomer A

PdxR  Group Location | DNA Group Location | Distance (A)
Argl0 NH1 turn A39’ PO4 backbone | 3.6
NH2 turn A39’ POs  backbone | 3.6
N turn C5 POs  backbone | 4.4
@) turn C5 PO4 backbone | 3.3
Leuls6 N H: A39 POs  backbone | 3.5
Tyrl7 OH Hi G38’ PO4 backbone | 3.6
ring Hi A39’ PO4 backbone | 3.9
Lys38 NZ turn A4 PO4 m 4.0
Ser4dl  0OG turn A4 PO4 M 3.8
0G turn C5 PO4 M 4.2
Lysd2 NZ H2 C6 PO4 M 3.1
NZ H2 C6 ring M 3.7
Argd3 NE Ho A4 N7 M 3.0
NE H2 A4 N6 M 3.7
NE H2 C5 N4 M 3.0
NH2 Ho A4 N6 M 3.4
NH2 H2 G44° 06 M 3.4
NH2 H2 C5 N4 M 2.8
Lys44 Nz H2 A4 PO4 M 3.9
Ser52  0OG turn T40’ PO4 M 3.2
0G turn G41’ PO4 M 4.4
GIn53 NE2 Hs C6 N4 M 4.0
OE1l Hs C5 N4 M 3.2
Asn54 ND2 Hs T40° 04 M 3.3
ND2 Hs G41° 06 M 2.7
ND2 Hs C8 N4 M 3.7
OD1 Hs A42’ N6 M 3.7
OD1 Hs T7 04 M 3.6
Glu57 OE1l Hs C6 N4 M 4.2
Arg74 NE wing A4T o4’ m 3.1
NH2 wing C46’° 03’ m 3.5
NH1 wing C46’° o4’ m 3.8
Lys75 NZ wing A4T N3 m 5.0
NZ wing G48’ o4 m 4.2
N wing C5 PO4 m 4.4
0 wing C5 PO4 m 3.3
Phe77  ring wing C5 PO4 M 4.0

The symbol ’ indicates the 3’ - 5’ strand of the DNA

M = major groove
m = minor groove

backbone = edge between major and minor groove
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Table 6.2 Closed PdxR-DNA contacts on the wHTH domain, monomer B

PdxR Group Location | DNA  Group Location | Distance (A)
Leuls6 N H: G39 PO backbone | 4.0
Tyrl7 OH Hi T38 PO4 backbone | 5.0
N H: G39 PO4 backbone | 4.8
ring Hi G39 PO, backbone | 3.1
Lys38 NZ turn T4 PO, backbone | 4.2
Ser4l oG turn T4 PO, m 2.9
Lys42 NZ Ha A6’ PO4 M 4.8
Argd3  NH2 H» G5’ PO4 M 3.6
NH2 H> G5’ (OR) M 4.0
NH2 H: G5’ o4’ M 3.2
NH2 Hs G5’ N2 M 3.5
NH1 H> G5’ PO4 M 3.1
NH1 H G46 N2 M 3.8
NH1 H: T4 02 M 2.8
NH1 Hs A45 N3 M 3.0
NE Ha G5’ o4 M 3.0
NE Ha G5’ 05’ M 35
NE Ha G5’ PO4 M 3.6
NE Ha T4 02 M 4.1
NE Ha A45 N3 M 3.6
NE Ha G5’ ring M 35
Lys44 NZ H2 T4 PO4 M 3.8
NZ Ha C3’ PO4 M 3.9
NZ H2 c3® os’ M 4.0
Ser52 oG turn T40 PO, M 35
GIn53 OEl1 Hs A6’ N7 M 3.1
OE1l Hs G5’ N7 M 4.3
NE2 Hs A6’ PO4 M 3.7
Asn54 OD1 Hs Ccr N4 M 31
OD1 Hs A6’ N7 M 3.8
OD1 H3 A6’ N6 M 5.0
ND2 Hs cr N4 M 33
ND2 Hs T40 04 M 38
ND2 Hs G39 N7 M 38
Thr55  OGl Hgs G39  POq M 3.6
Glu57 OE2 Hs A6’ (OR) M 33
OE2 Hs A6’ PO4 M 3.6
OE1l Hs A6’ N7 M 3.9
OE1l Hs A6’ N9 M 4.3
Arg74  NE wing T47 03’ m 3.3
NH2  wing T47 PO4 m 5
Lys75 Nz wing G5’ PO, m 3.6
NZ wing A6’ PO, m 4.1

The symbol * indicates the 3° = 5’ strand of the DNA

M = major groove
m = minor groove

backbone = edge between major and minor groove
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Table 6.3 Closed PdxR-DNA contacts on the AAT-like domain, monomer A

PdxR Group Location | DNA Group Location | Distance (A)
Argl25 NH1 Hs T26 PO4 backbone | 4.8
Lys126 NZ Ha A28  POq M 4.4
Lys129 NZ Ha T26 PO, m 4.9
Lys360 Nz His Al16>  POq4 M 4.7
Asn363 ND2 His Al16>  PO4 m 4.5
Arg364 NH2 His Al17°  POq4 M 4.7
Lys367 NZ His Al7”  POq m 4.6
Arg370 NH1 His A37 PO4 backbone | 3.5
NH2 His A37 PO4 backbone | 3.2
Arg371 NH1 Hiz A36 PO4 backbone | 3.6
NH2 His A36 PO, backbone | 2.9

Table 6.4 Closed PdxR-DNA contacts on the AAT-like domain, monomer B

PdxR Group Location | DNA Group Location Distance (A)
Lys126 NZ Ha T28 P04 M 3.7
Lys129 NZ Ha T27°  PO4 m 3.7
Lys360 NZ His T16 PO4 M 2.8
Asn363 ND2 His T16 PO4 m 4.3
Arg364 NH1 His C17 PO4 M 3.8
Lys367 NZ His A36> 03’ m 3.5
Arg370 NH1 His T37° PO4 M 3.0
Arg371 NH1 His A36> POs backbone | 3.0
NH2 His A36> POq4 backbone | 3.5

The symbol * indicates the 3’ = 5’ strand of the DNA

M = major groove
m = minor groove

backbone = edge between major and minor groove
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Table 6.5 Open PdXR-DNA contacts on the wHTH domain, monomer A

PdxR  Group Location | DNA Group Location | Distance (A)
Leuls6 N H: A39’ PO4 backbone | 3.1
Tyrl7 OH Hi G3® PO4 backbone | 5.0
ring Hi A39’ PO;  backbone | 5.0
Lys38 Nz turn A4 POs m 5.0
Ser4l  OG turn A4 PO4 M 4.0
0oG turn C5 PO4 M 35
Lys42 NZ H. C5 PO, M 3.1
NZ Ho C5 ring M 3.9
NZ Ho C6 PO, M 4.6
NZ Ha C6 ring M 3.9
Arg43 NH2 H. A4 N6 M 5.0
NH2 H: C5 N4 M 2.6
NH2 Ho A4 N7 M 45
NH1 Ho G44’ 06 M 4.8
NH1 H. G43’ 06 M 4.3
Lys44 NZ H. A4 PO, M 3.0
NZ H: G3 PO4 M 4.2
Ser52  OG turn T40° 04 M 44
0G turn G41’ 06 M 4.4
0oG turn G41° N7 M 2.7
GIn53 NE2 Hs T7 04 M 2.9
OE1 Hs Cé6 N4 M 2.9
OE1 Hs A42’ N6 M 2.8
Asn54 ND2 Hs T40° 04 M 3.6
ND2 Hs G4r’ 06 M 2.6
ND2 Hs C8 N4 M 3.4
ND2 Hs A9 N6 M 4.4
ND2 Hs A42’ N6 M 4.2
ND2 Hs T7 04 M 4.4
OD1 Hs A3Y’ N6 M 5.0
Glu57 OE1 Hs T7 04 M 4.8
OE1 Hs C6 N4 M 4.6
Arg74 NE wing C5 o4 m 4.9
NH2 wing C46° 03’ m 4.2
NH2 wing C46° o4’ m 4.6
NH1 wing A4T POs m 5.0
NH1 wing A4T 04’ m 2.5
NH1 wing G3 N2 m 4.0
NH1 wing C46’ 02 m 3.3
Lys75 NZ wing A4T N3 m 4.9
NZ wing G48’ o4’ m 4.2
N wing A4 03’ m 4.9
0o wing A4 03’ m 4.6
Phe77  ring wing C5 PO, M 5.0

The symbol * indicates the 3° = 5’ strand of the DNA

M = major groove

m = minor groove

backbone = edge between major and minor groove
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Table 6.6 Open PdxR-DNA contacts on the AAT-like domain ridge, monomer A

PdxR Group Location | DNA Group Location | Distance (A)
Argl25 NH1 Hs T26 PO, backbone | 4.4
Lys126 NZ Ha A28 POy M 4.4
NZ His G27  0O5 M 4.9
Lys129 NZ His G27  PO4 m 2.9
Lys360 NZ His Al7’  PO4 M 3.6
Arg364 NH2 His Al17’  POq M 4.6
Lys367 NZ His A36 PO m 4.6
Arg370 NH1 Hus A37 PO4 backbone | 5.0
NH2 His A36 PO4 backbone | 2.4
Arg371 NH1 His C35 PO4 m 4.0
NH2 His A36 POy m 3.1

Table 6.7 Open PdxR-DNA contacts on the AAT-like domain ridge, monomer B

PdxR Group Location | DNA Group Location | Distance (A)
Argl25 NH1 Ha T27  PO4 backbone | 4.5
Lys126 NZ Hs T28  POg4 M 4.7
Lys129 NZ Hs T26 PO4 m 5.0
NZ Ha T27° POqs m 5.0
Lys360 NZ His T16 PO4 M 4.0
Arg364 NH1 His C17 PO4 M 4.9
Asn363 ND2 His T16 PO4 m 4.1
Lys367 NZ His T16 03’ m 4.2
NZ His C17 PO4 m 4.6
Arg370 NH1 His T37° PO4 backbone | 3.3
Arg371 NH1 His A36° POq M 4.8

The symbol ’ indicates the 3> > 5’ strand of the DNA
M = major groove

m = minor groove

backbone = edge between major and minor groove
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