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Abstract

Abstract

Cholera is an acute diarrheal infection caused by the bacterium Vibrio cholerae. An
estimated 2.9 million of cases and about 100000 cholera deaths occur annually all over
the world. Upon ingestion of the V. cholerae, the bacterium travels to small intestine
where it colonizes and produces the cholera toxin. Cholera toxin raises intracellular
cyclic AMP and leads to chloride secretion and the subsequent secretory diarrhoea.
Cholera toxin production is regulated through the master virulence regulator ToxT.
Trascriptional activation of toxT is activated by membrane-localized ToxR, in association
with another membrane protein named TcpP. Both ToxR and TcpP work as a two-
component regulatory system merged in single proteins: they receive an external signal
through its periplasmic C-terminal domain and bind to the toxT promoter by their
cytoplasmic N-terminal domains. This project thesis aims at characterizing part of the
system by studying ToxR-DNA complexes, since two ToxR molecules are supposed to
bind the promoter to recruit TcpP and hence the RNA polymerase for transcription
activation. Using X-ray crystallography, we have solved the structure of three complexes
of the ToxR DNA binding domain with 20-bp, 40-bp and 25-bp oligonucleotides at 2.0 A,
2.6 A and 3.2 A resolution, respectively. According to the three structures, ToxR is able
to bind to an extensive region of the toxT promoter that goes from the position -97 to
the position -45. Considering an integrated model of the three structures, there are four
ToxR molecules binding the toxT promoter: two molecules bind the DNA in tandem, one
molecule binds the ToxR degenerate box and the last one is binding what is supposed to
be the TcpP binding site. The structure determination of the three complexes is
important to define with more accuracy the ToxR binding site in the toxT promoter. This
site is characterized by eleven bases with a high A-T rich region sequence followed by a
CATA/CATG/TGTA box, where the last two bases perform direct and specific contacts
with the protein. In the three structures, ToxR shows a winged helix-turn-helix (w-HTH)
fold. The wing interacts with the minor groove in an A-T rich region sequence while the

recognition helix enters in the major groove at the region with a sequence
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Abstract

corresponding to a CATA box. We have compared ToxR with the other w-HTH family
proteins and we have found a new structural element, the secondary wing, which
displays interactions with the DNA. We have analyzed the protein-DNA contacts in the
three structures, and also the protein-protein interactions in the ToxR-DNA40 structure,
thus validating the data published on ToxR defective mutations. Finally, we put forward
a model of toxT promoter activation at molecular level, based on our crystal structures
and on what is known in literature and from our collaborators. We propose that ToxR
acts as co-activator in the first steps of toxT transcription activation at different levels.
First, it would capture the DNA and hold it close to the cytoplasmic membrane, since
both ToxR and TcpP are membrane proteins. Second, it would play a key-role in relieving
H-NS from the toxT promoter: H-NS binds the DNA and transcription is repressed, but
ToxR is able to replace it in a region that goes from -97 to -45. Third, ToxR would not be
recruiting the RNA polymerase directly, but creating the suitable conditions for the
action of TcpP. ToxR recruits TcpP probably through a hand-holding mechanism since

one of the ToxR binding site is very close to the TcpP’s binding site.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Background

1.1.1 What is cholera?

Cholera is an acute diarrheal infection caused by the ingestion of food or water
contaminated with the gram-negative bacterium Vibrio cholerae of the 01 or 0139
serogroup. The disease is endemic in more than 50 countries and is also responsible for
large epidemics worldwide. Patients with cholera are treated with vigorous fluid
replacement, which can decrease mortality from more than 50% to less than 0.2%.
Antibiotic medication reduces volume and duration of diarrhea by 50%. Safe water and a
better sanitation are tow key-factors to prevent cholera (Harris et al. 2003). Oral cholera
vaccines are increasingly used as an additional tool to control cholera outbreaks,

although they are not fully effective (WHO 2010).

1.1.2 History of cholera

Cholera was described for the first time in Sanskrit in the 5th century B.C. and has
persisted on the Indian subcontinent for centuries. The disease spread out of the Indian
subcontinent in 1817, and between 1817 and 1923 six cholera pandemics occurred all
over the world. In 1854, London physician John Snow proposed that cholera was a
transmittable disease and that stool contained infectious material that could
contaminate drinking water supplies. He devised a dot map to illustrate the cluster of
cholera cases around the water pumps and used statistics to illustrate the connection

between the quality of the water source and cholera cases (Figure 1) (Johnson 2006).
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Figure 1. Colour version of John Snow's map showing the clusters of cholera cases in the London epidemic
of 1854 (Johnson 2006).

In 1854, Filippo Pacini found comma-shaped organisms in cholera stools using a
microscope. Finally, in 1884, Robert Koch was able to isolate a V. cholerae pure culture.
From 1961, the seventh pandemic broke out causing 3-5 millon cases each year and
killing 120000 people thereafter (Greenough et al. 2004; Morris et al. 2003; Sack et al.
2004).

1.1.3 The global burden of cholera

Most cholera infections are not detected, but in recent years large cholera outbreaks,
such as those that occurred in Haiti (Chao et al. 2011), Vietnam (WHO 2008) and
Zimbabwe (Zimbabwe: OCHA Cholera Update Situation Report No.22 15 Jul 2009) have
occurred. It is estimated that around 1.4 billion people are at risk for cholera in endemic

countries. 2.8 million cholera cases are found to occur annually in these countries and

28



Chapter 1: Introduction

about 8700 cholera cases occur in non-endemic countries. The incidence is calculated to
be highest in children less than 5 years of age. Every year, around 91000 people die of
cholera in endemic countries and 2500 people die of the disease in non-endemic
countries (Ali et al. 2012). Countries were classified as being cholera endemics, cholera
non-endemics, or cholera-free depending on the incident rate over an established
threshold in at least three of five years (2008-2012) (Figure 2). The most recent
estimation indicated 2.9 million cases and 95000 deaths in 69 endemic countries, with

the majority of the cases in Sub-Saharian Africa (Ali et al. 2015).

Incidence rate/1000

[ ]0.1-17
[11.8-20
[ 2.1-38
Bl 3.9-44
Il non-endemic countries

Figure 2. Geographical patterns of the estimated cholera incidences all over the world (Ali M. et al. 2012).

1.1.4 The causative agent of cholera: Vibrio cholerae

V. cholerae is a Gram-negative, comma-shaped bacterium (Figure 3) , classified into

more than 200 serogroups based on the O antigen of the lipopolysaccharide. Among

these, only 01 and 0139 serogroups are able to cause epidemic cholera. O1 is further
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classified into two biotypes, classical and El Tor. Although classical V. cholerae O1 caused
the fifth and the sixth pandemics, the seventh pandemic is attributed to El Tor biotype,
which has currently replaced the classical biotype (Harris et al. 2003). V. cholerae
contains two circular chromosomes: the first one is the largest and houses genes for
toxicity and important cellular functions, whereas the second contains essential genes
for metabolism (Trucksis et al. 1998). Toxigenic V. cholerae has a pathogenicity island,
which encodes toxT, the master virulence regulator. It also encodes genes required for
the toxin co-regulated pilus (TCP), which plays a key role in microcolony formation and
intestinal colonization (Manning et al. 1997). One of the transcription factors required
for toxT activation, TcpP, is encoded on the Vibrio pathogenicity island (VPI-1), while the

other, ToxR, is not (Karaolis et al. 1998).

Figure 3. Scanning electron microscope (SEM) of Vibrio cholerae bacterium (Dartmouth Electron
Microscope Facility).

1.1.5 Vibrio cholerae, transition from an aquatic organism to pathogen

V. cholerae cycle moves to and from aquatic and host environments. In aquatic

environments such as estuaries, it is possible to find pandemic and non-pandemic

strains. V. cholerae is able to remain viable about 50 days in a suitable water
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environment characterized by low salt concentration and a warm temperature (Harris et
al. 2003). In freshwater, an increased concentration of organic nutrient and divalent
cations can compensate the lack of salt. If the water environment is not appropriate for
V. cholera, the bacterium can survive passing into a viable but non-culturable stage that
keeps virulence if ingested (Colwell et al. 1996). In aquatic environments, V. cholerae is
mainly found on biofilms in contact with plankton and copepods since they are chitin-
rich organisms (Reidl et al. 2002). If V. cholerae is ingested it moves to the small
intestine and can colonize it. The colonization can occur after TCP expression, thus

allowing the formation of V. cholerae microcolonies (Taylor et al. 1987).

1.1.6 Pathogenesis and pathophysiology of V. cholerae

Upon ingestion of V. cholerae, most of the bacteria are killed by gastric acid. However,
surviving organisms are then able to colonize the small intestine and produce cholera

toxin, which is the major virulence factor for pathogenic strains.
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Figure 4. Mechanism of action of cholera toxin (Girardi et al. 2012).
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Cholera toxin (CT) is an exotoxin protein consisting of one A subunit associated with five
B subunits. The B subunit pentamer attaches to the ganglioside GM3, on eukaryotic cells,
and the A subunit is translocated intracellularly, where it acts enzymatically to activate
adenylate cyclase and increase intracellular cyclic AMP concentration, resulting in
chloride secretion through the apical chloride channel and secretory diarrhoea (Gill

1975; Gill et al. 1978) (Figure 4).
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1.2 Environmental signalling and virulence cascade in V. cholerae

When V. cholerae moves from the aquatic environment to the human intestine, it has to
survive dramatic changes of temperature, salinity, nutrient availability and other factors.
These stimuli have a strong contribution to the virulence cascade regulation since they
are essential in the activation of the signaling cascade in different steps. This signaling
cascade culminates in ToxR and TcpP activation.

ToxR and TcpP are two membrane proteins that are able to activate toxT expression. As
mentioned, toxT is the master virulence regulator, which is responsible for the
expression of toxin co-regulated pilus (TCP) and the cholera toxin (CTX). ToxR and TcpP
are co-transcribed with ToxS and TcpH, respectively (Miller et al. 1987). ToxS and TcpH
are cytoplasmic activators that can modulate the activation of ToxR and TcpP inducing
dimerization and enhancing their stability (Beck et al. 2004). The transcriptional
activator complexes formed by ToxR and ToxS, and by TcpP and TcpH are named ToxRS
and TcpPH, respectively. The activities of ToxR and TcpP are also regulated by
environmental stimuli. ToxR transcriptional activation activity, and possibly toxR
transcription, is induced in media that contain the amino acids asparagine, arginine,
glutamic acid, and serine (Mey et al. 2012). Although ToxRS has been described as a
constitutively expressed protein complex (DiRita et al. 1996), its expression may also be
activated by AphB (Xu et al. 2010). AphB is a wing-helix DNA binding protein, which
initiates the expression of the virulence cascade by activating the TcpPH operon.
Another factor which has an influence on the virulence cascade is the quorum sensing
through several endogenous systems (Rutherford et al. 2011; Kovacikova et al. 2002).
Several studies show that cyclic di-GMP responds to the quorum sensing machinery
through repression of HapR and the subsequent activation of AphA. (Srivastava et al.
2012). AphA is a winged-helix transcription factor, which enhances activation of TcpPH
expression by AphB transcription factor (Kovacikova et al. 1999) (Figure 5). Moreover,
tcpP transcription is activated at low temperature (Skorupski et al. 1999). Another
transcription factor able to bind to the tcpP promoter and induce tcpP transcription is
PhoBR at low phosphate levels (Pratt J.T. et al. 2010). Although many aspects of

virulence cascade regulation still remain unclear, ToxR regulon is commonly used to
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represent the transcriptional activation and repression cascades that regulate virulence

in V. cholerae (Figure 5).

Environmental Signal
pH, osmolarity, temperature, bile, amino acids, CO2

The ToxR Regulon

S
TCP @

@®®®

@ Cholera Toxin

Figure 5. Virulence gene activation in V. cholerae (Amin Marashi et al. 2013).
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1.3 One-component systems vs two-component systems

Bacteria use signal transduction systems to detect environment changes and react in
response to them. These signal transduction systems can generally be divided into two

groups: two-component systems and one-component systems (Laub et al. 2007).

Two-component signal transduction systems are composed of a sensor histidine kinase
(HK) and a response regulator (RR) (Stock et al. 2000). The HK is able to
autophosphorylate an inner domain. This event is followed by the phosphorylation of
the receiver domain on the RR and the subsequent activation of the output domain,
which can produce the appropriate physiological effect in the cell by controlling the

expression of a specific gene (Figure 6).

Histidine kinase Response regulator
His Asp
ATP
Input domain Phospho-transfer ATP-binding Receiver Output
domain domain domain domain

Figure 6. Two-component system scheme. Signal sensing by the input domain causes activation of the
autokinase domain, which results in phosphorilation of a specific histidine residue in the phosphotransfer
subdomain of the autokinase. The phosphoril group is then transferred to an aspartate residue in the
receiver domain of the response regulator resulting in the modultation of a function.
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Some HKs can display a dual function: they perform the phosphorylation and
dephosphorylation of the RR according to the input sensory domain regulation. There is
a subtype of a two-component system that is named the phospho-relay system. This
system is characterized by the presence of a hybrid HK with an internal receiver domain
and an intermediate histidine phosphotransfer protein, which is able to shuttle the
phosphoryl group to the terminal RR (Figure 7). These additional components allow

multiple signal integration (Varughese et al. 2002; Hoch et al. 2001).

Hybrid kinase Phosphotransfer Response regulator

Input domain Phospho-transfer Receiver : : Receiver Output
domain domain : © domain domain

Figure 7. Phospho-relay system scheme. Signal sensing is followed by the auto-phosphoryation of the
hybrid kinase, the phosphorylation of an internal receiver domain and the transfer of the phosphoryl group
to the phosphotransfer protein, which is able to phosphorylate and activate the response regulator.

In one-component systems, one protein contains both the sensory, or input, domain and
the output domain (Figure 8). The term two-component system is better known than
the one-component system. However, one-component systems are more abundant in
prokaryotes and show a greater diversity of domains than two-component systems

(Ulrich et al. 2005).
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Input domain Output
domain

Figure 8. One-component system scheme. Signal sensing by the input domain produces an immediate

activation of the output domain without any chemical modification.

There are at least 20 families of prokaryotic one-component systems that can be defined

by amino acid conservation in their DNA-binding domains and are defined by different

conserved motifs (Table 1) (Cuthbertson et al. 2013).

One-component

system Defining features Reference

AraC/XlyS Involved in regulating pathways for the catabolism of various sugars, primarily transcriptional activators, Martin R.G. et al. 2001
C-terminal DNA-binding domain

ArgR Involved in regulating amino acid metabolism, typically function as transcriptional repressors, N-terminal Cherney L.T. et al. 2008
DNA-binding domain

ArsR/SmtB Involved in regulating metal homeostasis, primarily transcriptional repressors, DNA-binding domain located Busenlehner L.S. et al. 2003
near the center of the protein

AsnC/Lrp Involved in regulating amino acid metabolism, function as both transcriptional activators and repressors, Yokoyama K. et al. 2006
N-terminal DNA-binding domain

Crp/Fnr Involved in regulating many cellular processes, may function as activators and repressors, C-terminal Kérner H. et al. 2003
DNA-binding domain

DeoR Involved in regulating sugar metabolism, typically function as repressors, N-terminal DNA-binding domain Zeng G. et al. 1996

DtxR Ived in regulating metal hc is, primarily transcriptional repressors, N-terminal DNA-binding domain Pennella M.A. et al. 2005

Fur Involved in regulating metal homeostasis, primarily transcriptional repressors, N-terminal DNA-binding domain Pennella M.A. et al. 2005

GntR Involved in regulating numerous cellular processes, typically function as transcriptional repressors, N-terminal Rigali S. et al. 2002
DNA-binding domain

IclR Involved in regulating carbon metabolism, function as both transcriptional activators and repressors, N-terminal Molina-Henares A.J. et al. 2006
DNA-binding domain

Lacl Involved in regulating carbon metabolism, typically function as transcriptional repressors, N-terminal Swint-Kruse L. et al. 2009
DNA-binding domain

LuxR Involved in regulating quorum sensing, typically function as activators, C-terminal DNA-binding domain ChenlJ.etal. 2011

LysR Involved in regulating many cellular processes, function as both activators and repressors, N-terminal DNA- Maddocks S.E. et al. 2008
binding domain

MarR Involved in regulating antibiotic resistance, typically function as transcriptional repressors, DNA-binding Wilkinson S.P. et al. 2006
domain located near the center of the protein

MerR Involved in regulating metal homeostasis, typically function as transcriptional repressors, N-terminal DNA- Hobman J.L. et al. 2005
binding domain

Met) Involved in regulating many cellular processes, typically function as transcriptional repressors, N-terminal DNA- Schreiter E.R. et al. 2007
binding domain

ModE Involved in regulating metal homeostasis, function as both transcriptional activators and repressors, N-terminal Self W.T. et al. 1999
DNA-binding domain

PadR Poorly characterized family, N-terminal DNA-binding domain Huillet E. et al. 2006

TetR Involved in regulating antibiotic resistance, typically function as repressors, N-terminal DNA-binding domain Ramos J.L. et al. 2005

ToxR Involved in regulating various cellular processes, N-terminal DNA-binding domain, one transmembrane helix Buchner S. et al. 2015

Xre Involved in regulating various cellular processes, typically function as transcriptional repressors, N-terminal McDonnell G.E. et al. 1994

DNA-binding domain

Table 1. Major families of one-component signal transduction systems (Cuthbertson et al. 2013)
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The majority of one-component systems use a helix-turn-helix DNA binding domain,
including ToxR family transcription factors (Buchner et al. 2015). Using the dense
alignment surface method (Cserzo et al. 2004), it was found that 97% of the one-
component regulators that contain an HTH domain do not have transmembrane regions
and therefore are predicted to be cytosolic proteins (Ulrich et al. 2005). The peculiarity
of ToxR family is to have a transmembrane region between the input domain and the
output domain. ToxR family transcription factors are characterized by a C-terminal
periplasmatic sensing domain, a single transmembrane helix and an N-terminal
cytoplasmatic winged-helix-turn-helix DNA-binding domain (Figure 9). Signal
transducton is mediated without chemical modification and is a direct form of bacterial

stimulus-response mechanism.

w-HTH Linker T™M Sensor domain
1 116 171 186 282

Figure 9. Domain architecture of Vibrio cholerae ToxR. It consists of an effector DNA binding domain with a
helix-turn-helix motif, a flexible cytoplasmatic linker region, a single transmembrane helix and a C-terminal
periplasmatic sensor domain.

1.3.1 PhoB: an example of a two-component system response regulator

PhoB is the response regulator of a two-component signaling transduction system and is

able to activate nearly 40 genes in E. coli related to phosphate assimilation (Wanner et
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al. 1996; Kim et al. 2000). In our laboratory, we determined the crystal structure of the
two domains of PhoB: the receiver domain (PhoB¥) (Sola et al. 1999; Arribas-Bosacoma
et al. 2007) and the DNA-binding effector domain (PhoBf) (Blanco et al. 2002). The
structure of PhoBf was first determined in the unbound state, in the absence of DNA
(Blanco et al. 2002). As the cytoplasmatic domain of ToxR, PhoB belongs to the OmpR-
PhoB family of DNA binding effector domains and to the winged helix subfamily of helix-
turn-helix proteins. PhoB® comprises an N-terminal four-stranded antiparallel B-sheet,

three-a helix wrapped together and a C-terminal B-hairpin (Figure 10).

B-sheet 7/

Recognition
helix

Transactivation loop

Figure 10. Overall structure of PhoB® (Blanco et al. 2002).

The structure of the PhoBF, in complex with a 23-bp DNA fragment called pho box,
shows a novel DNA tandem recognition behaviour, where two monomers are able to
bind DNA in a head to tail conformation (Figure 11). PhoB" recognizes the DNA through
two recognition elements: helix a3 that enters the major groove and a B-hairpin wing,
which interacts with the minor groove through Arg219. This key-amino acid displays
contacts with DNA sugar backbones. This structure fully describes the DNA binding of

PhoB, but any notions of the 6’° activation of the RNA polymerase are not provided.
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Transactivation
loop

- P 4

Figure 11. Ribbon representation of PhoBtin complex with DNA (Blanco et al. 2002).

Another crystal structure, solved in our laboratory, indicates that PhoB can interact with
0,4 of the 6’ subunit of the E. coli RNA polymerase. This crystal structure includes PhoBF,
its target DNA and the o, domain of the RNA polymerase ¢’® subunit (Figure 12) (Blanco
et al. 2012). The crystal structure of this ternary complex shows that RNAP ¢’° subunit
binds the -35 position in the pho box promoter when PhoB is bound. The regions used
by PhoBF to interact with o’ factor are the transactivation loop and helix a2. On the
other hand, the DNA recognition helix of o, performs contacts with the major groove of
DNA and PhoB. The interaction between PhoBf and the o, of the RNA polymerase ¢”°
subunit produces an enhancing effect on the RNAP folding. The function of PhoB is not
only to recruit the polymerase, but also to remodel the o, domain of 6’°. In fact, if we
overpose the o4 of the holoenzyme with the o, of this structure we can see a different
orientation of the o,. The reorientation of the o, involves the R3-4 linker and makes the
RNA release possible, allowing a correct transcription process. These findings support
the idea that the o, domain acts as a versatile platform interacting with different
transcription factors via specific amino acid residues. The o, domain undergoes a
remodeling process when it interacts with transcription factors or DNA-transcription
factor complexes and, depending on this interaction, it can modulate the appropriate

response (Canals et al. 2012). In conclusion, the PhoB example shows that the structural
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characterization of transcriptional complexes can provide a mechanistic understanding
of transcription in prokaryotes and represents a suitable model to study the ToxR DNA

binding domain.

downstream PhoB*

upstream PhoB®

Figure 12. Overall structure of the transcription subcomplex constituted by PhoB", the ozand the pho box
promoter region of DNA (Canals et al. 2012).
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1.4 ToxR and TcpP, two key proteins in the V. cholerae virulence cascade

The virulence cascade includes the activation of ToxR and TcpP and the subsequent
expression of ToxT. Then, ToxT directly activates the expression of the two major
virulence factors: the toxin co-regulated pilus (TCP), an essential intestinal colonization
factor encoded on the Vibrio Pathogenicity Island, and the cholera toxin (CTX) encoded
on the lysogenic CTX bacteriophage. ToxT expression is regulated by an unusual
membrane-associated mechanism: the bitopic proteins ToxR and TcpP cooperate to
activate toxT transcription while remaining localized to the inner membrane (Crawford
et al. 2003; Matson et al. 2007). They both have an N-terminal cytoplasmatic DNA
binding domain with a winged helix-turn-helix motif homologous to the OmpR/PhoB
family of transcriptional activators (Martinez-Hackert et al. 1997a), a single
transmembrane domain, and a C-terminal periplasmatic domain. Both ToxR and TcpP
are required for toxT activation. TcpP seems to play the primary role binding a region
around -40 in the promoter, while ToxR binds to a more distal region around -80 and
appears to play an auxiliary role (Krukonis et al. 2000). Both TcpP and ToxR function
together with membrane bound periplasmic effector proteins, TcpH and ToxS,
respectively (DiRita et al. 1991; Hase et al. 1998). TcpH seems to influence the stability
of TcpP by sheltering its periplasmatic domain from proteolytic action (Beck et al. 2004).
In fact, in the absence of TcpH, TcpP is degraded by two sequential proteolytic events
(Matson et al. 2005; Makinoshima et al. 2006). Since ToxR levels remain unchanged in
the absence of ToxS, the functions of the membrane bound effector proteins for TcpP
and ToxR do not seem to be equivalent. It has been proposed that ToxS may reinforce
the dimerization of ToxR and facilitate transcriptional activation (DiRita et al. 1991; Pfau
et al. 1998) (Figure 13).

An additional player that has to be taken into account is the histone-like nucleoid
structuring protein H-NS. Actually, H-NS has the role in silencing the expression of a
variety of environmentally regulated genes during growth under nonpermissive
conditions and among them, the toxT gene. From a molecular point of view, it seems to

bind curved DNA, which is commonly found at promoters (Rimsky et al. 2001). Upon
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induction of TcpPH and ToxRS, these transcription factors bind to the toxT promoter,

relieving repression by the H-NS, and activating toxT transcription (Nye et al. 2000).

outer membrane I I I I

periplasm

inner membrane

cytoplasm

ToxR regulon

AAVAVAVA

(14 4: i
3

CTX TCP

Figure 13. Role of the ToxR regulon in controlling toxin (CTX) expression. ToxR and TcpP bind the toxT
promoter and activate the transcription of toxT. ToxS and TcpP contribute to the stability of ToxR and TcpP,
respectively. ToxT activates ctxAB and tcpA-F transcription. (Haas et al. 2014).

1.4.1 Structure and function of ToxR and TcpP

ToxR and TcpP are
cytoplasmic domain
transcription factors

transcription factors

both transmembrane transcription factors proteins with the
belonging to the winged helix-turn-helix (w-HTH) family of
(Martinez-Hackert and Stock 1997b). In prokaryotes, w-HTH

are part of a two-component regulatory system in which

phosphorilation of an N-terminal regulatory domain of the response regulator protein

leads to transcriptional activation of the w-HTH domain (Aravind et al. 2005). ToxR and

TcpP are not endowed with an N-terminal regulatory domain, but they have a C-
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terminal periplasmatic domain, with unknown homology. As mentioned, the periplasmic
domain of TcpP regulates stability by interaction with TcpH. According to Crawford and
his collaborators, the periplasmic domain of ToxR is involved in dimerization, but it is not
required for transcriptional activation since truncations of ToxR missing the periplasmic
domain are able to activate transcription (Crawford et al. 2003). Cooperative binding
between two different w-HTH transcription factors is needed to activate the toxT
promoter. TcpP binds to a proximal region on the toxT promoter, from -53 to -38
relative to the transcription start site (Goss et al. 2010) and ToxR binds further upstream
(from -100 to -68) (Krukonis et al. 2000), but the binding of both transcription factors is

required for complete transcriptional activation (Krukonis et al. 2000).

1.4.2 ToxR recognizes a direct repeat element in the toxT promoter

The ToxR binding site within the toxT promoter was defined by DNase | footprinting

analysis as extending from -104 to -68 (Krukonis et al. 2000) (Figures 14 and 15).
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Figure 14. DNase | footprinting analysis of the toxT promoter. V.cholerae membrane extract derived from
strains expressing ToxR (R) and/or TcpP (P) were mixed with the toxT promoter in which the top strand (A)
or bottom strand (B) had been end labelled (Krukonis et al. 2000).
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ToxR-footprinted region

-100 -90 -80 -70 -60 -50 -40

[ L

[l r
ATCTTATCTCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTCTTATGTAATACGTATGTAACT
TAGAATAGAGTTTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGCAGACATTGA

Figure 15. DNA sequence of the V.cholerae classical strain 0395 proximal region of the toxT promoter. The
solid gray arrows indicate the direct repeat motif important for ToxR binding (5'-TNAAA-N5-TNAAA-3').
Dashed grey arrows indicate the degenerate ToxR binding site. The black convergent arrows indicate an
inverted repeat sequence. The boxed nucleotides indicate the TcpP binding site. (Goss et al. 2013).

In order to identify the specific nucleotides within the ToxR region that are important for
toxT activation, a library of toxT promoter derivatives with single transversions was
constructed and tested. In total, 13 transversions reduced toxT promoter activity
significatively and 12 of them affected nucleotides in the region from -92 to -82 (Figure
16). Of the transversions in the region from -81 to -57, only A(-74)C showed a significant
reduction of the promoter activation (Figure 16). Based on these results, the 5'-
CTNAAAAAANNTNAAA-3' nucleotide sequence seemed to be critical for ToxR-dependent
toxT activation. In fact, the direct repeat motif 5'-TNAAA-Ns-TNAAA-3' would provide the
binding site for two monomers, which would bind in a head-to-tail configuration to two
5'-TNAAA-3' (Figure 15). Once identified the ToxR binding site, an imperfect ToxR
binding site was recognized from -69 to -56 on the opposite strand: 3'-ANAAA-Ny4-
TNAAG-5' (Figure 15). Gel-shift analysis indicated that ToxR is largely unable to bind this

imperfect repeat element (Figure 17).
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Figure 16. Effects of ToxR binding site mutations on toxT promoter. Each base transversion was tested
measuring the residual toxT-lacZ activity (Goss et al. 2013).
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Figure 17. Electrophoretic shift assay of full length (-172 to +45), -100 to +45, -81 to +45, and -46 to + 45
toxT derivatives with increasing concentration of membranes containing ToxR. The degenerate ToxR
binding site shows a weak ToxR binding capacity (Goss et al. 2013).
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Moreover, ToxR failed to activate a shorter toxT promoter derivative containing the

degenerate ToxR binding site from -69 to -56 (Figure 18).
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Figure 18. ToxR is not able to activate a toxT-lacZ truncated derivative containing the degenerate ToxR
binding site from -69 to -56 (-81 to +45 promoter construct). The toxT promoter derivatives were tested for
activation in wild type V. cholerae (0395) and toxR mutant strain with or without overexpression of ToxR
from a plasmid (Goss et al. 2013).

This data indicated that ToxR binds the imperfect ToxR binding site poorly and that this

specific DNA sequence does not contribute to ToxR-dependent toxT activation.
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1.4.3 Models of transcriptional activation of toxT promoter

Even though ToxR and TcpP can act as direct activators of transcription, ToxR is thought
to play a co-activation role on the toxT promoter, assisting TcpP in toxT activation. The
TcpP binding site is located at -53 to -38 indicating that it is likely the transcription factor
that interacts with RNAP and the direct activator of toxT transcription (Goss et al. 2010).
Moreover, TcpP is able to activate transcription of the toxT promoter in the absence of
ToxR if it is overexpressed from a plasmid (Hase et al. 1998; Krukonis et al. 2003). ToxR
by itself is not able to activate expression of toxT, even when overexpressed, despite the
fact that it is able to bind to the promoter in the absence of TcpP (Krukonis et al. 2003).
Since TcpP binds weakly to the toxT promoter, it has been hypothesized that ToxR
serves as a co-activator by enhancing TcpP recruitment to the promoter via ToxR-TcpP
protein-protein interaction.

Three models have been proposed to explain the possible mechanism of ToxR as a co-
activator of the toxT promoter. The first model is called the “hand-holding” model
(Figure 19B). According to this model, ToxR and TcpP can interact and form a ternary
complex with the DNA. ToxR would recruit TcpP and then stabilize the ternary complex
on the DNA. The second model is called “catch and release” model (Figure 19C), and
also is based on the ToxR-TcpP interaction for TcpP recruitment to the promoter. In
spite of that, in this model the ToxR-TcpP interaction is not mantained after DNA binding
allowing ToxR and TcpP to bind to the toxT promoter separately. The third model is
named “promoter alteration” and encompasses other possible mechanisms of activation
with the assumption that no ToxR-TcpP interaction is required for toxT activation. One
possible mechanism is that ToxR would be able to enhance TcpP binding to the
promoter introducing changes in the promoter architecture (Figure 19D). Another
mechanism comprises the ability of ToxR to recruit the toxT promoter to a membrane
proximal location (Figure 19E). This model is supported by single molecule tracking
experiments using super-resolution microscope, which proved that the mobility of TcpP
is higher in the presence of ToxR (Haas et al. 2015). Although these models are based on
biochemical evidences, the coordination of TcpP and ToxR and their interactions with

other components of the transcription complex have yet to be observed and the
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mechanistic details of theses protein-protein and protein-DNA interactions remain

unclear.

In our laboratory, we are currently working to put forward a molecular model for
transcription activation of V. cholerae virulence genes. We aim to determine the
structure of transcription initiation subcomplexes using X-ray crystallography and
elucidate the molecular mechanisms by which V. cholerae produces its potent toxin. This

could also provide avenues for developing novel therapeutic approaches.
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Figure 19. Models for the role of ToxR in TcpP-mediated toxT activation. (A) The toxT promoter is
repressed by H-NS. (B) ToxR relieves H-NS repression and mantains the interaction with TcpP during
transcription activation. (C) ToxR interacts with TcpP, but after H-NS displacement and upon DNA binding,
ToxR releases TcpP, which can bind its binding site and activate transcription. (D) ToxR interaction with TcpP
is not required. ToxR binds DNA and is able to displace H-NS and alter the architecture of toxT promoter
facilitating TcpP binding. (E) Interaction between ToxR and TcpP is not required, ToxR only recruits the toxT
promoter to the membrane and makes TcpP binding easier (Goss et al. 2013).

49



Chapter 1: Introduction

50



Chapter 2: Aim of the work

Chapter 2: Aim of the work

The general objective of this project thesis is to unveil the mode of action of ToxR as a

co-activator of the toxT promoter.

The specific objectives are:

1) to determine the 3D structure of the ToxR DBD by X-ray crystallography and compare
it with other DBDs of one- and two-component systems

2) to solve the structures of ToxR-DNA complexes to characterize the binding mode of
the transcription factor to the toxT promoter

3) to put forward a model for activation of the toxT promoter.

In order to fulfill these objectives, the following work plan was established:

1. preparation of several DNA-ToxR complexes including DNA segments of the toxT
promoter

2. crystallization of the DNA-protein complexes

3. data collection and processing

4. structure determination and refinement

5. building of a comprehensive model using the different complex structures solved.
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3.1 DNA oligonucleotide design
3.1.1 ToxRDNA20 20-bp DNA oligonucleotide design
According to the footprinting assays experiments previously discussed in the

introduction chapter (Krukonis et al. 2000), the following DNA oligonucleotides were

designed covering two putative ToxR binding sites present in the toxT promoter (5'-

TNAAA-3'): 5'-CTCAAAAAACATAAAATAAC-3' and 5'-GTTATTTTATGTTTTTTGAG-3' from C-
97 to C-78 (Figure 20).

5'-CTCAAAAAACATAAAATAAC-3'
3'"-GAGTTTTTTGTATTTTATTG-5"

Figure 20. Sequence of DNA20.

3.1.2 ToxRDNA40 40-bp DNA oligonucleotide design

The following DNA oligonucleotides were designed covering both the two putative ToxR
binding sites and the degenerate ToxR binding site present in the toxT promoter (Goss et

al.  2013):  5'-CCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTC-3' and 5'-

GAAAAACATAAAGTAACTCATGTTATTTTATGTTTTTTGG-3' from T-96 to C-57 (Figure 21).
We replaced the first thymine with a cytosine to have a GC base pair at both ends of the

oligonucleotide.

5'-CCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTC-3"'
3'"-GGTTTTTTGTATTTTATTGTACTCAATGAAATACAAAAAG-5"

Figure 21. Sequence of DNA40.
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3.1.3 ToxRDNA25 25-bp DNA oligonucleotide design

The following DNA oligonucleotides were designed covering the degenerate ToxR
binding site and one TcpP binding site present in the toxT promoter: 5'-
CTTTATGTTTTTCTTATGTAATACG-3' and 5'-CGTATTACATAAGAAAAACATAAAG-3' (Figure
22) from C-69 to G-45.

5'"-CTTTATGTTTTTCTTATGTAATACG-3"'
3'-GAAATACAAAAAGAATACATTATGC-5"

Figure 22. Sequence of DNA25.

3.2 Analysis of ToxR preparation

ToxR protein was prepared in the laboratory of Prof. Eric Kroukonis and delivered to us.
Briefly, the protein was expressed in E. coli and purified through a nickel-affinity
chromatography followed by a size-exclusion chromatography and finally an inverse
nickel-affinity chromatography after His-tag removal. In our laboratory, we performed
an analytical size-exclusion chromatography to ensure the quality of the purified ToxR
sample. We used a GE Healthcare Superdex 200 10/300 column connected to an AKTA
Explorer or Purifier Systems. We prepared Sdx200 buffer A containing 20 mM Tris, 1 mM
EDTA, 125 mM NaCl at pH 7.6. We followed a standard protocol with a single step with
Sdx200 buffer A (1,2 CV) at a flow of 0.4 mL/min.

3.3 Obtainment of ToxR-DNA complexes

3.3.1 Protein-DNA complex formation procedure

DNA oligonucleotides were diluted in ddH,0 to a final concentration of 2 mM.

Complementary primers were mixed. The sample was denatured in a water bath at 80°C
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for 30 min and annealed overnight by gradual cooling, after turning off the water bath.
ToxR was slowly added to annealed DNA to get a 1:1 protein-DNA ratio and finally a 20%
of DNA in excess was added. Complex formation was performed by incubating the

protein-DNA mixture for 3 h at 4°C.

3.3.2 Purification of protein-DNA complexes

After incubating protein and DNA, complexes were purified by size-exclusion
chromatography. Experiments were performed using a GE Healthcare Superdex 200
10/300 column and the Sdx200 buffer A (1,2 CV) with a flow of 0.4 mL/min. We checked
the elution profile, in particular considering the ratio of the UV absorption at 260 and
280 nm. We compared the elution volume of the peak with the elution volume of the
protein and DNA alone and we ensured that the DNA-protein complex peak eluted

earlier, thus indicating the formation of the complex.

3.4 Structural characterization of ToxR-DNA complexes

3.4.1 Crystallization experiments

We performed crystallization experiments using the sitting drop vapor diffusion method.
Initial screens were performed at the Automated Crystallography Platform (PAC) using
96-well MRC plates. Crystallization screenings were prepared using a Tecan Evo-1 robot

(Tecan group, Switzerland) (Figure 23).
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Figure 23. Tecan Evo-1 robot.

Crystallization drops were prepared using Cartesian Honeybee-X8 (Cartesian
technologies, US) (Figure 24) and Phoenix RE (Rigaku Edition) (Art Robbins Instruments,
US) robots (Figure 25), both providing micro-scale liquid handling for high-throughput

screening of crystallization conditions.

Figure 24. Cartesian Honeybee-X8 robot.
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Figure 25. Phoenix RE robot.

We performed crystallization tests of the ToxR-DNA complexes using crystallization
screens prepared at the PAC that are named PACs 1, 2, 9 and 10. PACs 1 and 2 comprise
commercial screens from Hampton, while PACs 9 and 10 are compositions of conditions
especially recommended for protein-DNA complexes (Tables 2, 3, 4 and 5). After setting
up the 96-well MRC plates, we store them at 20°C and 4°C. Plate inspection was done
automatically by a Crystal Farm 400 (Bruker Corporation, US) robot and using SMZ1000
(Nikon) optical microscopes. The best conditions were scaled up and optimized on 24-
well Linbro plates. Protein crystals were fished with nylon cryoloops, and momentarily
soaked in a solution containing the reservoir solution supplemented with a variable
amount of cryoprotectant buffers. Cryoprotected crystals were flash frozen in liquid

nitrogen.
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Well |Num| Salt Buffer Precipitant 1 Precipitant 2
A 0.02 M Calcium chloride 0.1 M Sodium Acetate pH 4.6 0 %v/v MPD
A 0.4 M Na/K Tartrate
A 0.4 M Ammonium dihydrogen phosphate
A4 4 0.1 M TRIS pH 8.5 2 M Ammonium sulfate
Al 0.2 M Tri-sodium citrate 0.1 M Hepes pH 7.5 30 %v/v MPD
Al 0.2 M Magnesium chloride 0.1 M TRIS pH 8.5 30 %w/v PEG 4000
A 0.1 M Cacodilate pH 6.5 1.4 M Sodium acetate
A8 8 0.2 M Tri-sodium citrate 0.1 M Cacodilate pH 6.5 30 %v/v Isopropanol
A9 9 0.2 M Ammonium acetate 0.1 M Tri-sodium citrate pH 5.6 30 %w/v PEG 4000
A10 0 0.2 M Ammonium acetate 0.1 M Sodium Acetate pH 4.6 30 %w/v PEG 4000
All 0.1 M Tri-sodium citrate pH 5.6 1 M Ammonium dihydrogen phosphate
Al12 0.2 M Magnesium chloride 0.1 M HEPES pH 7.5 30 %v/v Isopropanol
0.2 M Tri-sodium citrate 0.1 M TRIS pH 8.5 30 %v/v PEG 400
0.2 M Calcium chloride 0.1 M Hepes pH 7.5 28 %v/v PEG 400
0.2 M Ammonium sulfate 0.1 M Cacodilate pH 6.5 30 %w/v PEG 8000
0.1 M HEPESpH 7.5 1.5 M Lithium sulfate anhydre
5 7 0.2 M Lithium sulfate anhydre 0.1 M TRIS pH 8.5 30 %w/v PEG 4000
B6 8 0.2 M Mg acetate tetrahydrate 0.1 M Cacodilate pH 6.5 20 %w/v PEG 8000
B7 9 0.2 M Ammonium acetate 0.1 M TRIS pH 8.5 30 %v/v Isopropanol
B8 0 0.2 M Ammonium sulfate 0.1 M Sodium Acetate pH 4.6 25 %w/v PEG 4000
| B9 0.2 M Mg acetate tetrahydrate 0.1 M Cacodilate pH 6.5 30 %v/v MPD
10 0.2 Sodium acetate 0.1 M TRIS pH 8.5 30 %w/v PEG 4000
11 0.2 M Magnesium chloride 0.1 M HEPES pH 7.5 30 %v/v PEG 400
12 0.2 M Calcium chloride 0.1 M Sodium Acetate pH 4.6 20 %v/v Isopropanol
C 5 0.1 M Imidazole pH 6.5 1 M Sodium acetate
C 26 0.2 M Ammonium acetate 0.1 M Tri-sodium citrate pH 5.6 30 %v/v MPD
C. 7 0.2 M Tri-sodium citrate 0.1 M HEPES pH 7.5 20 %v/v Isopropanol
C4 8 0.2 Sodium acetate 0.1 M Cacodilate pH 6.5 0 %w/v PEG 8000
C5 9 0.1 M HEPES pH 7.5 0.8 M Na/K Tartrate
C6 0 0.2 M Ammonium sulfate 0 %w/v PEG 8000
C7 0.2 M Ammonium sulfate 0 %w/v PEG 4000
c8 2 M Ammonium sulfate
Cc9 4 M Sodium formate
C10 0.1 M Sodium Acetate pH 4.6 2 M Sodium formate
C11 5 0.1 M Hepes pH 7.5 1.6 M Na/K phosphate
C12| 36 0.1 M TRIS pH 8.5 w/v PEG 8000
D. 37 0.1 M Sodium Acetate pH 4.6 w/v PEG 4000
D. 38 0.1 M Hepes pH 7.5 1.4 M Tri-sodium citrate 2 M Ammonium sulfate
D. 39 0.1 M Hepes pH 7.5 2 %v/v PEG 400 20 %w/v PEG 4000
D. 40 0.1 M Tri-sodium citrate pH 5.6 20 %v/v Isopropanol 20 %w/v PEG 4000
D5 | 4 0.1 M Hepes pH 7.5 10 %v/v Isopropanol
D6 4 0.05 M Di- K hydrogen phosphate 20 %w/v PEG 8000
D7 | 4 30 %w/v PEG 1500
D8 | 44 0.2 M Zinc acetate 0.1 M Cacodilate pH 6.5 18 %w/v PEG 8000
D9 | 45 0.2 M calcium acetate hydrate 0.1 M Cacodilate pH 6.5 18 %w/v PEG 8000
D10 | 46 0.1 M Sodium Acetate pH 4.6 2 M Ammonium sulfate
Di1] 4 0.1 M TRIS pH 8.5 2 M Ammonium dihydrogen phosphate
D12 | 48 1 M Lithium sulfate anhydre 2 %w/v PEG 8000
49 2 M Sodium chloride 10 %w/v PEG 6000 0.01 M Mg chloride
50 0.5 Sodium chloride 0.01 M cetil trimetil bromur ammonium
5 25 %v/v ethylene glycol
4 5 35 %v/v dioxane
5 2 M Ammonium sulfate 5 %v/v Isopropanol
5 1 M Imidazole pH 7.0 10 %w/v PEG 8000
55 10 %w/v PEG 1000
E8 | 56 1.5 M Sodium chloride 10 %v/v Ethanol
| E9 | 57 0.1 M Sodium Acetate pH 4. 2 M Sodium chloride
10| 58 0.2 M Sodium chloride 0.1 M Sodium Acetate pH 4. 30 %v/v MPD
11| 59 0.01 M Cobaltous chloride 0.1 M Sodium Acetate pH 4. 1M 1,6-Hexanediol
12| 60 0.1 M Cadmium chloride 0.1 M Sodium Acetate pH 4. 30 %v/v PEG 400
1 0.2 M Ammonium sulfate 0.1 M Sodium Acetate pH 4 30 %w/v PEG MME 2000
2 0.2 Potassium Sodium Tartrate | 0.1 M Tri-sodium citrate pH 5. 2 M Ammonium sulfate
63 0.5 M Ammonium sulfate 0.1 M Tri-sodium citrate pH 5. 1 M lithium sulfate monohydrate
64 0.5 Sodium chloride 0.1 M Tri-sodium citrate pH 5. 4 %v/v ethylene imine polymer
5 65 0.1 M Tri-sodium citrate pH 5. 35 %v/v Tert-butanol
6 | 66 | 0.01 M Fe chloride hexahydrate | 0.1 M Tri-sodium citrate pH 5. 10 %v/v Jeffamine M-600
7 67 0.1 M Tri-sodium citrate pH 5. 2.5 M 1,6-Hexanediol
F8 | 68 0.1 M MESpPH6. 1.6 M Magnesium sulfate heptahydrate
F9 | 69 0.2 K/Na Tartrate 0.1 M MES pH 6.5 2 M Sodium chloride
0] 70 0.1 MMESPpPHE6. 12 %w/v PEG 20,000
1] 7 1.6 M Ammonium sulfate 0.1 M MES pH 6.5 10 %v/v dioxane
217 0.05 M Cesium chloride 0.1 M MESpH 6. 30 %v/v Jeffamine M-600
73 0.01 M Cobaltous chloride 0.1 M MES pH 6.5 1.8 M Ammonium sulfate
74 0.2 M Ammonium sulfate 0.1 M MES pH 6.5 30 %w/v PEG MME 5000
75 | 0.01 m Zinc sulfate heptahydrate 0.1 M MES pH 6.5 25 %v/v PEG MME 500
76 1.6 M Tri-sodium citrate pH 6.5
5 | 77 0.5 M Ammonium sulfate 0.1 M Hepes pH 7. 30 %v/v MPD 5 %v/v MPD
G6 | 78 0.1 M Hepes pH 7. 10 %w/v PEG 6000
G7 1 79 0.1 M Hepes pH 7. 20 %v/v Jeffamine M-600
G8 0 0.1 m Sodium chloride 0.1 M Hepes pH 7.5 1.6 M Ammonium sulfate
| G9 1 0.1 M Hepes pH 7.5 2 M Sodium formate
10] 82 0.05 M Cadmium sulfate 0.1 M Hepes pH 7.5 1 M Sodium acetate
11] 83 0.1 M Hepes pH 7.5 70 %v/v MPD
12| 84 0.1 M Hepes pH 7.5 4.3 M Sodium chloride 8 %v/v ethylene glycol
H 85 0.1 M Hepes pH 7.5 10 %w/v PEG 8000
H 86 0.1 M Hepes pH 7.5 20 %w/v PEG 10,000
H 87 0.2 M Magnesium chloride 0.1 M TRIS pH 8.5 3.4 M 1,6-Hexanediol
H 88 0.1 M TRIS pH 8.5 S5 %v/v Tert-butanol
H5 89 0.01 M Nickel chloride 0.1 M TRIS pH 8.5 1 M lithium sulfate monohydrate
H6 | 90 1.5 M Ammonium sulfate 0.1 M TRIS pH 8.5 12 %v/v glycerol
H7 | 91 | 0.2 M NH4 dihydrogen phosphate 0.1 M TRIS pH 8.5 50 %v/v MPD
H8 | 92 0.1 M TRIS pH 8.5 20 %v/v Ethanol
HO | 93 0.01 M Nickel chloride 0.1 M TRIS pH 8.5 20 %w/v PEG MME 2000
H10| 94 0.1 M Sodium chloride 0.1 M Bicine pH 9.0 30 %v/v PEG MME 500
H11| 95 0.1 M Bicine pH 9.0 2 M Magnesium chloride 10 %w/v PEG 20000
H12 ] 96 0.1 M Bicine pH 9.0 2 %v/v dioxane

Table 2. List of crystallization conditions of PAC1.
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Well [Num Salt Buffer Precipitant 1 Precipitant 2
A 0.1 M CHES 9.5 20 %w/v PEG 8000
A2 2 0.2 M sodium chloride 0.1 M HEPES 7.5 10 %v/v Isopropanol
A 0.1 M CHES 9.5 15 %v/v Ethanol
A4 4 0.2 M magnesium chloride 0.1 M imidazole 8 35 %v/v MPD
AS 5 0.1 M CAPS 10.5 30 %v/v PEG 400
A6 0.1 M Tri-sodium citrate 5.5 20 %w/v PEG 3000
A7 7 0.2 M zinc acetate dihydrate 0.1 M MES 6 10 %w/v PEG 8000
A8 | 8 0.1 M Tri-sodium citrate 5.5 2 M Ammonium sulfate
A9 9 0.1 M Sodium acetate 4.5 1 M di-NH4 hydrogen phosphate
A10 0 0.1MTRIS 7 20 %w/v PEG MME 2000
All 0.2 M lithium sulfate anhydre 0.1 M MES 6 20 %v/v 1,4-butanediol
A12 0.2 M calcium acetate hydrate 0.1 M imidazole 8 20 %w/v PEG 1000
0.1 M Cacodilate 6.5 1.26 M Ammonium sulfate
4 0.1 M Cacodilate 6.5 1 M sodium citrate
5 | 0.2 M lithium sulfate anhydre 0.1 M imidazole 8 10 %w/v PEG 3000
4 0.1 M Na/K phosphate 6.2 2.5 M sodium chloride
5 7 0.2 M lithium sulfate anhydre 0.1 M Sodium acetate 4.5 30 %w/v PEG 8000
B6 8 0.2 M sodium chloride 0.1 M imidazole 8 M Na/K Tartrate
B7 9 0.1MTRIS 7 20 %w/v PEG 1000
B8 0 0.2 M sodium chloride 0.1 M imidazole 8 0.4 M Na dihydrogen phosphate 1.6 M di-K hydrogen phosphate
| B9 0.1 M HEPES 7.5 20 %w/v PEG 8000
10 0.1 M TRIS 8.5 10 %v/v Isopropanol
11 0.2 M magnesium chloride 0.1 M imidazole 8 15 %v/v Ethanol
12 0.2 M sodium chloride 0.1MTRIS7 35 %v/v MPD
Cl 5 0.2 M magnesium chloride 0.1 M TRIS 8.5 30 %v/v PEG 400
C2 | 26 0.1 M CHES 9.5 10 %w/v PEG 3000
C3 | 27 | 0.2 M lithium sulfate anhydre 0.1 M CAPS 10.5 1.2 M Na dihydrogen phosphate 0.8 M di-K hydrogen phosphate
C4 8 0.2 M sodium chloride 0.1 M HEPES 7.5 20 %w/v PEG 3000
C! 9 0.2 M sodium chloride 0.1 M CHES 9.5 10 %w/v PEG 8000
C6 0 0.2 M sodium chloride 0.1 M Sodium acetate 4.5 1.26 M Ammonium sulfate
C7 0.2 M sodium chloride 0.1 M phosphate citrate 4.2 20 %w/v PEG 8000
Cc8 0.1 M Na/K phosphate 6.2 10 %w/v PEG 3000
Cc9 0.2 M lithium sulfate anhydre 0.1 M CAPS 10.5 2 M Ammonium sulfate
C10 0.1 M imidazole 8 1 M di-NH4 hydrogen phosphate
C11 5 0.1 M Sodium acetate 4.5 20 %v/v 1,4-butanediol
C12 | 36 0.1 M imidazole 8 1 M Tri-sodium citrate
D 37 0.1 M imidazole 8 2.5 M sodium chloride
D. 38 | 0.2 M lithium sulfate anhydre 0.1 M CHES 9.5 1 M Na/K Tartrate
D 39 | 0.2 M lithium sulfate anhydre 0.1 M phosphate citrate 4.2 20 %w/v PEG 1000
D4 | 40 | 0.2 M calcium acetate hydrate 0.1 M MES 6 10 %v/v Isopropanol
D! - 0.1 M CHES 9.5 30 %w/v PEG 3000
D6 | 4 0.1MTRIS 7 15 %v/v ethanol
D 4 0.1 M Na/K phosphate 6.2 35 %v/v MPD
D8 | 4 0.2 M calcium acetate hydrate 0.1 M Sodium acetate 4.5 30 %v/v PEG 400
D9 | 45 0.1 M Sodium acetate 4.5 20 %w/v PEG 3000
D10 | 46 | 0.2 M calcium acetate hydrate 0.1 M imidazole 8 10 %w/v PEG 8000
D11 | 47 | 0.2 M lithium sulfate anhydre 0.1 M TRIS 8.5 1.26 M Ammonium sulfate
D12 | 48 0.2 M zinc acetate dihydrate 0.1 M Sodium acetate 4.5 20 %w/v PEG 1000
49 | 0.2 M zinc acetate dihydrate 0.1 M Sodium acetate 4.5 10 %w/v PEG 3000
50 | 0.2 M lithium sulfate anhydre 0.1 M MES 6 35 %v/v MPD
5 0.2 M magnesium chloride 0.1 M Tris 8.5 20 %w/v PEG 8000
415 0.2 M sodium chloride 0.1 M Cacodilate 6.5 2 M ammonium sulfate
5 5 0.2 M sodium chloride 0.1 M HEPES 7.5 20 %v/v 1,4-butanediol
E6 5 0.2 M lithium sulfate anhydre 0.1 M phosphate citrate 4.2 10 %v/v Isopropanol
E7 | 55 0.2 M sodium chloride 0.1MTRIS7 30 %w/v PEG 3000
E8 | 5 0.2 M sodium chloride 0.1 M Na/K phosphate 6.2 10 %w/v PEG 8000
E9 | 57 0.1 M phosphate citrate 4.2 2 M ammonium sulfate
E10 | 58 0.1 M TRIS 8.5 1 M di-NH4 hydrogen phosphate
E11] 59 | 0.2 Mzinc acetate dihydrate 0.1 M Cacodilate 6.5 10 %v/v Isopropanol
E12 | 60 | 0.2 M lithium sulfate anhydre 0.1 M Cacodilate 6.5 30 %v/v PEG 400
F 61 | 0.2 M lithium sulfate anhydre 0.1 M Tri-sodium citrate 5.5 15 %v/v ethanol
F 62 0.2 M sodium chloride 0.1 M Na/K phosphate 6.2 20 %w/v PEG 1000
F 63 0.1 M HEPES 7.5 1.26 M ammonium sulfate
F 64 0.1 M CHES 9.5 1 M Tri-sodium citrate
65 0.2 M magnesium chloride 0.1MTRIS7 2.5 M sodium chloride
66 | 0.2 M calcium acetate hydrate 0. TRIS 7 20 %w/v PEG 3000
67 0.1 M phosphate citrate 4.2 1.6 M Na dihydrogen phosphate | 0.4 M di-K hydrogen phosphate
F8 | 68 | 0.2 M zinc acetate dihydrate 0.1 M MES 6 15 %v/v ethanol
F9 | 69 0.1 M Sodium acetate 4.5 35 %v/v MPD
0] 70 0.1 M imidazole 8 10 %v/v Isopropanol
117 0.2 M magnesium chloride 0.1 M HEPES 7.5 15 %v/v ethanol
2] 7 0.2 M sodium chloride 0.1 M imidazole 8 30 %w/v PEG 8000
7 0.2 M sodium chloride 0.1 M HEPES 7.5 35 %v/v MPD
7 0.1 M CHES9.5 30 %v/v PEG 400
75 0.2 M magnesium chloride 0.1 M Cacodilate 6.5 10 %w/v PEG 3000
4 | 76 | 0.2 M calcium acetate hydrate 0.1 M MES 6 20 %w/v PEG 8000
5 | 77 0.2 M sodium chloride 0.1 M CHES 9.5 1.26 M ammonium sulfate
G6 | 78 | 0.2 M zinc acetate dihydrate 0.1 M imidazole 8 20 %v/v 1,4-butanediol
G7 | 79 0.2 M sodium chloride 0.1MTRIS7 1 M Tri-sodium citrate
G8 0 0.1 M TRIS 8.5 20 %w/v PEG 1000
G9 0.2 M sodium chloride 0.1 M Tri-sodium citrate 5.5 | 1 M di-NH4 hydrogen phosphate
0 0.1 M imidazole 8 10 %w/v PEG 8000
1 0.1 M Sodium acetate 4.5 0.8 M Na dihydrogen phosphate | 1.2 M di-K hydrogen phosphate
2 0.2 M sodium chloride 0.1 M phosphate citrate 4.2 10 %w/v PEG 3000
H 5 0.2 M lithium sulfate anhydre 0.1 M TRIS 7 1 M Na/K Tartrate
H 86 | 0.2 M lithium sulfate anhydre 0.1 M Sodium acetate 4.5 2.5 M sodium chloride
H 87 0.2 M sodium chloride 0.1 M CAPS 10.5 20 %w/v PEG 8000
H4 | 88 | 0.2 M zinc acetate dihydrate 0.1 M imidazole 8 20 %w/v PEG 3000
HS | 89 | 0.2 M lithium sulfate anhydre 0.1MTRIS 7 2 M ammonium sulfate
H6 0 0.2 M sodium chloride 0.1 M HEPES 7.5 30 %v/v PEG 400
H7 1 0.2 M magnesium chloride 0.1MTRIS7 10 %w/v PEG 8000
H8 2 0.2 M magnesium chloride 0.1 M Cacodilate 6.5 20 %w/v PEG 1000
H9 | 93 0.1 M MES 6 1.26 M ammonium sulfate
H10 | 94 0.2 M sodium chloride 0.1 M imidazole 8 1 M di-NH4 hydrogen phosphate
H11] 95 0.2 M zinc acetate dihydrate 0.1 M imidazole 8 2.5 M sodium chloride
H12 | 96 0.1 M MES 6 1 M Na/K Tartrate

Table 3. List of crystallization conditions of PAC2.
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0.1 M potassium chloride

15 mM Mg chloride

10 %v/v PEG MME 500

0.01 M Mg acetate tetrahydrate

5 %v/v Isopropanol
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Well [Num Salt1 Salt2 Buffer Precipitant
Al 1 0.01 M magnesium chloride 0.05 M MES 5.6 2 M lithium sulfate monohydrate
A2 | 2 0.01 M Mg acetate tetrahydrate 0.05 M MES 5.6 2.5 M ammonium sulfate
A3 3 0.1 M Mg acetate tetrahydrate 0.05 ESS.! 20 %v/v MPD
A4 4 0.2 M potassium chloride 0.01 M Mg sulfate hydrate 0.05 ES 5. 10 %v/v PEG 400
A5 5 0.2 M potassium chloride 0.01 M Mg sulfate hydrate 0.05 ESS.! 5 %w/v PEG 8000
A6 0.1 M ammonium sulfate 0.01 M Mg sulfate hydrate 0.05 M MES 5. 20 %w/v PEG 8000
A7 0.02 M magnesium chloride 0.05 M ME: 15 %v/v Isopropanol
A8 8 0.1 M ammonium acetate 5 mM Mg sulfate hydrate 0.05 M ME! 0.6 M sodium chloride
A9 9 0.1 M potassium chloride 0.01 M Mg sulfate hydrate 0.05 M ME! 10 %v/v PEG 400
A10 | 10 5 mM Mg sulfate hydrate 0.05 M ME: 5 %w/v PEG 4000
All 0.01 M Mg chloride 0.05 M Cacodilate 1 M lithium sulfate monohydrate
Al12 | 12 0.01 M Mg sulfate hydrate 0.05 M Cacodilate 1.8 M lithium sulfate monohydrate
3 15 mM Mg acetate tetrahydrate 0.05 M Cacodilate 1.7 M ammonium sulfate
4 0.1 M potassium chloride 25 mM Mg chloride 0.05 M Cacodilate 15 %v/v Isopropanol
5 0.04 M magnesium chloride 0.05 M Cacodilate 5 %v/v MPD
6 0.04 M Mg acetate tetrahydrate 0.05 M Cacodilate 30 %v/v MPD
7 0.2 M potassium chloride 0.01 M calcium chloride 0.05 M Cacodilate 10 %w/v PEG 4000
8 0.01 M Mg acetate tetrahydrate 0.05 M Cacodilate 6.5 1.3 M lithium sulfate monohydrate
9 0.01 M Mg sulfate hydrate 0.05 M Cacodilate 6.5 2 M ammonium sulfate
0 0.1 M ammonium acetate 15 mM Mg acetate tetrahydrate 0.05 M Cacodilate 6.5 10 %v/v Isopropanol
0.2 M potassium chloride 5 mM Mg chloride 0.05 M Cacodilate 6.5 10 %w/v 1,6-hexanediol
0.08 M Mg acetate tetrahydrate 0.05 M Cacodilate 6.5 15 %v/v PEG 400
0.2 M potassium chloride 0.01 M Mg chloride 0.05 M Cacodilate 6.5 0 %w/v PEG 4000
4 0.2 M ammonium acetate 0.01 M calcium chloride 0.05 M Cacodilate 6.5 0 %w/v PEG 4000
5 0.08 M Mg acetate tetrahydrate 0.05 M Cacodilate 6.5 0 v_.//v PEG 4000
6 0.2 M potassium chloride 0.1 M Mg acetate tetrahydrate 0.05 M Cacodilate 6.5 0 %w/v PEG 8000
7 0.2 M ammonium acetate 0.01 M Mg acetate tetrahydrate 0.05 M Cacodilate 6.5 0 %w/v PEG 8000
28 0.05 M Mg sulfate hydrate 0.05 M HEPES 7 1.6 M lithium sulfate monohydrate
29 0.01 M Mg chloride 0.05 M HEPES 7 4 M lithium chloride
30 0.01 M Mg chloride 0.05 M HEPES 7 1.6 M ammonium sulfate
1 5 mM Mg chloride 0.05 M HEPES 7 25 %v/v PEG MME 500
2 0.2 M potassium chloride 0.0 Mg chloride 0.05 M HEPES 7 20 %w/v 1,6-hexanediol
3 0.2 M ammonium chloride 0.0 Mg chloride 0.05 M HEPES 7 30 %w/v 1,6-hexanediol
4 0. potassium chloride 5 mM Mg sulfate hydrate 0.05 M HEPES 7 15 %v/v MPD
5 0. potassium chloride 0.01 M Mg chloride 0.05 M HEPES 7 5 %v/v PEG 400
36 0. potassium chloride 0.01 M calcium chloride 0.05 M HEPES 7 10 %v/v PEG 400
37 0.2 M potassium chloride 25 mM Mg sulfate hydrate 0.05 M HEPES 7 20 %v/v PEG 200
38 0.2 M ammonium acetate 0.15 M Mg acetate tetrahydrate 0.05 M HEPES 7 5 %w/v PEG 4000
39 0.1 M ammonium acetate 0.02 M Mg chloride 0.05 M HEPES 7 5 %w/v PEG 8000
40 0.01 M Mg chloride 0.05 M 7.5 1.6 M ammonium sulfate
M
M
M
M
M
M
M
M

4
4
43 0.05 M ammonium acetate 0.01 M Mg chloride 0.05 7.5 10 %v/v MPD
44 0.2 M potassium chloride 0.05 M Mg chloride 0.05 7.5 10 %w/v PEG 4000
45 25 mM Mg sulfate hydrate 0.05 .5 1.8 M ammonium sulfate
46 5 mM Mg sulfate hydrate 0.05 .5 35 %w/v 1,6-hexanediol
47 0.1 M potassium chloride 0.01 M Mg chloride 0.05 .5 30 %v/v PEG 400
48 0.2 M ammonium chloride 0.01 M calcium chloride 0.05 RIS 8.5 30 %w/v PEG 4000
49 0.1 M Tri-Na citrate 5.6 0 %w/v PEG MME 5000
50 0.1 M MES 6.5 0 %w/v PE ME 5000
51 0.1 M HEPES 7.5 0 %w/v PE ME 5000
52 0.1 M Tri-Na citrate 5.6 20 %w/v PE! ME 5000
ES | 53 0.1 M MES 6.5 20 %w/v PEG MME 5000
E6 | 54 0.1 M HEPES 7.5 20 %w/v PEG MME 5000
E7 55 0.1 M Tri-Na citrate 5.6 0 %w/v PE 50
E8 | 56 0.1 M MES 6.5 0 %w/v PE 50
E9 | 57 0.1 M HEPES 7.5 0 %w/v PE 50
E10 | 58 0.1 M Tri-Na citrate 5.6 20 %w/v PE 50
E11 | 59 0.1 M MES 6.5 20 %w/v PE 50
E12 0 0.1 M HEPES 7.5 20 %w/v PE 50
1 0.1 M Tri-Na citrate 5.6 5 %w/v PEG 400
62 0.1 M MES 6.5 5 %w/v PEG 400
63 0.1 M HEPES 7.5 5 %w/v PEG 400
4 4 0.1 M Tri-Na citrate 5.6 30 %w/v PEG 400
5 5 0.1 M MES 6.5 30 %w/v PEG 400
F6 66 0.1 M HEPES 7.5 0 %w/v PEG 400
F7 67 0.1 M Tri-Na citrate 5.6 5 %v/v MPD
F8 | 68 0.1 M MES 6.5 5 %v/v MPD
FO | 69 0.1 M HEPES 7.5 5 %v/v MPD
0] 70 0.1 M Tri-Na citrate 5.6 5 %v/v MPD
117 0.1 M MES 6.5 5 %v/v MPD
2] 7 0.1 M HEPES 7.5 5 %v/v MPD
G 7 0.1 M Tri-Na citrate 5.6 0 %w/v PEG 6000
G2 | 74 0.1 M MES 6.5 0 %w/v PEG 6000
75 0.1 M HEPES 7.5 0 %w/v PEG 6000
4 76 0.1 M Tri-Na citrate 5.6 0 %w/v PEG 8000
5 | 77 0.1 M MES 6.5 10 %w/v PEG 8000
G6 | 78 0.1 M HEPES 7.5 10 %w/v PEG 8000
G7 179 0.1MTR 10 %w/v PEG MME 5000
G8 0 0.1MTR 20 %w/v PEG MME 5000
| G9 0.1MTR 10 %w/v PEG 3350
G10 0.1MTR 20 %w/v PEG 3350
1 0.1MTR 15 %w/v PEG 400
2] 84 0.1MTR 30 %w/v PEG 400
H 5 0.1MTR 5 %v/v MPD
H 86 0.1 M TR 25 %v/v MPD
H 87 0.1 M TR 10 %w/v PEG 6000
H4 | 88 0.1 MTR 10 %w/v PEG 8000

Table 4. List of crystallization conditions of PAC9.

60




Chapter 3: Materials and Methods

Well |Num. Precipitant Buffer Additive 1 Additive 2
A 1 M Lithium sulfate monohydrate 0.05 M Tri-Na citrate 5.5 5 mM Magnesium Chloride
A 10 %v/v Butanol 0.05 M itrate 5.5
A 20 %v/v MPD 0.05 M itrate 5.5 5 mM Magnesium Chloride
A4 30 %v/v Glycerol 0.05M itrate 5.5 5 mM Magnesium Chloride
AS 5 15 %v/v 2,3-Butanediol 0.05M itrate 5.5 5 mM Magnesium Chloride 0.15 M Sodium chloride
A6 6 25 %v/v DMSO 0.05M itrate 5.5 5 mM Magnesium Chloride
A7 7 10 %v/v PEG 200 0.05 M itrate 5.5 5 mM Magnesium Chloride
A8 8 10 %v/v PEG 400 0.05 M itrate 5.5 0.2 M Potassium Chloride
A9 9 10 %w/v PEG MME 500 0.05M itrate 5.5 mM Magnesium Chloride
A10 0 10 %w/v PEG 1000 0.05 M itrate 5. mM Magnesium Chloride 0.2 M Potassium Chloride
All 5 %w/v PEG 8000 0.05 M itrate 5.5 5 mM Magnesium Chloride
Al12 10 %w/v PEG 8000 0.05 M Tri-Na citrate 5.5 0.1 M Magnesium Chloride
1.75 M Ammonium sulfate 0.05 M MES 0.01 M Magnesium Chloride
4 20 %v/v Ethanol 0.05 M MES 0.01 M Magnesium Chloride
5 10 %w/v PEG 3350 0.05 M MES 0.01 M Magnesium Chloride 0.2 M Potassium Chloride
4 6 10 %v/v PEG 400 0.05 M MES 5 mM Barium Chloride
7 15 %w/v PEG MME 2000 0.05 M MES
B6 8 20 %w/v PEG 8000 0.05 M MES
B7 9 20 %v/v Propanediol 0.05 M Cacodilate 6.5 0.01 M Magnesium Chloride
B8 0 | 1.5 M Lithium sulfate monohydrate 0.05 M Cacodilate 6.
| B9 10 %v/v Ethanol 0.05 M Cacodilate 6.5 5 mM Barium Chloride
10 20 %v/v PEG 200 0.05 M Cacodilate 6.5 0.01 M Magnesium Chloride
11 15 %v/v Isopropanol 0.05 M Cacodilate 6. 0.1 M Potassium Chloride
12 | 24 10 %v/v MPD 0.05 M Cacodilate 6. 0.1 M Magnesium Chloride
C1 5 20 %w/v PEG 3350 0.05 M Cacodilate 6. 0.01 M Magnesium Chloride
2 6 15 %v/v Glycerol 0.05 M Cacodilate 6. 0.05 M Cesium Chloride
C3 7 10 %v/v PEG 400 0.05 M Cacodilate 6. 0.01 M Magnesium Chloride
C4 8 20 %v/v Ethylene glycol 0.05 M Cacodilate 6.
C! 9 10 %w/v PEG 1000 0.05 M Cacodilate 6. 0.01 M Magnesium Chloride
C6 0 12.5 %w/v PEG MME 5000 0.05 M Cacodilate 6. 0.01 M Magnesium Chloride 0.1 M Potassium Chloride
c7 1.5 M Sodium chloride 0.05 M Cacodilate 7 %v/v Ethylene glycol
Cc8 20 %v/v Ethylene glycol 0.05 M Cacodilate 7 5 mM Barium Chloride
9 20 %v/v 2,3-Butanediol 0.05 M Cacodilate 7 0.01 M Magnesium Chloride
C10 | 34 10 %w/v PEG MME 500 0.05 M Cacodilate 7 0.01 M Magnesium Chloride
Ci1] 35 30 %v/v MPD 0.05 M Cacodilate 7 0.1 M Magnesium Chloride
C12 | 36 15 %v/v Isopropanol 0.05 M Cacodilate 7 0.01 M Magnesium Chloride 0.1 M Potassium Chloride
D 37 30 %w/v PEG MME 350 0.05 M Cacodilate 7 0.01 M Magnesium Chloride
D 38 10 %v/v PEG 400 0.05 M Cacodilate 7 0.01 M Magnesium Chloride 0.1 M Potassium Chloride
D: 39 10 %w/v PEG 1000 0.05 M Cacodilate 7
D4 40 20 %w/v PEG 3000 0.05 M Cacodilate 7 0.2 M Potassium Chloride
D5 | 4 2.5 %w/v PEG 8000 0.05 M Cacodilate 7 0.4 M Potassium Chloride
D6 _| 4 10 %w/v PEG 8000 0.05 M Cacodilate 7. 0.01 M Barium Chloride
D7 | 4 15 %v/v Ethylene glycol 0.05 M TRIS 7.5
D8 | 44 25 %w/v PEG MME 500 0.0! RIS 7.5
D9 | 45 30 %v/v Propanediol 0.0! RIS 7.5
D10 | 46 30 %v/v Glycerol 0.0 RIS 7.5 0.2 M Lithium chloride
D11 | 47 15 %v/v Isopropanol 0.0 RIS 7.5 0.01 M Magnesium Chloride 0.2 M Potassium Chloride
D12 | 48 20 %v/v MPD 0.05 M TRIS 7.5 0.1 M Cesium Chloride
E 49 20 %v/v PEG 400 0.05 RIS 7.5 0.01 M Magnesium Chloride 0.1 M Potassium Chloride
E2 0 25 %w/v PEG 1000 0.05 M TRIS 7.5
E3 | 5 40 %w/v PEG 6000 0.05 M TRIS 7.5 0.2 M Potassium Chloride
E4 5 20 %w/v PEG MME 2000 0.05MTRIS 7.5 0.01 M Magnesium Chloride
5 12.5 %w/v PEG 3350 0.05 M TRIS 7.5 0.2 M Potassium Chloride
54 10 %w/v PEG 8000 0.05 M TRIS 7.5 5 %v/v Ethylene glycol
E7 S5 20 %v/v DMSO 0.05 M TRIS
E8 | 56 6 %v/v Glycerol 0.05 RIS 2.5 M Sodium chloride
E9 | 57 20 %w/v PEG 3350 0.05 RI 0.05 M Magnesium Chloride
E10 | 58 10 %v/v MPD 0.05 M TRI 0.2 M Magnesium Chloride
E11 9 30 %v/v Ethylene glycol 0.05 M TRI 5 mM Barium Chloride
E12 | 60 10 %v/v PEG 200 0.05 M TRIS 0.2 M Magnesium Chloride
61 30 %v/v Tert-butanol 0.05 RIS 0.2 M lithium chloride
62 20 %v/v PEG 600 0.05 RI 5 %v/v MPD
63 10 %w/v PEG 1000 0.05 RI 0.01 M Magnesium Chloride
4 | 64 20 %w/v PEG 3350 0.05 RI 0.01 M Magnesium Chloride
F5 | 65 5 %w/v PEG MME 2000 0.05 RI 10 %v/v Ethylene glycol
F6 | 66 20 %w/v PEG 8000 0.05 M TRIS 0.1 M Cesium Chloride
F7 | 67 25 %v/v 2,3-Butanediol 0.05 M TRIS 0.01 M Magnesium Chloride
F8 | 68 | 1 M Lithium sulfate monohydrate 0.05 M TRI 5 %v/v Ethylene glycol
F9 | 69 30 %v/v Ethylene glycol 0.05 Rl 0.01 M Magnesium Chloride
0] 70 12.5 %w/v PEG 3000 0.05 Rl 0.1 M Magnesium Chloride
117 25 %w/v PEG MME 5000 0.05 M TRIS 0.01 M Zinc Acetate
217 30 %v/v Glycerol 0.05 RIS 0.01 M Magnesium Chloride
G 7 15 %v/v Ethanol 0.05 M .5 6 %v/v Glycerol
G 74 20 %v/v MPD 0.05 M TRIS 8.5 0.2 M Potassium Chloride
G 75 20 %w/v PEG MME 2000 0.05 M TRIS 8.5 0.1 M Magnesium Chloride
G4 76 35 %v/v PEG 400 0.05 M TRIS 8.5 0.01 M Magnesium Chloride
G5 | 77 10 %v/v PEG 600 0.05 M TRIS 8.5 0.5 M Sodium chloride
G6 | 78 20 %w/v PEG MME 350 0.05 M TR 5 0.05 M Cesium Chloride
G7 | 79 10 %w/v PEG 1000 0.05 M TR 5 0.01 M Zinc Acetate
G8 0 20 %v/v PEG 4000 0.05 M TRIS 8.5 0.2 M Potassium Chloride
| G9 1 15 %w/v PEG MME 2000 0.05 M TR 5 0.05 M Cesium Chloride
10| 82 20 %w/v PEG 3350 0.05 M TRIS 8.5 0.01 M Magnesium Chloride
11| 83 5 %w/v PEG MME 5000 0.05 M TRIS 8.5 0.01 M Magnesium Chloride 12 %v/v Glycerol
12 | 84 5 %w/v PEG 8000 0.05M .5
H 85 1.5 M Sodium chloride 0.05 M CH 5 %v/v MPD
H 86 10 %w/v PEG MME 2000 0.05 M CHES 0.05 M Magnesium Chloride
H 87 10 %v/v 2,3-Butanediol 0.05 M CHES
H4 | 88 12 %v/v Glycerol 0.05 M CHES 0.1 M Cesium Chloride
HS | 89 15 %v/v Isopropanol 0.05 M CHES 0.05 M Magnesium Chloride
| H6 0 20 %v/v MPD 0.05 M CHES 0.05 M Magnesium Chloride
H7 1 25 %v/v PEG 200 0.05 M CHES
H8 2 10 %w/v PEG MME 500 0.05 M CHES 0.5 M Magnesium Chloride
HO | 93 20 %w/v PEG MME 5000 0.05 M CHES 0.01 M Magnesium Chloride
H10 | 94 25 %w/v PEG MME 350 0.05 M CHES 5 %v/v Isopropanol
H11 ]| 95 10 %w/v PEG 8000 0.05 M CHES 6 %v/v Glycerol
H12 | 96 12.5 %w/v PEG 8000 0.05 M CHES 0.2 M Magnesium Chloride

Table 5. List of crystallization conditions of PAC10.
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3.4.2 X-ray diffraction

All diffraction data were collected in ALBA synchrotron at BL13-XALOC beamline using
native protein crystals. Located in Cerdanyola del Vallés near Barcelona, ALBA is a third
generation 3-GeV synchrotron light facility (Figure 26). The BL13-XALOC beam has two
different configurations: the unfocused one and the focused one. In the unfocused
configuration, the beam is highly collimated (0.03 mrad) and hence it can be used for
crystals with very large unit cells like protein-protein complexes and viruses. In the
focused configuration, the mirrors along the beam path allow the focus of the beam on

small crystals maintaining a small vertical divergence (0.1 mrad).

Figure 26. Aerial photo of ALBA synchrotron (http://www.lightsources.org).

The end-station of the beam is constituted by the detector, the diffractometer and the
beam-conditioning elements (Figure 27). The detector is a fast read-out Dectris Pilatus
6M detector (a 360° 1.1 A resolution dataset can be collected in 33 seconds). The
diffractometer is a MD2M-Bruker diffractometer that is endowed with Mini-Kappa, a

system that allows a specific re-orientation of the crystal. The BL13-XALOC beam
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conditioning elements are located in front of the sample and are constituted by: 12
ESRF-type foil attenuators, DECTRIS position monitors, JJ-Xray ESRF type slits, a FPS400
CEDRAT fast shutter and a kapton window. The sample changer, an lIrelec CATS
(Cryogenic Automated Transfer System), which is suitable for both SPINE pins and
crystallization plates, allows a high-throughput data collection. The sample storage
DEWAR contains 9 cassettes with 10 samples each and hence has a maximum capacity
of 90 samples. Diffraction characterization and data collection strategy were performed

using EDNA program.

Figure 27. BL13-XALOC end-station.

3.4.3 Structural determination

Diffraction data were integrated with XDS (Kabsch 2010) and scaled and merged with
SCALA (Evans 2006). We used the molecular replacement method to solve all the
structures showed in this thesis manuscript. These calculations were carried out using

Phaser (McCoy et al. 2007).
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3.4.4 Refinement of the three-dimensional structure

We performed multiple rounds of refinement with Refmac (Murshudov et al. 2011)

followed by manual rebuilding using Coot (Emsley et al. 2004).

3.4.5 Validation of the final model

We used Molprobity (Chen et al. 2010) to validate the final model of the three-
dimensional structure. Ramachandran plots were generated using Procheck (Laskowski

et al. 1993).

3.4.6 Representation and analysis of structural data

Structural similarity searches were carried out using the PDBefold server (Protein
structure comparison service PDBeFold at European Bioinformatics Institute) (Krissinel
2007) (http://www.ebi.ac.uk/msd-srv/ssm/cgi-bin/ssmserver). Protein-protein
interactions of ToxRDNA4Q structure were detected and evaluated using PISA (Protein
interfaces, surfaces and assemblies' service PISA at the European Bioinformatics
Institute) (Krissinel and Henrick 2007) (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-
bin/piserver). ESPript 3.0 was used to represent multiple sequence alignment and
secondary structure of ToxR-DBD (Robert and Gouet 2014) (http://espript.ibcp.fr).
Protein-DNA interactions were analyzed with Nucplot (Luscombe et al. 1997). DNA
conformations of the three structures were analyzed with 3DNA, which allowed us to
get a precise estimation of major and minor grove widths and other DNA parameters (Lu
and Olson 2003). All figures were made using Pymol (The PyMOL Molecular Graphics
System, Version 1.2r3pre, Schrodinger, LLC).
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Chapter 4: Results

4.1 ToxR construct design

Vibrio cholerae ToxR 6-113 (Uniprot reference: WOB3Z6), which will be referred to as
ToxR-DBD in this dissertation, was expressed and purified in the laboratory of Prof. Eric
Krukonis, at the University of Detroit Mercy. The full-length protein is made of a
cytoplasmic domain (1-170), a transmembrane helix (171-186) and a periplasmic domain

(187-282) (Figure 28).

10 20 30 40 50
MSHIGTKFIL AEKFTFDPLS NTLIDKEDSE EIIRLGSNES RILWLLAQRP
60 70 80 90 100
NEVISRNDLH DFVWREQGFE VDDSSLTQAI STLRKMLKDS TKSPQYVKTV
110 120 130 140 150
PKRGYQLIAR VETVEEEMAR ESEAAHDISQ PESVNEYAES SSVPSSATVV
160 170 180 190 200
NTPQPANVVA NKSAPNLGNR LFILTIAVLLP LAVLLLTNPS QSSFKPLTVV
210 220 230 240 250
DGVAVNMPNN HPDLSNWLPS IELCVKKYNE KHTGGLKPIE VIATGGQONNQ
260 270 280
LTLNYIHSPE VSGENITLRI VANPKDAING CE

Figure 28. Sequence of full-length ToxR.

Our protein construct is a portion of the cytoplasmatic domain that is supposed to

include the DNA binding domain (Figure 29).

10 20 30 40 50
MKFIL AEKFTFDPLS NTLIDKEDSE EIIRLGSNES RILWLLAQRP
60 70 80 90 100
NEVISRNDLH DFVWREQGFE VDDSSLTQAI STLRKMLKDS TKSPQYVKTV
110
PKRGYQLIAR VET

Figure 29. Sequence of ToxR construct (6-113), which will be mentioned as ToxR-DBD in this thesis
manuscript.
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4.2 ToxR sample preparation

In our laboratory, we performed an analytical size-exclusion chromatography using a
Superdex 200 (10-300) column. The protein showed a single and symmetrical peak. The
protein, which has a molecular weight of 12943 Da, eluted as a dimer according to the

column calibration with standards of known molecular weight (Figure 30).

A —— UV_280nm —— UV_260nm
mAU
140

120 Dimer Monomer

100

80

60

40

20

0.0 8.0 16.0 24.0 32.0 ml

Figure 30. ToxR Superdex 200 (10-300) gel filtration and expected elution volumes for its dimeric and
monomeric states (dashed lines).
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4.3 ToxR in complex with a 20-bp oligonucleotide

We designed a 20-bp oligonucleotide taking advantage of the previous studies done at
Eric Kroukonis' laboratory, in particular the footprinting experiments done with ToxR on
the toxT promoter (see section 1.1.10). Since the footprinting analysis showed a ToxR
binding site going from -104 to -68, we tried to get a complex of ToxR with a 20-bp
oligonucleotide (DNA20) containing the specific sequence of the toxT promoter from C-

97 to C-78 (Figure 31). We named this complex ToxRDNA20.

-100 -90 -80 -70 -60 -50 -40

ATCTTATCTCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTCTTATGTAATACGTCTGTAACT
TAGAATAGAGTTTTTTGTATTTT ATTGTACTCAATGAAATACAAAAAGAATACATTATGCAGACATTGA

Figure 31. DNA20 sequence comprises the sequence of the toxT promoter from C-97 to C-78.

4.3.1 ToxRDNA20 complex formation

We incubated the protein and the DNA with a [1:1.2] ratio, and then we loaded the
mixture into a Superdex 200 size-exclusion chromatography column. The ToxRDNA20
complex eluted as a single peak, showing a nice profile and confirming the specificity of

the protein for the sequence (Figure 32).
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A UV _280nm — UV _260nm 2nd peak
mAU
4000
3000
2000
1st peak
1000
0 -
0.0 4.0 8.0 12.0 16.0 20.0 24.0 ml

Figure 32. Peak of TOoxRDNA20 complex after gel filtration using a Superdex 200 (10-300) column.

We verified by SDS-PAGE that all the fraction of the second peak corresponded to the

ToxRDNA20 complex and not to DNA alone (Figure 33).

ToxR  1st
KDa M control peak 2nd pe_a_k

64

36
30

16
- - . W w

Figure 33. SDS-PAGE analysis of purified ToxRDNA20 complex.
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4.3.2 Crystallization of the ToxRDNA20 complex

We obtained hits of interest from different crystallization screening conditions: PAC1-
A10, PAC1-B11, PAC1-C6 and PAC10-G3 at 20°C. We successfully scaled up to
microdrops the first condition (30% PEG4000, 0.1 M sodium acetate pH 4.6 and 0.2 M
ammonium acetate) and were able to get elongated plate-shaped crystals after
optimization of the crystallization condition: 30% PEG4000, 0.1 M sodium acetate pH 4,

0.15 M ammonium acetate (Figure 34).

Figure 34. ToxRDNAZ20 crystals after optimization.

4.3.3 Data collection and structure determination of ToxRDNA20
In total, we tested thirty ToxRDNA20 crystals at Alba Synchrotron BL13-XALOC beamline

and collected twenty data sets. The best crystal, measuring 0.27 x 0.08 x 0.02 mm>,

diffracted up to 2.1 A (diffraction pattern shown in Figure 35).
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Spot at
O30s5 &

Figure 35. Diffraction pattern of a TOXRDNA20 crystal that diffracted up to 2.1 A.

Since ToxR was homologous to the E.coli PhoB DNA binding domain (25.0% identity,
41.4% similarity) that had been previously characterized by our research group (Blanco
et al. 2002), we aimed at solving the structure by molecular replacement. Data
collection and processing statistics for this crystal are detailed in Tables 6 and 7. All the

analyzed crystals had the same space group and similar cell dimensions.

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA R-meas CC(1/2) Anomal SigAno Nano
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA observed expected Corr
40.00 3 1 2 50.0% 718.9% 753.5% 3 -0.54 880. [} 0. [}
10.00 515 149 96.6% 4.1% 3.8% 507 29.59 4. 1 0. 71
6.00 1951 500 100.0% 4.1% 4.2% 1944 27.65 4. 3 0. 295
4.00 6048 1517 99.7% S.1% 4.8% 6024 25.89 S. -1 0. 950
3.00 12133 2900 99.4% 7.0% 6.9% 12100 18.98 8. -1 0.814 1956
2.50 15489 3652 99.8% 19.5% 19.3% 15440 9.31 22. -5 0.770 2459
2.30 10071 2454 99.8% 32.9% 32.2% 10029 4.93 37. -1 0.758 1545
2.00 23839 5727 99.7% 68.4% 68.0% 23732 2.39 78. = 0.679 3705
1.90 12029 2802 99.9% 143.2% 150.2% 11972 1.15 162 [} 0.632 1933
1.80 12513 3438 99.7% 238.7% 250.6% 12370 0.58 278. -3 0.587 1589
total 94591 23141 99.7% 11.0% 10.9% 94121 7.67 12. -3 0.721 14503

Table 6. Data processing outputs for the best dataset of ToxRDNA20.
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Parameters Value

Beamline BL13-XALOC, Alba Synchrotron
Wavelength (A) 0.979

Space group P2,

Cell dimensions

36.50 A 36.50 A 36.50 A
90.00° 92.58° 90.00°

Number of unique reflections

15359

Resolution range (A)- (overall/last shell)

63.59-2.07/2.14-2.07

Rmerge (%) (overall/last shell)

10.55/101.60

Multiplicity (overall/last shell) 7.8/7.4
Completeness (%) (overall/last shell) 99.82/99.74
<I>/o<I> (overall/last shell) 16.32/2.71
Wilson B-factor (A%) 31.19

Table 7. Data collection and processing statistics for ToxRDNA20.

In Table 7, we report the Rierge, an indicator of data quality, which is defined by the

following equation:

> 11 (k)1 (]

_hkd i=1

" > Z I (hkl)

hkl i=1

R

We determined the structure of ToxRDNA20 by molecular replacement method using
Phaser (Mccoy et al., 2007). As searching models, we used the DNA binding domain of

PhoB (monomer E) taken from the structure of PhoB in complex with DNA (pdb code:
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1GXP) and an idealized double strand DNA of 10 bp. Calculations gave one solution with
a high TFZ score (9.5), confirming P2, as the correct special group. We grew the DNA
strands manually, and refined the model by successive cycles of manual building of the
model using Coot and restrained refinement using Refmac. Rfactor and Rfree converged
to 18% and 24%, respectively, after the addition of solvent molecules. ToxRDNA20
geometry was validated using Molprobity, which assigned to the structure an overall
score of 1.49, an optimal result considering the maximal resolution of the structure (2.1

R). Table 8 summarizes the refinement statistics.

Parameter Value
Resolution range (A) 63.59-2.07
Number of protein/DNA atoms 1700
Number of solvent molecules 177

RMSD for bonded angles (3 (°) 1.76
RMSD for bond lengths (4 (A) 0.014

Rfactor/Rfree 0.1822/0.2446
Average B-factor (A?%) 37.70
Ramachandran favored (%) 96.0
Ramachandran ouliers 0

Molprobity score 1.49

Table 8. Refinement statistics for TOxRDNA20. Rfactor=X|Fobs - Fcalc| / X|Fobs|. (1) RMSD from target

values.

The final model showed a continuous and well-defined electron density for all the

structure (Figure 36).
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i
57

Z\" /

7

’I‘A

<

Figure 36. 2 F,-F electron density map (contoured at 1.0 ) with the final TOoxRDNA20 model fitted in the
density.

All the residues were located in the allowed regions of the Ramachandran plot (Figure

37).

= a General/Pre-Pro/Proline Favoured
* Glycine Favoured

= 4+ General/Pre-Pro/Proline Allowed
% Glycine Allowed

180

Figure 37. Ramachandran plot for ToxR-DBD in the ToxRDNA20 structure.
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4.3.4 ToxR-DBD fold

ToxR DNA binding domain shows a heart-shaped a/p fold structure and is constituted by
an N-term five-stranded mixed B-sheet formed by four antiparallel B strands (1-p4) and
one B strand parallel to B1 (B8), followed by a three-helix bundle (al1l-a3) and a C-term
B-hairpin (B6-B7) (Figure 38). al-a3 helices form the modified helix-turn-helix DNA-
binding motif, where a3 is the recognition helix and the a2-a3 connector replaces the
turn. There is a short B strand (B5) located between al and a2 that interacts with the C-
terminal hairpin forming a three-stranded antiparallel B-sheet. The turn between the
two B strands of the C-term B-hairpin forms the wing, which is responsible for the
recognition of the DNA minor groove. According to this folding type, ToxR-DBD can be
classified as a winged-helix protein. However, when it is compared with the pdb
structures of the other proteins from this family ToxR-DBD shows a unique turn

between the recognition helix a3 and B4, which we called “secondary wing”.

1+ 14

N
al
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WING

Figure 38. Topology diagram of ToxR-DBD.
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In Figure 39, the overall structure of ToxR-DBD is shown using a cartoon representation
and the secondary structure elements are highlighted. If we look at the tertiary
structure of the protein, a central hydrophobic core is responsible for maintaining the
fold of the protein. Helix al is connecting the N-terminal B-sheet with the helix-turn-

helix motif and the B-hairpin by the residues lle42, Leu43, Trp 44, Leu45 and Leu46.

WING

a3
RECOGNITION
HELIX

Figure 39. Overall structure of ToxR-DBD.

In Figure 40, we show the multiple sequence alignment of ToxR-DBD with the DNA
binding domain of E. coli PhoB and V. cholerae TcpP elaborated using ESPript 3.0

program. The secondary structure elements present in ToxR-DBD are also indicated.
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6 35 a5 55
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E. coli PhoB ..VIEMQGLSLDPT|S .GEEPLEMGP....TEFKLWJHFFMTHPERVYSREQLLN
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310 a3 ﬁ() ﬁ7 [38
V.cholerae ToxR,Q,Q QQQ ,QJUUUULQJUUUUUUZ TT

105

V. cholerae ToxR F|V! REQG FEVDDS|S LTQA STL KDSTKSPQY TWPKR QLIARVET
E. coli PhoB HV|GTNV|YVED.R|TV[DVHRRL KAEPG GHDRM T\RGT RFSTRF .

V. cholerae TcpP AL|)IPHG.|F|IS.SESLTQAPKRT|YDFIANDE . . HKTL[T WKLQ RINIIQVI

Figure 40. Multiple sequence alignment and secondary structure of ToxR-DBD formatted with ESPript 3.0.

In particular, when we compare ToxR-DBD to PhoB DNA binding domain, we can see
that the two proteins share the most important structural and functional elements (the
recognition helix and the wing) with the exception of the secondary wing (Figure 41).
Differently to ToxR, in PhoB a 34, helix is located between a3 and B6 instead of the
secondary wing. Another difference between the two structures is that in ToxR-DBD we
found an extra parallel B-strand (B8) in the C-term that is forming a wider B-sheet with
the four B strands located in the N-term. In PhoB, this B-sheet is needed for contacting
the receiver domain of PhoB but ToxR has no receiver domain. Possibly, the different
orientation of the C-term and the presence of a large loop between 33 and B4 in ToxR-
DBD can imply a diverse function of the N-term B-sheet in the two proteins. Moreover,
in ToxR-DBD, a2 is more extended than in PhoB since it continues with a 3,9 helix. This
makes the oa2-a3 loop shorter in ToxR-DBD. In PhoB, the a2-a3 loop, named
transactivation loop, is essential for transcription since it interacts with the o’® subunit

of the E. coli RNA polymerase.
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Figure 41. Superposition of ToxR-DBD (green) and the DNA binding domain of E.coli PhoB (blue).
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4.3.5 Global description of the protein-DNA interactions in the ToxRDNA20 complex
structure

In ToxRDNA20 one molecule of ToxR-DBD binds the DNA through three essential
elements: the wing domain, the recognition helix and the secondary wing (Figures 42

and 43).

Figure 42. Overview of the structure of the ToxRDNA20 complex.

Figure 43. Surface representation of the ToxRDNA20 complex.
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4.3.6 DNA-protein interactions

A plot of DNA-protein interactions calculated using Nucplot (Luscombe N.M. et al., 1997)
is shown in Figure 46. The wing displays important interactions with the minor groove
through residues Thr99 (H-bond between y-OH of Thr99 and the phosphate of A-87 of
chain A and a Van der Waals’ interaction between the y-CH3 of Thr99 and the ribose of
C-88 of DNA, chain A), Pro101 (Van der Waals’ interaction between the side chain of
Pro101 and the ribose of T-91, chain B) and Tyr105 (H-bond between n-OH of Tyr105
and the phosphate of A-87 of DNA, chain A). Remarkably, Lys102 forms an H-bond
between the N of the main chain and the phosphate of C-88 (DNA, chain A) and a
second H-bond between the N of the side chain and the phosphate of T-93 (chain B)
(Figures 44 and 46).

Figure 44. Molecular details of the contacts between Lys102 and DNA.

The majority of the interactions are between the recognition helix and four DNA bases,

from C-88 to A-85, a region that we named the CATA box. The recognition helix interacts
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with the major groove through eight residues: Asp72, Asp73, Ser74, Ser75, Thr77, GIn78,
Ser81 and Arg84. Above all, GIn78 seems to play an essential role in the recognition of
this specific DNA sequence since it is able to interact directly with the DNA bases
(Figures 45 and 46). It forms an H-bond between the 6-C=0 and the N6 of adenine A-85
(chain A). Moreover, it forms two water mediated H-bonds: a first H-bond between the
€-NH2 of the side chain and the N9 of adenine of A-85 (chain A) mediated by water
W126 and a second H-bond between the e-NH2 of the side chain and the 02 of the
thymine of T-83 (chain B) mediated by water W99.

Figure 45. Molecular details of the contacts between two key residues of the recognition helix, Thr77 and
GIn78, and the DNA.

In the recognition helix another key residue is Thr77, which is able to perform direct
interactions with the DNA, displaying Van der Waals’ interactions between the y-CH3
and the adenine of A-87 (chain A) and thymine of T-86 (chain A). The secondary wing is
also interacting with the major groove through the contacts between the y-OH of Thr91
and the phosphate of T-86, chain A (H-bond) and between the y-CH3 of Thr91 and the
ribose of A-87, chain A (Van der Waals’ interaction). Other residues that display
interactions with DNA are Ser37, Asn38, Glu39, Trp64, Val71. Analysis of DNA-protein

interaction allowed us to define the ToxR binding site that goes from A-92 to T-81.
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Figure 46. Interaction scheme of ToxR-DBD with DNA in the ToxRDNA20 structure. The CATA box and the
ToxR binding site are highlighted.
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4.3.7 DNA conformation

The DNA has a B conformation and is almost straight. It presents a slight curvature (4.9°)
that is caused by the compression of the minor groove in a A-T rich sequence region
from A-92 to A-89, resulting in the formation of a typical hydration spine which had
been firstly described by Drew and Dickerson (Drew H.R et al. 1981) (Figure 36). The
minor groove narrows up to 8.9 A between these atoms (Figure 47) and allows the
suitable fitting of Lys 102, which enters in the minor groove and displays important
contacts with DNA (Figure 44) without affecting the spine of hydration. Moreover, there
is a slight compression of the major groove that narrows up to 17.9 A in the CATA box
region (Figure 47). This region is where the recognition helix displays most of the
contacts with DNA (Figure 45) and thus ToxR might contribute to stabilize the
compression. All the geometrical parameters of the DNA are presented in Tables 9 and

10.

A Minor groove width
12,5
12
11,5
11
10,5
10
9,5 -

Distance A

8,5 1
8 ———————————T—T——>

3CA 5AA 7AA 9AC 11AT 13AA 15AA 17AA

20,5 A Major groove width

20 A
19,5 1
19
18,5 1
18 -
17,5 1
17 4
16,5 1
16 — T

3CA 5AA 7AA 9AC 11AT 13AA 15AA 17TA

Distance A

Figure 47. Minor groove and major groove width plots for the ToxRDNA20 structure. Minor and major
groove widths are measured calculating the distance between phosphates. In the x-axis we indicate the
number of the phosphate of the chain A and the corresponding DNA bases that are located before and after
the phosphate.
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bp Shear (A) | Stretch (A) | Stagger (A) | Buckle (°) ::r)opeller (Oo;)ening
1C-G -0.21 -0.27 0.02 -4.77 -4.78 -4.33
2T-A -0.15 -0.28 0.33 -3.60 -11.18 -6.87
3CG 0.26 -0.26 -0.22 6.21 -4.88 -0.05
4 A-T -0.20 -0.05 -0.22 5.88 -13.44 2.82
5A-T 0.07 0.13 0.29 12.82 -14.64 3.21
6 A-T -0.06 -0.04 0.25 6.48 -15.10 5.04
7A-T -0.13 -0.13 0.02 2.95 -13.37 0.65
8A-T -0.03 -0.07 0.11 3.54 -13.48 2.50
9A-T 0.07 -0.01 0.03 4.58 -10.43 4.55
10 C-G 0.20 -0.14 -0.14 7.61 -8.34 -0.97
11 AT 0.03 -0.10 -0.08 -5.31 -1.69 3.88
12 T-A 0.01 -0.14 -0.01 2.67 -5.98 -0.98
13 A-T 0.01 -0.08 0.05 -4.83 -13.91 5.06
14 A-T 0.20 -0.05 0.18 -0.81 -12.82 2.57
15 A-T -0.05 0.00 0.05 -3.07 -12.45 5.50
16 A-T -0.05 -0.18 0.17 -2.38 -12.45 5.20
17 T-A -0.20 -0.15 0.11 -5.96 -13.54 3.00
18 A-T 0.21 -0.13 -0.16 -3.28 -7.40 -1.71
19 A-T -0.13 -0.14 -0.12 6.46 -9.48 -7.93
20 C-G 0.33 -0.27 -0.22 3.25 -10.80 -8.16
Average 0.01 -0.12 0.02 1.42 -10.51 0.65
S.D. 0.16 0.10 0.17 5.37 3.81 4.45

Table 9. Local base-pair parameters for the TOoxRDNA20 structure.
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Step shift (A) slide (A) Rise (A) Tilt (°) Roll (°) Twist (°)
1CT/AG -0.61 0.39 3.44 -3.09 -5.54 39.91
2TC/GA 1.14 1.38 3.18 5.66 -3.45 38.17
3 CA/TG -0.86 1.09 3.42 -2.85 5.30 34.07
4 AA/TT 0.06 0.05 3.05 -4.15 0.14 36.17
5 AA/TT 0.18 0.05 3.38 -0.07 -4.18 38.88
6 AA/TT -0.02 -0.42 3.36 1.98 -3.35 34.35
7 AA/TT 0.32 -0.44 3.23 0.61 -4.12 37.41
8 AA/TT 0.18 -0.59 3.21 0.34 -1.68 35.84
9 AC/GT 0.04 -0.82 3.18 -0.61 -0.07 35.03
10 CA/TG -0.18 -0.95 3.50 -0.76 4.85 36.58
11 AT/AT -0.58 -0.46 3.08 0.15 -2.69 31.25
12 TA/TA 0.12 -0.11 3.35 -0.13 1.80 40.52
13 AA/TT 0.15 -0.41 3.07 -0.06 -2.04 36.82
14 AA/TT -0.05 -0.61 3.29 0.74 -1.40 31.92
15 AA/TT -0.22 -0.43 3.14 -1.66 -1.52 36.32
16 AT/AT -0.05 -0.60 3.34 -0.04 -0.69 32.01
17 TA/TA 0.35 0.47 3.29 3.31 2.23 40.08
18 AA/TT 0.02 -0.02 3.10 2.30 1.70 29.29
19 AC/GT 0.25 -0.22 3.33 1.87 -1.97 42.17
Average 0.01 -0.14 3.26 0.19 -0.88 36.15
S.D. 0.42 0.61 0.13 2.29 2.97 3.45

Table 10. Local base-pair step parameters for the ToxRDNA20 structure.

Notably, the DNA shows high values of propeller-twist in the A-T rich regions of the

sequence of the toxT promoter.
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4.4 ToxR in complex with a 40-bp oligonucleotide

In order to gain further information on the binding of ToxR to the toxT promoter, we
aimed at obtaining a complex of ToxR-DBD with a 40-bp oligonucleotide (DNA40)
containing the specific sequence of the toxT promoter from T-96 to C-57 (Figure 48). We
substituted the first thymine with a cytosine to increase the stability of the ds DNA. We

named this complex ToxRDNA40.

-100 -90 -80 -70 -60 -50 -40

5'-ATCTTATCTCAAAAAACATAAAATAACATGAGTTACTT TATGTTTTTCT TATGTAATACGTCTGTAACT-3’

3'-TAGAATAGAGT TTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGCAGACATTGA-5’
DNA40

Figure 48. DNA40 sequence comprises the sequence of the toxT promoter from T-96 to C-57

4.4.1 ToxRDNA40 complex formation

We incubated the protein and the DNA with a 1:1.2 ratio, and then we loaded the
reaction product into a Superdex 200 size-exclusion chromatography column. The
ToxRDNA40 complex eluted showing a strong peak, confirming the specificity of the
protein for the sequence. We verified by SDS-PAGE that all the fractions of the second
peak corresponded to the ToxRDNA40 complex and not to DNA alone (Figure 49) and we

collected the fractions 21-25.
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Figure 49. Peak of TOoxRDNA40 complex after gel filtration using a Superdex 200 (10-300) column and the
SDS-PAGE analysis of the purified complex.

4.4.2 Crystallization of the ToxRDNA40 complex

We obtained hits from different crystallization screening conditions in robot nanodrops
and we successfully scaled up to microdrops the condition PAC1-B9. We were able to
get hexagonal-shaped crystals after optimization of the crystallization condition (35%

MPD, 0.3 M magnesium acetate, 0.1 M Hepes pH 7.0) (Figure 50).

Figure 50. ToxRDNA40 optimized crystals.
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We tested the ToxRDNA4O crystals at Alba Synchrotron BL13-XALOC beamline and we
got the typical diffraction pattern of DNA fibers, indicating that these crystals were
made of only DNA and not the TOoxRDNA40 complex (Figure 51).

Figure 51. Diffraction pattern of a crystal grown from a ToxRDNA4O solution but diffracting as DNA fibers.

Then, we focused on another promising condition and scaled it up to microdrops. After
optimization, we were able to get large bar-shaped crystals using the following
crystallization condition: 32% PEG MME 500, 0.175 M sodium chloride, 0.1 M glycine pH
8.5 (Figure 52).

Figure 52. ToxRDNAA4O crystals after optimization.
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4.4.3 Data collection and structural determination of TOoxRDNA40

In total, we tested twenty ToxRDNA40 crystals at Alba Synchrotron BL13-XALOC
beamline and collected seven data sets. The best crystal measuring 0.32 x 0.09 x 0.06

mm?, diffracted up to 2.6 A resolution (diffraction pattern shown in Figure 53).

Figure 53. Diffraction pattern of a TOXRDNA4O crystal that diffracted up to 2.6 A.

Data collection and processing statistics for this crystal are detailed in Tables 11 and 12.
All the analyzed crystals belonged to the same space group and had similar cell

dimensions.

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA  R-meas CC(1/2) Anomal SigAno Nano
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA  observed expected Corr
5.48 5738 3404 3733 91.2% 3.% 3.5% 4646 19.18 5.6% 99.5% 2 0.856 687
3.87 10750 6350 6793 93.5% 6.3% 6.3% 8695 15.26 8.%%s 98.3% 4 0.838 1334
3.16 13444 7987 8795 90.8% 13.5% 13.3% 10708 8.92 19.0% 96.0% 10%* 0.837 1554
2.74 15204 2047 10406 86.%% 29.3% 28.2% 12059 2.89 41.1% 90.0% 41%* 0.961 1685
2.45 18162 10799 11791 91.6% 71.2% 74.5% 14380 1.07 99.8% 56. 4% 32% 0.805 2068
2.24 14139 10249 13038 78.6% 153.6% 176.1% 7634 0.37 215.4% 20.3% 22% 0.724 693
2.07 8017 6754 14263 47.48% 308.5% 389.1% 2525 0.12 436.2% 9.2 13 0.598 229
1.94 4153 3684 15131 24.3% 973.4% 1229.7% 938 0.04 1376.6% 0.3 13 0.409 53
1.83 1078 1017 16241 6.3% 665.7% 779.1% 122 0.02 941.4% 0.3 [} 0.000 1
total 90685 59291 100191 59.2% 9.1% 9.1% 61707 4.65 12,96 99. 1% 25% 0.837 8304

Table 11. Data processing outputs for the best dataset of ToxRDNA40.
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Parameters Value

Beamline BL13-XALOC, Alba Synchrotron
Wavelength (A) 1.033

Space group C2

Cell dimensions

225.10A 42.62 A63.18 A
90.00° 105.74° 90.00°

Number of unique reflections

17004

Resolution range (A)- (overall/last shell)

108.30-2.64/2.73-2.64

Rmerge (%) (overall/last shell) 12.83/84.41
Multiplicity (overall/last shell) 3.0/3.0
Completeness (%) (overall/last shell) 97.74/98.00
<I>/o<I> (overall/last shell) 8.86/2.43
Wilson B-factor (A%) 62.47

Table 12. Data collection and processing statistics for TOXRDNA40. R, is defined in section 4.3.3.

We determined the structure of ToxRDNA40 by the molecular replacement method
using Phaser (Mccoy et al., 2007). As searching models, we used the structure of ToxR
taken from the ToxRDNA20 complex and two molecules of idealized double strand DNA
of 10 bp and 6 bp, respectively. Calculations gave one solution with a high TFZ score
(9.6), confirming C2 as the correct special group. We grew the DNA strands manually,
and refined the model by successive cycles of manual building of the model using Coot
and restrained refinement using Refmac. No solvent molecules could be assigned to the
model. Rfactor and Rfree converged to 22% and 30%. ToxRDNA20 geometry was

validated using Molprobity, which assigned to the structure an overall score of 2.58. This
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value was considered good enough taking into account the maximal resolution of the

structure (2.6 A). Table 13 summarizes the refinement statistics.

Parameter Value
Resolution range (A) 108.30-2.64
Number of protein/DNA atoms 4305
Number of solvent molecules 0

RMSD for bonded angles (3 (°) 1.96

RMSD for bond lengths (4 (A) 0.019

Rfactor/Rfree 0.2230/0.2960
Average B-factor (A?) 60.10
Ramachandran favored (%) 86.0
Ramachandran ouliers 2.5
Molprobity score 2.58

Table 13. Refinement statistics for TOoxRDNA40. Rfactor= X | Fobs - Fcalc| / 2| Fobs|. (1)RMSD from target

values.

The final model showed a continuous and quite well defined electron density for all the

structure (Figure 54).
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Figure 54. 2 F,-F electron density map (contoured at 1.0 ) with the final ToxRDNA40 model fitted in the
density.

All the residues were located in allowed regions of Ramachandran plot with few

exceptions (Figure 55).

= a General/Pre-Pro/Proline Favoured
*  Glycine Favoured

« 4+ General/Pre-Pro/Proline Allowed
» Glycine Allowed

bt == -

Figure 55. Ramachandran plot for the three ToxR molecules (monomers C, D and E) in the ToxRDNA40
structure.
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4.4.4 Global description of the protein-DNA complex structure

In ToxRDNA40, three molecules of ToxR-DBD bind the DNA through the same elements
analyzed in ToxRDNA20 structure: the wing, the recognition helix and the secondary
wing (Figures 56 and 57). The peculiarity of this structure is that the upstream (C and D)
two monomers are binding the DNA in tandem, while the third one (E, downstream) is
oriented in the opposite direction (note the arrows on Figure 56). Monomer E is not
aligned with monomers C and D because there is not a complete turn of helix between

monomers D and E.

Figure 57. Surface representation of the ToxRDNA40 complex.

92



Chapter 4: Results

4.4.5 DNA-protein interaction

The three monomers maintained the same DNA-protein interactions, which are
described for the ToxRDNA20 complex. There is a remarkable difference for monomer
D. In this case, ToxR is binding a CATG box, and the key-residue of the recognition helix,
GIn78, is making two direct contacts with the DNA bases (Figure 58). It forms a first H-
bond between the e-NH, of GIn78 and the 06 of guanine G-75 (chain A) and a second H-
bond between the e-NH, of GIn78 and the 04 of thymine T-74 (chain B).

=2

)=

< 2
©24A

N ’

T-74
=L
RECOGN|T|ON HELIX ‘/ (
> - A i/

S
~ "” Y

Figure 58. Molecular details of the contacts between GIn78 of monomer D and DNA.

Analysis of DNA-protein interaction allowed us to define the ToxR binding site for the
three monomers: the binding site for monomer C goes from A-92 to T-81, the one for
monomer D goes from A-83 to T-72 and finally the binding site for monomer E is from C-
69 to T-58. As the binding sites of monomers C and D overlap, the two ToxR molecules
are bound in tandem and interacting with each other. Figure 59 shows a plot of DNA-

protein interactions, which was made by using Nucplot (Luscombe et al. 1997).

93



Chapter 4: Results

Pro101
T-71 A-71
Lys102N T
Args6 - - ATz
Pro101 -
Arg103 - -
Thr77=<--_ Asn38 ND2.. C-69 G-69
Arg84 NH1- C_gg 881 ipsahEE
Thr99 OG1 . \ T_68 A_68
Tyr105 OH -- Val7l -~ ) E
Thr77 -~ M A-87T-87' Asp72N - ]
Ser750G - -
Ser81 OG ---- T.57 A.67
Thr91 OG1-" '|' A
-86 \-86 _I_ A
B e\ T\ 0| S— OE1GIn78
GIN78 OET-— N\ R 66 '\-66
Val71 A-65T—65 T
_ND2 Asn38 T A -
““NE1 Trp64 6411-64
-~ -Val71
’ G-63C-63'
(O ---.
T "0GSer37 5> T4 Ae2
D " Gly36
T-61 A-61
Arg56 NE
Lys102NZ."~ Teo heo
Pro101 - - _
Thr77 < -
" Pro101
Arg84 NH L1022 T-59 A-59
Thr99 OG1.. ys102 NZ -----------
Tyr105 OH--- : ]
Thi77 - - A.77T_77 T58A58
Serg1 G ...
C-57 G-57
Thro1 0G1 _T_76 A-76‘
GIN78 NE2 -~k G C
-75\-75T
74 |74 NE2GIn78
A 74 T 74 S
<" NAsp72
2 "-0G Ser75
- (.73 (3 <0 s
~o-—---ND2 Asn38
“-NE1 Trp64

25-T.72 A7~

Figure 59. Interaction scheme of ToxR-DBD with DNA in the ToxRDNA4O structure. The CATA and CATG
boxes and the ToxR binding sites are highlighted.
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4.4.6 Protein-protein interactions

The two upstream monomers (C and D) are binding the DNA in tandem and are
displaying several interactions in the interface area. We assessed the significance of
these interactions by using the PISA software and we got a complex formation score of
0.061, which implied that this interface was not significant for dimer complex formation
by itself, although it covers an area of 409.9 A% In details, monomer C is interacting
through the loop connecting B2 and B3, the loop connecting B4 and al and the a2-a3
connector, while monomer D makes contacts by the wing, the secondary wing and the
loop connecting al and B5 (Figures 60 and 61). Monomer C displays H-bonds with
monomer D through residues Arg34 (H-bond between the NH, of the side chain and the
carbonyl oxygen of the main chain of Pro94) (Figure 62), GIn67 (H-bond between the &-
carbonyl and the n- NH, of Arg103) (Figure 63), Asn21 (H-bond between the §-oxygen of
the carbonyl group and the N of the side chain of Lys96), Leul9 (H-bond between the
carbonyl oxygen of the main chain and the e- NH, of GIn51) and Ser20 (H-bond between
the y-OH and the &- NH, of GIn51 and H-bond between the y-OH and the e-carbonyl of
GIn51) (Figure 64). Monomer C displays Van der Waals’ interactions with monomer D
through residues Ser20 (interaction with 1le108) and Arg34 (interactions with Ser93 and
Pro94). Moreover, we found an electrostatic interaction between the side chain of
Lys102 from monomer C and the phenyl ring of Phe69 from monomer D (Figure 63).
These interactions may be important for tandem formation, although not enough to
drive dimerization of the protein in the absence of DNA. Hence, we hypothesize two
possible scenarios: a) the dimer observed in the ToxRDNA40 complex is the same dimer
observed in solution without DNA (Figure 26), but it is weak complex interaction, so
ToxR is able to bind DNA as a monomer; b) the dimer observed in the ToxRDNA40
complex is different from the dimer observed in solution without DNA. The eventual
conformational changes from a dimeric form to another one would be probably due to

the presence of DNA.
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180°

Figure 60. Top, front and rear views of the ToxR-DBD tandem interface. Monomers, A and B, are
represented in dark and light green, respectively. The interface area is coloured in palegreen (monomer A)
and yellow-orange (monomer B).
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Figure 61. Cartoon and surface representations of ToxR-DBD tandem interface. The ToxR characteristic
elements that are present in the interface area, are indicated.
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SECONDARY
WING

B4-a1 loop

Figure 62. H-bond between Arg34 of monomer C and Pro94 of monomer D.

a2-a3 loop

Figure 63. H-bond between GIn67 of monomer C and Arg103 of monomer D and electrostatic interaction
between Phe69 of monomer C and Lys102 of monomer D.
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Figure 64. H-bonds between Leu19 and Ser20 of monomer C and Asn51 of monomer D.

4.4.7 DNA conformation

The DNA presents a curvature of 11.3°. As analyzed in the ToxRDNA20 complex, the A-T
rich sequence region from A-92 to A-89 is producing a high compression of the minor
groove, which forms a suitable cavity where the wing of monomer C can enter. The
minor groove narrows up to 8.8 A in this region, reaching the minimal width value of the
40-bp oligonucleotide. In fact, the rest of the minor groove, at the regions where
monomers D and E are binding, narrow up only to 9.4 A and 9.0 A, respectively. There is
a slight compression of the major groove in the CATA and CATG box regions: 17.8 A in
the monomer C binding site, 17.7 A in monomer D binding site and finally 17.5 A in
monomers E binding site (Figure 65). ToxR binding may contribute to stabilize the

compression of the grooves.
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Minor groove width
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Figure 65. Minor and major groove width plots for the ToxRDNA40 structure. Major and minor groove
widths are measured calculating the distance between phosphates. In the x-axis we indicate the number of
the phosphate of the chain A and the corresponding DNA bases that are located before and after the
phosphate. Binding sites for monomers E and F are shadowed following the usual color code: in the upper
panel these DNA regions correspond to the binding site of the wing, in the lower panel they correspond to
the binding site of the recognition helix.

All the geometrical parameters of the DNA are shown in Tables 14 and 15. As seen in
ToxRDNAZ20, the A-tracts show a high value of propeller-twist. In particular, the DNA has
the highest propeller value for adenine 14 of chain A (-27.34°), which is able to form a
bifurcated H-bond with thymine 26 and thymine 27 of chain B. This is a common feature
of the A-tracts that display a high compression of the minor groove, as described by Coll

and his collaborators (Coll et al. 1987)
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Propeller Opening
bp Shear (A) | Stretch (A) | Stagger (A) | Buckle (°) | (°) (°)
1C-G -1.01 0.77 -0.29 17.43 -29.51 -1.64
2C-G -0.09 0.41 -0.19 9.85 -18.00 13.01
3AT 0.59 -0.48 -0.71 1.46 -24.33 -2.69
4 A-T 0.31 -0.01 -0.04 15.07 -24.28 6.30
5A-T 0.59 -0.06 0.06 8.52 -26.47 2.33
6 A-T -0.31 -0.02 0.16 6.20 -24.58 -2.39
7 A-T 0.04 0.01 0.20 5.48 -23.61 1.91
8A-T 0.20 -0.12 0.75 6.16 -12.17 -4.78
9C-G 0.17 0.08 -0.12 12.90 -20.41 2.56
10 A-T -0.17 -0.09 0.23 -7.04 -3.23 -3.74
11 T-A -0.21 0.10 -0.31 1.25 -20.23 0.62
12 A-T 0.03 -0.13 -0.26 1.46 -14.51 1.44
13 A-T 0.15 -0.01 0.13 -1.36 -21.94 4.24
14 A-T -0.25 -0.04 -0.29 -2.94 -27.34 3.38
15 A-T 0.00 0.06 0.12 2.51 -23.18 1.81
16 T-A 0.02 -0.20 0.46 3.58 -14.99 -0.95
17 A-T 0.05 -0.01 0.18 -1.84 -13.01 -2.02
18 A-T -0.01 -0.07 0.36 9.04 -11.94 -1.92
19 C-G 0.74 -0.09 -0.29 16.24 -22.06 -2.90
20 A-T -0.43 -0.08 0.53 -5.18 -6.01 3.15
21 T-A 0.17 0.04 0.44 0.63 -12.84 1.15
22 G-C -0.13 -0.04 -0.08 -0.93 -12.24 1.36
23 AT -0.47 -0.25 0.28 -0.95 -22.44 3.46
24 G-C -0.29 -0.04 -0.36 -8.69 -19.14 -0.13
25T-A -0.33 -0.02 -0.46 -3.41 -19.12 9.47
26 T-A 0.72 -0.05 0.15 -4.23 -15.43 -0.22
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27 A-T -0.80 0.46 0.12 1.58 -19.20 9.96
28 C-G 0.07 -0.13 0.29 6.75 -13.45 2.37
29T-A 0.22 0.11 -0.18 0.50 -12.73 1.20
30T-A 0.36 0.12 -0.70 4.75 -18.88 1.18
31T-A -0.66 -0.16 -0.47 1.74 -24.45 -7.68
32 AT -0.11 0.11 0.14 3.43 -18.29 2.28
33T-A 0.25 0.33 0.29 9.07 -1.81 4.15
34 G-C -0.05 0.53 -0.07 -6.38 -12.55 1.32
35T-A -0.25 -0.09 0.47 -14.91 -20.48 -4.11
36 T-A -0.31 -0.02 0.57 -7.80 -18.30 2.72
37T-A -0.17 -0.23 0.13 -9.07 -19.30 -6.36
38T-A 0.36 0.18 -0.09 -10.87 -26.11 -5.88
39T-A -1.61 0.39 -0.26 -1.49 -18.75 -10.19
40 C-G -0.15 0.13 -0.53 1.86 -6.08 -3.36
Average -0.07 0.03 0.01 1.51 -17.83 0.51
S.D. -0.45 0.23 0.35 7.42 6.57 4.64

Table 14. Local base-pair parameters for the ToxRDNA4O structure.
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Step shift (A) slide (A) Rise (A) Tilt (°) Roll (°) Twist (°)
1CC/GG 0.66 0.48 3.65 1.23 10.11 37.81
2 CA/TG -0.56 2.20 3.76 5.39 2.82 45.63
3 AA/TT 0.42 0.32 2.77 -3.11 1.93 32.75
4 AA/TT -0.18 0.07 3.58 -2.28 -2.11 37.27
5AA/TT -0.08 -0.24 3.20 2.08 -3.46 34.85
6 AA/TT 0.58 -0.37 3.23 3.07 -5.28 38.03
7 AA/TT -0.00 -0.70 3.09 -3.83 -4.84 36.47
8 AC/GT 0.75 -0.90 3.22 8.41 -1.05 34.05
9 CA/TG -0.44 -0.91 3.43 -5.45 10.02 37.78
10 AT/AT -0.46 -0.50 3.13 1.85 -0.79 31.36
11 TA/TA -0.08 0.40 3.34 -2.57 4,51 37.18
12 AA/TT 0.31 -0.08 3.20 -3.72 -5.22 38.88
13 AA/TT -0.08 -0.30 3.26 1.44 0.85 32.59
14 AA/TT -0.28 -0.19 3.02 -3.49 1.56 38.49
15 AT/AT 0.19 -0.71 3.23 -1.80 -4.53 31.98
16 TA/TA 0.41 0.37 3.36 4,17 -7.04 41.77
17 AA/TT 0.03 -0.43 2.99 -1.16 -3.31 33.52
18 AC/GT 0.48 -0.69 3.22 6.35 -0.92 38.26
19 CA/TG 0.14 -0.60 3.44 -5.06 4.60 36.75
20 AT/AT -0.49 -0.50 3.23 0.99 -4.21 33.60
21 TG/CA -0.28 0.09 3.29 0.71 4.27 38.73
22 GA/TC 0.27 -0.24 3.14 -2.42 -0.43 32.27
23 AG/CT -0.42 -0.49 3.58 0.90 3.27 35.50
24 GT/AC -0.15 -0.75 3.10 1.75 -1.40 34.87
25 TT/AA 0.26 0.12 3.28 -2.55 2.66 41.28
26 TA/TA 0.57 0.52 3.06 1.04 9.50 25.49
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27 AC/GT -0.24 0.07 3.19 -3.57 4.34 36.79
28 CT/AG -0.32 -0.60 3.37 5.15 5.85 36.23
29 TT/AA 0.45 -0.31 3.02 3.04 3.40 34.72
30 TT/AA -0.56 -0.23 3.40 -2.04 -4.01 3341
31 TA/TA 0.68 0.33 3.36 -2.01 1.69 40.97
32 AT/AT 0.47 -0.54 2.96 -1.99 0.89 34.58
33 TG/CA 0.21 -1.17 3.41 4.65 6.35 35.57
34 GT/AC -0.58 -1.28 3.56 -3.57 -2.12 32.25
35 TT/AA 0.11 -0.86 2.90 -0.51 -1.34 33.92
36 TT/AA -0.93 -0.60 3.19 -0.53 -2.91 36.42
37 TT/AA -0.18 -0.34 3.14 -0.67 -1.83 41.90
38 TT/AA -0.25 -0.53 2.84 0.99 1.51 24.66
39 TC/GA -0.17 0.13 3.32 -1.00 0.03 37.94
Average 0.01 -0.26 3.24 3.24 0.60 35.81
S.D. 0.42 0.61 0.22 0.22 4.34 4.03

Table 15. Local base-pair step parameters for the ToxRDNA4O structure.
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4.5 ToxR in complex with a 25-bp oligonucleotide

The determination of the ToxRDNA4O structure revealed a third ToxR binding site in the
toxT promoter sequence, which was due to a 5'-CATA-3' box from C-63 to A-66 of chain
B. Since we observed a second 5'-CATA-3' box located 11-bp downstream of the first one
in the chain B, we tried to obtain a complex of ToxR with a 25-bp oligonucleotide,
named DNA25, containing both 5'-CATA-3' boxes (Figure 66). We called the new
complex ToxRDNA25.

-100 -90 -80 -70 -60 -50 -40

5’-ATCTTATCTCAAAAAACATAAAATAACATGAGTTACTT TATGTTTTTCT TATGTAATACGTCTGTAACT-3’
3'-TAGAATAGAGT TTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGCAGACATTGA-5’

Figure 66. DNA25 sequence comprises the sequence of the toxT promoter from C-69 to G-45. 3'-CATA-5'
boxes are highlighted and the second one overlaps with the TcpP binding site (TGTAA).

4.5.1 ToxRDNA25 complex formation

We incubated the protein and the DNA with a [1:1.2] ratio, and then we loaded the
reaction product into a Superdex 200 size-exclusion chromatography column. The
ToxRDNA25 complex eluted showing a major protein-DNA peak, confirming the
formation of the complex. We verified by SDS-PAGE that all the fractions of the peak

corresponded to the ToxRDNA25 complex and not to DNA alone (Figure 67).
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Figure 67. Peak of TOxXRDNA25 complex after size-exclusion chromatorgaphy using a Superdex 200 (10-
300) column and the SDS-PAGE analysis of the purified complex.

4.5.2 Crystallization of the ToxRDNA25 complex

We obtained crystal hits from different crystallization screening conditions in 100 nl
robot nanodrops and we successfully scaled up to microdrops the condition PAC1-C7
(see Table 2 in section 3.4.1). We were able to get large bar- and hexagonal-shaped
crystals after optimization of the crystallization condition (25% PEG4000, 0.3 M
ammonium sulfate) (Figure 68). Crystals were cryo-cooled in liquid nitrogen using as

cryobuffer the crystallization condition solution with 20% glycerol.

Figure 68. ToxRDNAZ25 crystals after optimization.
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4.5.3 Data collection and structural determination of ToxRDNA25
In total, we tested twenty ToxRDNA25 crystals at Alba Synchrotron BL13-XALOC

beamline and collected six complete data sets. The best crystal, measuring 0.36 x 0.16 x

0.14 mm?, diffracted up to 3.2 A resolution (diffraction pattern shown in Figure 69).

Figure 69. Diffraction pattern of a TOXRDNA25 crystal that diffracted up to 3.2 A.

Diffraction data were processed using XDS. Data collection and processing statistics for
this crystal are detailed in Tables 16 and 17. All the analyzed crystals belonged to the

same space group and had similar cell dimensions.
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SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION

RESOLUTION NUMBER OF REFLECTIONS COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA R-meas CC(1/2) Anomal SigAno Nano
LIMIT OBSERVED UNIQUE POSSIBLE OF DATA  observed expected Corr
5.82 6568 3004 3134 95.9% 2.3 2.4% 6013 26.30 3.0% 99. 9% -2 0.773 843
4.12 12201 5503 5672 97.0% 5.5% 5.3% 11208 14.12 7.1% 99. 7% 1 0.805 1672
3.37 15583 7110 7314 97.2% 14.8% 14.5% 14203 5.18 19.0% 99. 4% =) 0.758 2095
2.92 18635 8490 8692 97.7% 15.2% 14,65 16934 1.64 19.4% 99.8% ) 0.620 2497
2.61 20559 9563 9791 97.7% 358.2% 378.0% 18440 0.27 465.1% 40.3* 3 0.553 2675
2.38 14612 9291 10916 85.1% 4295. 4% 4608. 1% 9886 -0.00 5870. 4% 4.6 3 0.507 1127
2.21 8423 6483 11815 54.%% 5043. 1% 5511.6% 3844 -0.01 7106.7% 2.3 2 0.494 315
2.06 4303 3690 12686 29.1% 2540.3% 2687.%% 1226 -0.01 3592.6% -0.6 -5 0.509 80
1.95 1106 1059 13534 7.8% -99.%% -99.9% 94 -99.00 -99.9% 15.5 41 0.544 7
total 101990 54193 83554 64.%% 8.6% 8.7% 81848 3.87 11.2% 99. 8% 3 0.653 11311

Table 16. Data processing outputs for the best dataset of TOoxRDNA25.

Parameters Value
Beamline BL13-XALOC, Alba Synchrotron
Wavelength (A) 0.979
Space group C222,

Cell dimensions

83.70 A 162.37 A 83.63 A
90.00° 90.00° 90.00°

Number of unique reflections

9572

Resolution range (A)- (overall/last shell)

81.18-3.25/3.36-3.25

Rmerge (%) (overall/last shell)

6.68/53.28

Multiplicity (overall/last shell) 4.0/4.2
Completeness (%) (overall/last shell) 99.17/99.05
<I>/o<I> (overall/last shell) 13.02/2.71
Wilson B-factor (A%) 114.98

Table 17. Data collection and processing statistics for TOXRDNA25. Ry, is defined in section 4.3.3.

We determined the structure of ToxRDNA25 by the molecular replacement method

using Phaser (Mccoy et al., 2007). As searching models, we used the structure of ToxR
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taken from the ToxRDNA20 complex and one molecule of idealized double strand B-DNA
of 14 bp. Calculations gave one solution with a high TFZ score (8.4), confirming C222, as
the correct space group. We grew the DNA strands manually, and refined the model by
successive cycles of manual building of the model using Coot and restrained refinement
using Refmac. No solvent molecules were added to the model because of the lack of
clear electron density corresponding to the solvent. Rfactor and Rfree converged to 20%
and 27%, respectively. ToxRDNA25 geometry was validated using Molprobity, which
assigned to the structure an overall score of 2.72. This value was considered good
enough taking into account the resolution of the structure (3.2 A). Table 18 summarizes

the refinement statistics.

Parameter Value
Resolution range (A) 81.18-3.25
Number of protein/DNA atoms 2798
Number of solvent molecules 0

RMSD for bonded angles (3 (°) 1.60
RMSD for bond lengths (4 (A) 0.010

Rfactor/Rfree 0.1974/0.2723
Average B-factor (A% 125.00
Ramachandran favored (%) 82.0
Ramachandran ouliers 23
Molprobity score 2.72

Table 18. Refinement statistics for TOxRDNA25. Rfactor= X | Fobs - Fcalc| / 2| Fobs|. (1)RMSD from target

values.

The final model showed a continuous and quite well defined electron density for all the

structure (Figure 70).
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Figure 70. 2 F,-F. electron density map (contoured at 1.0 ) with the final TOoxRDNA25 model fitted in the
electron density.

All the residues were located in allowed regions of Ramachandran plot with the

exception of three residues (Figure 71).
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Figure 71. Ramachandran plot for the two ToxR molecules (monomers E and F) in the ToxRDNA25
structure.
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4.5.4 Global description of the protein-DNA complex structure

In ToxRDNA25, two molecules of ToxR-DBD bind the DNA through the same elements
analyzed in ToxRDNA20 structure: the recognition helix, the wing and the secondary
wing (Figures 72 and 73). However, in this case, the two monomers are oriented in the
opposite direction (note the arrows on Figure 72). The two proteins are far apart, with

no interactions between them.

A

SECONDARY RECOGNITION
WING HELIX,

SECONDARY
WING

RECOGNITION
HELIX

Figure 72. Overview of the structure of ToxRDNA25 complex.

Figure 73. Surface representation of the ToxRDNA25 complex.

111



Chapter 4: Results

4.5.5 DNA-protein interaction

A plot of the DNA-protein interactions, which was made by using Nucplot (Luscombe et
al., 1997), is shown in Figure 76. Monomer E displays the same DNA-protein interactions
that are described in the ToxRDNA40O complex. On the other hand, monomer F is
surprisingly binding a TGTA sequence, which overlaps with the site specific for TcpP
(Goss et al. 2010). In monomer F, the wing displays important interactions with the
minor groove through residues Thr99 (H-bond between y-OH of Thr99 and the
phosphate of G-52 of chain A), Pro101 (Van der Waals’ interaction between the side
chain of Pro101 and the ribose of T-53, chain B) and Tyr105 (H-bond between n-OH of
Tyr105 and the phosphate of G-52 of DNA, chain A). Lys102 forms an H-bond, very weak
(3.73 A), between the N of the side chain and the phosphate of A-58 (chain B) and a
second H-bond between the N of the main chain and the phosphate of T-53 (DNA, chain
A). The majority of the interactions are between the recognition helix and four DNA
bases, from T-53 to A-50, a region that we named the TGTA box. The recognition helix
interacts with the major groove through five residues: Thr77, GIn78, Ser81, Arg84 and
Lys85.

RECOGNITION
HELIX

Figure 74. Molecular details of the contacts between two residues of the recognition helix of monomer F,
GIn78 and Lys85, and DNA. GIn78 displays a direct contact with a DNA base (A-50) and Lys85 forms an H-
bond with the phosphate of the same base.
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As in ToxRDNA20 and ToxRDNA40 complexes, GIn78 seems to play an essential role in
the recognition of this specific DNA sequence since it is able to interact directly with a
DNA base. It forms an H-bond between the 6-C=0 and the N6 of adenine A-50 (chain A)
(Figures 74 and 76). In the recognition helix another key-residue is Thr77, which is able
to perform direct interactions with DNA, displaying Van der Waals’ interactions between
the y-CH3 and three DNA bases: thymine T-51 (chain A), guanine G-52 (chain A) and
thymine T-53 (chain A). The secondary wing is also interacting with the major groove
through the contacts between the y-OH of Thr91 and the phosphate of T-51, chain A (H-
bond) and between the N of the side chain of Lys92 and the phosphate of A-56 (H-bond)
(Figures 75 and 76).

Figure 75. Molecular details of the contacts between Thr91 and Lys92 of monomer F and DNA.

Analysis of DNA-protein interaction allowed us to define the ToxR binding site for the
two monomers: the binding site for monomer E goes from C-69 to T-58 (as seen in

ToxRDNA40), while the one for monomer F goes from G-57 to G-46.
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Figure 76. Interaction scheme of ToxR with DNA in the ToxRDNA25 structure. The CATA and TGTA boxes
and the ToxR-DBD binding sites are highlighted. Monomers E and F are represented following the usual

color code.
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4.5.6 DNA conformation

The DNA presents a curvature of 9.6°. As analyzed in the ToxRDNA20 and ToxRDNA40
complexes, the A-T rich sequence regions show a high compression of the minor groove,
which form a suitable conformation for the wing to bind both in monomers E and F. In
particular, the minor groove, at the regions where monomers E and F are binding,
narrow up to 9.1 A and 9.3 A, respectively. A slight compression of the major groove is
observed in the CATA and TGTA box regions: 17.8 A both in monomer E and monomer F
binding sites (Figure 77). All the geometrical parameters of the DNA are presented in
Tables 19 and 20. As seen in the ToxRDNA20 and ToxRDNA40 complexes, we observed

high values of propeller-twist in the A-tracts of the DNA.

Minor groove width
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Figure 77. Minor and major groove width plots for the ToxRDNA25 structure. Minor and major groove
widths are measured calculating the distance between phosphates. In the x-axis we indicate the number of
the phosphate of the chain A and the corresponding DNA bases that are located before and after the
phosphate. Binding sites for monomers E and F are shadowed following the usual color code: in the upper
panel these DNA regions correspond to the binding site of the wing, in the lower panel they correspond to
the binding site of the recognition helix.
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Propeller Opening
bp Shear (A) | Stretch (&) | Stagger () | Buckle (°) | (°) ()
1C-G -0.73 0.21 0.99 -20.17 -7.94 8.15
2T-A -0.48 -0.17 0.52 -11.95 -17.79 -8.88
3T-A -0.04 -0.02 -0.19 -2.63 -15.27 4.82
4T-A 0.00 -0.09 -0.21 0.07 -23.88 -5.92
5A-T 0.08 -0.12 0.02 -13.81 -12.52 -0.94
6 T-A 0.37 0.05 -0.16 -0.44 0.36 -4.80
7 G-C -0.42 -0.19 0.43 1.10 -4.46 -3.65
8T-A 0.49 -0.10 0.37 3.45 -5.39 0.17
9T-A -0.24 -0.29 0.25 -2.53 -12.04 -7.08
10T-A -0.33 0.14 0.34 -3.37 -15.95 1.51
11 T-A 0.07 -0.24 0.02 2.20 -14.21 0.18
12 T-A -0.12 -0.39 -0.11 6.12 -19.24 -6.62
13 C-G 0.12 -0.27 0.37 5.68 -22.17 2.60
14 T-A -0.14 -0.21 0.00 3.24 -9.55 0.07
15T-A 0.06 -0.16 -0.13 -0.49 -7.74 -2.46
16 A-T 0.31 -0.06 0.69 -5.52 -4.58 4.81
17 T-A 0.38 -0.23 0.20 0.09 -10.56 0.68
18 G-C -0.29 -0.08 -0.38 -8.44 0.56 3.36
19T-A -0.05 -0.48 0.72 2.78 -8.32 -5.24
20 A-T -0.39 -0.11 -0.42 2.85 -28.41 1.70
21 AT -0.52 0.17 -0.28 -9.10 -18.57 -0.39
22T-A 0.88 0.08 -0.12 1.13 -17.88 -1.48
23 AT 0.63 -0.23 0.67 -1.00 -9.38 1.56
24 C-G 0.76 -0.08 -0.19 9.16 -13.96 6.37
25 G-C 0.05 0.23 -0.06 -11.11 -17.44 10.66
Average 0.02 -0.11 0.13 -2.11 -12.65 -0.03
S.D. 0.41 1.18 0.38 6.96 7.25 4.89

Table 19. Local base-pair parameters for the ToxRDNA25 structure.
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Step shift (A) slide (A) Rise (A) Tilt (°) Roll (°) Twist (°)
1CT/AG -0.75 -0.60 3.01 0.92 -1.03 37.10
2TT/AA 0.86 -0.54 2.98 4.36 -3.25 35.03
3TT/AA -0.44 -0.58 3.15 0.75 1.14 36.95
4TA/TA 0.48 0.24 3.45 -1.13 3.08 40.15
5 AT/AT -0.35 -0.42 3.01 -1.03 -0.58 33.02
6 TG/CA 0.38 -1.41 2.93 -3.44 1.77 32.29
7 GT/AC -0.23 -0.88 3.26 0.46 -3.67 37.73
8 TT/AA -0.54 -0.99 3.42 0.17 -5.40 30.71
9 TT/AA 0.22 -0.81 3.26 -1.57 -5.15 35.89
10 TT/AA -0.07 -0.01 3.00 0.58 -3.92 41.35
11 TT/AA -0.46 -0.26 3.06 -1.93 -3.91 35.54
12 TC/GA 0.58 -0.41 3.25 0.02 -1.57 37.20
13 CT/AG -0.25 -0.63 3.31 0.93 -1.65 33.25
14 TT/AA -0.14 -0.51 3.44 0.20 -3.43 34.93
15 TA/TA 0.14 -0.58 3.34 -5.67 -4.44 41.35
16 AT/AT -0.14 -0.65 3.17 2.88 -5.11 31.79
17 TG/CA -0.39 -0.97 3.29 -2.31 4.41 37.29
18 GT/AC -0.61 -0.64 3.19 -6.43 -6.22 28.05
19 TA/TA -0.19 0.38 3.23 10.94 1.30 35.66
20 AA/TT 0.27 -0.42 3.51 -3.56 4.55 37.01
21 AT/AT -0.38 -0.09 2.99 -2.58 -1.56 41.46
22 TA/TA 0.15 -0.50 3.29 -2.60 -5.24 35.51
23 AC/GT 0.76 -0.58 3.18 9.92 -1.41 36.15
24 CG/CG 0.18 1.37 3.63 1.46 15.34 37.22
Average -0.04 -0.44 3.22 0.06 -1.08 35.94
S.D. 0.44 0.54 0.19 4.04 4.70 3.34

Table 20. Local base-pair step parameters for the ToxRDNA25 structure.
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We have solved the 2 A structure of a DNA-protein complex of ToxR-DBD with a 20-bp
oligonucleotide, containing the sequence of the toxT promoter from C-97 to C-78. We
chose this specific oligonucleotide based on the experiments described in literature
(Goss et al. 2013). According to these experiments, this sequence encompasses two
putative ToxR binding sites of the toxT promoter and thus, we expected two molecules
of ToxR-DBD binding this DNA segment. Unexpectedly, in ToxRDNA20 only one molecule
of ToxR-DBD binds the DNA. ToxR-DBD shows the characteristic fold of the winged helix-
turn-helix family of transcription factors (Martinez-Hackert and Stock 1997b). However,
when we compared ToxR-DBD with the structures of other proteins of this family, we
found out that it has a unique turn that we called "secondary wing" (Figures 38 and 39).
This secondary wing plays the role in enabling ToxR to bind the DNA in a more efficient
way since a number of additional protein-DNA interaction appear. Two characteristic
elements of ToxR are the wing and the recognition helix, which together with the
secondary wing are responsible for the DNA recognition and binding (Figure 42).
Another peculiarity of ToxR-DBD fold seems to be the N-term B-sheet, which is wider
than in PhoB: an extra parallel B-strand (B8), located in the C-term, forms this B-sheet
with the four antiparallel strands located in the N-term. This B-sheet might have a role in
the transmission of the signal from the periplasmic domain to the DNA binding domain
since B8 is preceding the linker that connects ToxR-DBD with the periplasmic domain.
We analyzed all the DNA-protein interactions present in ToxRDNA20 and elaborated an
interaction scheme, which allowed us to redefine the ToxR binding pattern (Figure 78).
According to the ToxRDNA20 structure, the ToxR binding site is: 5'-AAAAACATAAAA-3'
from A-93 to A-82. The five adenines upstream of the CATA box are essential to narrow
the minor groove and create a suitable cavity where the wing can enter and establish
contacts with the DNA. Thus, the peculiar local DNA at this A-T rich region sequence is
critical for the DNA sequence specificity. In fact, the minor groove narrows up to 8.9 A
and allows the interaction with Pro101 and Lys102 of the wing (Figures 44, 46 and 72).

The secondary wing is also interacting with the minor groove through residue Thr91.
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Regarding the CATA box, it is important to highlight the direct contacts of ToxR with DNA
bases: an H-bond between GIn78 and A-85 and Van Der Waals' interactions between
Thr77 and A-87 and T-86 bases. These interactions are the only direct and specific

contacts with DNA bases present in the ToxRDNA20 complex.
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Figure 78. ToxRDNA20 interaction scheme.

The analysis of ToxR-DNA interactions allowed us to explain the data published on the

ToxR mutations that abolish toxT activation (Morgan et al. 2011) (Table 21).

ToxR mutation Effect on toxT promoter Explanation by our
activation structures (lost interaction)

W64R Defective H-bond

V71A Defective Van der Waals' interaction
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D73A Defective H-bond
S74A Defective H-bond
S75A Defective H-bond
Q78R Defective H-bond
T99R Defective H-bond
P101L Defective Van der Waals' interaction

Table 21. ToxR mutations that are defective in the activation of toxT promoter (Morgan et al. 2011).

After solving the ToxRDNA20 complex, we aimed at getting a bigger complex of ToxR
with a 40-bp oligonucleotide, taking into account the result of the footprinting
experiments (see section 1.4.2). Hence, we designed a longer oligonucleotide, starting
from T-96 (this thymine is replaced by a cytosine to enhance stability of the dsDNA) to C-
57 (Figure 48). This 40-bp oligonucleotide (DNA40Q) contains the ToxR binding site found
in TOoxRDNA20 and an additional putative binding site, which had been described as a
degenerated toxR binding site (from C-69 to T-56) (Goss T.J et al. 2013). ToxR seems to
have a low affinity for this degenerate binding site and would not have a biological
relevance in the toxT promoter activation. In spite of this, our working hypothesis
consisted in getting a dimer of ToxR in complex with the DNA40. We solved the
structure of ToxRDNA4O complex at 2.6 A. Surprisingly, the structure showed three
monomers attached to the DNA. Two monomers (C and D) are binding in tandem in a
head-to-tail conformation, while a third monomer (monomer E) binds the DNA
downstream, in the opposite direction (Figure 56). Monomer C binds to the same
binding site of ToxRDNA20 complex, monomer D binding site is 5'-AATAACATGAGT-3'
from A-83 to T-72, and monomer E binding site is 3'-AAAAAACATAAAG-5' from C-69 to
T-58 (Figure 79). It is particularly interesting that the guanine G-75 of the CATG box is
able to display a direct interaction with GIn78. This key-amino acid can interact
indiscriminately with an adenine or a guanine thanks to its plasticity: by rotating its side
chain x3 angle by 180° it can interact with the adenine of a CATA box by its nitrogen or

with a guanine of a CATG box by its oxygen (Figure 58).
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Figure 79. ToxRDNAA4O0 interaction scheme.

When we analyzed the tandem interactions between monomer C and monomer D (see
section 4.4.6) it seems that they are not significant enough to stabilize a dimer in the
absence of DNA. So, we suggest two possible hypotheses: i) the dimer observed in the
ToxRDNAA4O structure is the same dimer of ToxR in solution in the absence of DNA, but it
is a weak complex interaction ii) the dimer observed in the ToxRDNA4Q structure is
different from the ToxR dimer in solution and these conformational changes would
occur in the presence of the DNA. Monomer E is binding a 5'-CATA-3' box in the opposite
direction of monomers C and D at -63 (DNA, chain B) and this unexpected result is very
interesting because it indicates that ToxR is able to bind its binding sites in both
directions. This finding indicated that the "degenerate binding site" has indeed affinity
for ToxR and that the protein is able to bind both in tandem to direct repeat and in
opposite direction to an inverted repeat. Once the A-tract-CATA box was determined as
the binding region of ToxR-DBD, we observed another putative binding site further
downstream, at -52 of chain B. Hence, we tried to get a third ToxR-DNA complex with an

oligonucleotide that includes the monomer E binding site plus the 5'-(-52)CATA(-55)-3'
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box (chain B), downstream with respect to the first one. We picked a 25-bp
oligonucleotide ranging from C-69 to G-45 (DNA25) instead of a very long
oligonucleotide of 52-bp, increasing our chance of success (Figure 66). Our working
hypothesis was that two molecules of ToxR could bind the DNA in tandem as monomer

C and D in ToxRDNA4O0, but in the opposite direction (Figure 80).

-60 -50

5'-TCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTCTTATGTAATACG -3’
3'-AGTTTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGC -5

E//'7I'o P/ /‘Ijo:R\) ?
\ ’\\ [

Figure 80. Working hypothesis for ToxRDNA25.

We solved the ToxRDNA2S5 structure at 3.2 A. One ToxR monomer is binding at the same
binding site of monomer E in ToxRDNA40, while a second monomer (monomer F) does
not bind to the 5’-(-52)CATA(-55)-3" (chain B), but binds a further downstream

sequence, TGTA, which overlaps with one of the TcpP binding sites (Figure 81).

-90 -80 -70 -60 -50
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To ( ToxR
5 —TCAAAAAACATAAAATAAQTGAGTTACTTTATGTTTTTCTﬁ'I'GI’AATACG -3
3'-AGTTTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGC -5’

F/ -
[ TOi,

—

C/

To

Figure 81. ToxR-DBD monomers binding the toxT promoter. In the ToxRDNA25 structure, monomer F
binds a TGTA sequence instead of the 5’-(-52)CATA(-55)-3’, contradicting our working hypothesis.
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We got no ToxR tandem in the opposite direction to monomers C and D, and this might
be due to the different distance between the two 5'-CATA-3' boxes of chain B (seven
DNA bases) and the two 5'-CATA-3' boxes of chain A (six bases). Instead, the F ToxR
protomer is binding inverted to the E monomer. This surprising result raises questions
about the biological meaning of the interaction between monomer F and the toxT
promoter. ToxR and TcpP seem to compete for the same binding site and this suggests
two different scenarios: (i) ToxR binds temporarily the TcpP binding site to relieve the H-
NS protein and then it is replaced by TcpP, (ii) ToxR binds this binding site and this event
precedes TcpP recruitment (interaction with protomer ToxR-F) and the subsequent

activation of the toxT promoter. The binding site for monomer F is 5'-TCTTATGTAATA-3'

(Figure 82).
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Figure 82. ToxRDNA25 interaction scheme.
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In ToxRDNA25 structure, monomer F interacts with the minor groove of the DNA
through two residues of the secondary wing, Thr91 and Lys92 (Figures 75 and 82)
instead of only one residue as in ToxRDNA20 and ToxRDNA40 for monomers C, D and E.
We superposed the structures of the four monomers with the bound DNA (eleven bases
corresponding to the ToxR binding site) to detect any conformational change, but they
present only minor differences (RMSD < 1 A). Gathering the three structures, we are
able to get the consensus ToxR binding site sequence, which is represented by using a

sequence logo in Figure 83 (Crooks et al. 2004).

2]
Qo
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Figure 83. Sequence logo of the consensus ToxR binding site sequence.

We can deduce that an A-T rich sequence region is essential for toxT recognition from
ToxR and that last two bases T A/G of a CATA/CATG/TGTA (Py-Pu-T-Pu) box are also
needed since they displays direct contacts with the protein. In Figure 84, we present a
summary of the structures solved. According to the three structures solved, ToxR covers
a toxT promoter region from -97 to -45 and four ToxR molecules bind this toxT promoter
region. This is not fully in keeping with the footprinting experiments reported in the
literature (Krukonis et al. 2000) and opens for discussion about the role of ToxR, as

transcription factor of toxT promoter.
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ToxRDNA20

ToxRDNA40

Figure 84. Summary of the ToxR structures solved. The arrows indicate the orientation and binding to
either direct repeat or inverted repeat.

Moreover, we created a model of a ToxRDNA52 merging the ToxRDNA40 and the
ToxRDNAZ25 structures, comprising the toxT promoter region that goes from -96 to -45
and the four ToxR monomers that are binding DNA (Figure 85). To the best of our
knowledge, this is the first time that a transcription factor is described to be able to bind

the same promoter in tandem (head-to-tail) and inverted (head-to-head).
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Figure 85. Top, front and side views of the ToxRDNA52 model.

In Figure 86, we put forward a model of the possible membrane architecture of the
transcriptional complexes we characterized. Monomers C, D and E have the N-terminal

oriented in the same direction, but monomer F does not. However, the cytoplasmatic
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domain of ToxR is endowed with a flexible linker that makes monomer F orientation

reasonable.
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Figure 86. Diagram of ToxR architecture in the membrane.
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We suggest an integrated model of the action mode of ToxR in toxT activation, taking
into account our three ToxR-DNA structures and the models proposed in literature. The
toxT promoter is normally repressed by "histone-like nucleoid structuring protein H" (H-
NS) (Figure 87A). When ToxR is expressed, it can recruit the DNA to the membrane
according to the "membrane recruitment" model (see Figure 19). The DNA is fished by
ToxR and leaded to the membrane. The "membrane recruitment" model fits with our
results, in fact DNA needs to be placed near the membrane before transcription can
start, and this would be one of the functions of ToxR-DBD. Indeed, ToxR acts in the first
steps of toxT activation since it seems to have a fundamental role in removing H-NS
protein from toxT promoter (Figure 87B). According our structures, ToxR molecules bind
the toxT promoter in the region from -97 to -45, and probably this is the region normally
occupied by H-NS in the repressed state of toxT transcription. Afterwards, ToxR-DBD
recruits TcpP: this interaction would be essential to stabilize the TcpP complex with the
DNA (Figures 87C and 87D). This interaction would also occur between their
periplasmatic domain, their transmembranal helix and maybe between their
cytoplasmic linker. The "hand-holding" model would in fact fit with our results because a
ToxR monomer binds the 5'-TGTA-3' box from T-53 to A-50 and it could form a
heterodimer with a TcpP molecule binding the 5'-TGTA-3' box from T-42 to A-39. Our
results are in keeping with the hand-holding model, and do not support the "catch and
release" model because according to our structures, ToxR binding site is very close to
TcpP binding site. The role of ToxR would be to stabilize TcpP facilitating its interaction
with the toxT promoter. On the other hand, ToxR does not seem to alterate the
promoter architecture since the DNA in our structures is not particularly curved, but it
only presents a compression of the minor groove and more slightly of the major groove.
Hence, we could discard also the "promoter alteration"” model. So, the action of ToxR as
a co-activator of the toxT promoter seems to be accomplished at different levels and its
presence is essential to prepare the ground for the second player that is TcpP. Once
TcpP binds the DNA, it recruits and activates the RNA polymerase and the transcription

of toxT can start (Figure 87E).
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5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGIAATACGTCTGTAACTTGTTCT -3’
3'-AGTTTTTTGTATTTTATTGTACT CAATGAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

B -90 -80 -70 -60 -50 -40 -30

5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGIAATACGTCTGTAACTTGTTCT -3’
3'-AGTTTTTTGTATTTTATTGTACT CAATGAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

@

5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGTAATACG TCTGTAACTTGTTCT -3
3'-AGTTTTTTGTATTTTATTGTACT CAATGAAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

-60 -50 -40 -30

5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGIAATACGTCTGIAACTTGTTCT -3’
3'-AGTTTTTTGTATTTTATTGTACT CAATGAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

-60 -50 -40 -30
é‘% &
5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGIAATACG TCTGIAACTTGTTCT -3’

3'-AGTTTTTTGTATTTTATTGTACTCAATGAAKTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5
-35 element

Figure 87. Model of ToxR, a co-activator of the toxT transcription.
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Finally, we propose two possible variants of our model. The first variant encompasses a
different mechanism of recruitment and activation of TcpP (Figure 88). In this case, TcpP
would act as dimer and its recruitment could occur through the interaction between the
periplasmic domain of both proteins and/or by their transmembranal portion. One
monomer of TcpP would compete for the same binding site of ToxR (monomer F) and it
would be able to replace ToxR (monomer F), probably for its better affinity for the
binding site (-53TGTA-50) (Figure 88D). Hence, TcpP dimer can bind in tandem the toxT
promoter and activate transcription (Figure 88E). In this variant of the model, ToxR
would play a regulatory role and the interaction between the DNA binding domain of

the two transcription factors would not be necessary.

|
5'- TCAAAAAACKMAAATAACM'GAGTTACT TTATGTTTTT CTTATGTIAATACGTCTGTAACTTGTTCT -3’

3'- AGTTTTTTGTATTTTATTGTACTCAATGAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGTAATACGTCTGTAACTTGTTCT -3’
3'- AGTTTTTTGTATTTTATTGTACTCAATGAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

)

5'- TCAAAAAAWAAATAACM'GAGTTACT TTATGTTTTT CTTATGTAATACGTCTGTAACTTGTTCT -3’
3'-AGTTTTTTGTATTTTATTGTACT CAATGAARTACAAAAAGAATACATTATGCAGACATTGAACAAGA -5

-35 element

Figure 88. First variant of our model of ToxR as co-activator of the toxT transcription.
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In the second variant of our model, two TcpP molecules activate the toxT promoter, but
no one would compete with ToxR for the same binding site (Figure 89). After TcpP
recruitment, ToxR-DBD (monomer F) would be able to stabilize the two molecules of
TcpP on the toxT promoter: one TcpP monomer would bind the -42TGTA-39 box while
the second TcpP monomer would bind another binding site between the two TGTA
boxes (Figure 89D). The second TcpP monomer would form a transcriptional ternary
subcomplex with ToxR-DBD and the toxT promoter similar to the one described by
Blanco and his collaborators for PhoB (see section 1.3.1). ToxR-DBD structure was
superposed to PhoB® in complex with the o, subunit of RNA polymerase and the DNA.
This ternary complex provides some hints of how ToxR-DBD could interact with TcpP
(Figure 90). Moreover, it could be a suitable model to study the activation of
transcription in other promoters as the ompU promoter, which requires the presence of

ToxR alone.

@27

5'-TCAAAAAACKTAAAATAACATGAGTTACT T TATGT TT TT CTTATGIAATACG TCTGTAACTTGTTCT -3
3'- AGT TTTTTGTATTTTATTGTACTCAATGAARTACAAAAAGAATACAT TATGCAGACATTGAACAAGA -5

5'-TCAAAAAACKTIAAAATAACATGAGTTACT T TATGT TT TT CTTATGTAATACG TCTGIAACTTGTTCT -3
3'- AGTTTTTTGTATTTTATTGTACT CAATGAARTACAAAAAGAATACAT TATGCAGACATTGAACAAGA -5

5'-TCAAAAAACATAAAATAACATGAGTTACT T TATGT TT TT CTTATGIAATACG TCTGIAACTTGTTCT -3
3'-AGTTTTTTGTATTTTATTGTACT CAATGAAATACAAAAAGAATACATTATGCAGACATTGAACAAGA -5’

-35 element

Figure 89. Second variant of our model of ToxR as co-activator of the toxT transcription.
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Figure 90. Superposition of ToxR-DBD (green) and PhoB® (magenta) in a ternary complex with DNA and
the o, subunit of RNA polymerase (orange).

More experiments are needed to clarify the interplay between ToxR and TcpP in the
activation of the toxT promoter. In particular, we aim to determine the structure of the

ternary complex of ToxR-DBD with TcpP and the toxT promoter.
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1 The ToxR DNA binding domain (ToxR-DBD) from Vibrio cholerae shows a winged-helix
fold, sharing the most important structural and functional elements with the PhoB DNA

binding effector domain (PhoBF).

2 With respect to the PhoB®, ToxR-DBD shows an additional unique element connecting
the a3 recognition helix and the B6 strand. This loop plays an active role in DNA binding,
enabling additional interactions with the minor groove. We have called this

unprecedented element “secondary wing”.

3 ToxR-DBD shows a five-stranded, mixed B-sheet that is wider than in PhoB due to the
addition of a final B8 strand, parallel to the B1 strand. The fact that the B8 strand is
preceding the linker that connects the ToxR-DBD with the periplasmic domain suggests a
role of this B-sheet in the transmission of the signal received at the other side of the

inner membrane.

4 The ToxR binding to DNA is based on the interactions of the ToxR-DBD recognition
helix with the major groove, and those of the wing and the secondary wing with the
minor groove. The only direct interactions with DNA bases shown in our three structures

are those of the residues GIn78 and Thr77.

5 The DNA in the ToxR-DNA complexes shows only a slight curvature. However, it shows
a strong compression of the minor groove, high propeller-twist values and at least one
bifurcated H-bond in the A-tract region. These special features seem to be determinant

for ToxR binding.

6 The ToxR binding site, referred to as “A-tract-CATA” element, is characterized by an
AT-rich region sequence at the 5’ end followed by a CATA/CATG/TGTA box, where the

last two bases (TA or TG) are required for protein binding.

7 Four ToxR-DBD monomers bind the DNA along the region of the toxT promoter

extending from position -97 to position -45. The two upstream monomers are bound in
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tandem (head to tail) with weak protein-protein interface interactions, while the other
two monomers are bound in an isolated manner (with no contact with other

neighboring ToxR-DBD monomers).

8 As a unique feature in transcription regulation, the ToxR-DBD monomers bind the toxT
promoter in two different orientations: three of the monomers bind with the wing
element facing the upstream end of the promoter, and the other promoter binds with

the wing facing the transcription start site.

9 The furthest downstream ToxR-DBD monomer bound to the toxT promoter is
overlapping the predicted TcpP binding site. This suggests either a regulatory
competition between ToxR and TcpP for the same binding site, or a very close

interaction of both proteins binding to contiguous sites.

10 ToxR may act as a co-activator of the toxT promoter by several mechanism: (i)
capturing the DNA in the cytoplasm and recruiting it to the membrane, (ii) relieving the
H-NS proteins from the promoter to allow the TcpP binding and (iii) recruiting TcpP by
direct interaction with ToxR-DBD and stabilizing the interaction of TcpP with the toxT

promoter.
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