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Abstract

This thesis describes structural studies on the CNF1-like family of glutamine deamidase

toxins. The first manuscript provides a detailed account of the structure determination

and analysis of two crystal forms of the BLF1 C94S:eIF4A complex, providing the first

insights into the specificity and mechanism of any CNF1-like family of toxins. Analysis of

the interactions formed between BLF1 and eIF4A and comparison with other deamidases

and proteases suggest that the deamidation of Gln339 in eIF4A by BLF1 follows a similar

mechanism to that of the cysteine protease, papain.

The second manuscript describes the identification of another member of the CNF1-

like family of toxins, homologous to BLF1, SSR1 from Skermanella stibiiresistens. The

manuscript provides details on the crystallisation and data collection on a monomeric and a

dimeric form of SSR1 and demonstrates that SSR1 also deamidates Gln339 in eIF4A.

The third manuscript describes the structure determination of an SSR1 monomer which

is clipped between residues Ser191 and Ser192, and an unclipped domain-swapped dimer.

Analysis of these structures and a number of mutants suggests that there is a strain during the

folding of SSR1 that determines whether domain-swapping or clipping occurs. The origin of

the strain in SSR1 lies in a clash between residues surrounding the clip site, which stalls the

folding of the monomer increasing chances of domain-swapping. The resolution of this strain

by clipping requires the presence of either a Ser, Cys, or Thr at position 192 in a mechanism

mimicking that of self-splicing inteins. The outcomes of this investigation provide fresh



x

insights into strain and its resolution during folding which, in general, raise many interesting

questions on the evolutionary aspects of protein folding.
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Chapter 1

Introduction

1.1 Bacterial pathogens and diseases

Bacteria have evolved to co-exist with a variety of more complex multicellular host organisms

especially mammals, plants and insects. Some inhabit the host in a symbiotic fashion whilst

others, bacterial pathogens, hijack aspects of the host system for their own gain resulting

in damage and ultimately disease. With advances in genetics, microbiology and molecular

biology, scientists have begun to elucidate the molecular basis of bacterial pathogenesis

through the studies on potential virulence factors identified in the genome of pathogenic

bacteria. Some virulence factors are encoded in pathogenicity islands in the genome of

the bacteria and are normally expressed selectively either when they are under stress from

the immune response of the host or through other signals that prompt the opportunity to

begin the phase of invasion and spread. Whereas, some are simply structural components

of the bacteria that are able to trigger a host response. Virulence factors, otherwise referred

to as toxins, can come in many shapes and forms, including, and not limited to, cell wall

components that trigger immune response in host via host cell surface receptor activation,

and a variety of secreted protein products that possess a range of functions either by aiming
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for specific modification of intracellular host proteins or through non-specific activation of

host immune cells.

1.1.1 Endotoxins and Exotoxins

Bacterial toxins can be classified into two groups; Endotoxins and Exotoxins. Endotoxins

are large molecules that are found at the outer membrane of gram-negative bacteria and are

composed of lipids and polysaccharides, and are thus generally referred to as Lipopolysaccha-

rides (LPS). LPS consists of three main component; the O-antigen, the core oligosaccharides,

and Lipid A. The third component, Lipid A, is the crucial constituent that is responsible for

the toxic activity of LPS, interacting with major host immune cells including macrophages

and monocytes, inducing the release of bioactive peptides such as tumour necrosis factor

alpha (TNFα) and cytokines which, if not controlled, could lead to severe toxic shock (Ri-

etschel et al., 1994) (Figure 1.1). Endotoxins are therefore bacterial components that are

only transferred to the host via a responsive mechanism either through the destruction of the

bacterial cell wall or through bacterial outer membrane vesicles (OMV) (Kulp and Kuehn,

2010). Exotoxins however, are products of the invading bacterial pathogens that are secreted

into the surrounding (Figure 1.1), which are targeted to modify crucial components of host

cells or tissues by means of different modes of actions.

Pathogenic bacteria have evolved sophisticated multi-complex macromolecules to ensure

transport of these toxins to the correct destination, which involves crossing the bacterial cell

membranes into the surrounding environment, from which internalisation of virulence factors

into targeted host cell cytoplasm would occur. In Gram-negative bacteria, these complex

nanomachines exist as membrane associated proteins that can span either one of the bacterial

membranes or form double-membrane-embedded secretion systems (Green and Mecsas,

2016). SecYEG translocon and Tat system are examples of the inner-membrane associated

transporters where substrates, in unfolded or folded form, respectively, are exported through
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the inner membrane into the periplasm and through a dedicated outer membrane transporters

into the extracellular matrix (Nivaskumar and Francetic, 2014). Consistent with their involve-

ment in transferring effectors that can be associated with virulence, gene knockouts of the

Tat system in E. coli O157 not only block the secretion of the Shiga toxin but also result in

reduced toxicity and poor cell motility (Pradel et al., 2003). Double-membrane-spanning

secretion systems have been classified into Type 1 Secretion System (T1SS), T2SS, T3SS,

T4SS and T6SS (Costa et al., 2015). Although the complete mechanism of these systems is

yet to be fully understood, advances in structural biology techniques have contributed major

insights on how each secretion system functions. Prominent among these, and relevant to

transport of virulence factors, the T2SS and T3SS will be briefly discussed.

The T2SS comprises four components including a cytoplasmic ATPase, an inner mem-

brane platform, a periplasmic pilus-like structure, and an outer membrane complex (Korotkov

et al., 2012). Effectors are first transported into the periplasm by the SecYEG translocon or

the Tat transporter (Nivaskumar and Francetic, 2014). These substrates are then believed to

be pushed by the periplasmic pseudopilus assembly in an ATP-dependent manner through

the outer membrane complex into the extracellular milieu (Nivaskumar et al., 2014). One

well-characterised T2SS is the Eps system in Vibrio cholera that exports the cholera toxin

(Nivaskumar and Francetic, 2014). Complementation studies on mutant V. cholera strain

defective in the secretion of cholera toxin identified genes belonging to the T2SS gene

clusters, implicating their pivotal role in export of bacterial effectors (Overbye et al., 1993;

Sandkvist et al., 1993).

The T3SS, or generally termed injectisome due to the syringe-like architecture, is a

multiprotein megastructure embedded in the entire cell envelope that consists of two sets

of inner and outer rings forming the base and a needle-like filament that protrudes into the

extracellular matrix and acts as a tube that channels the bacterial outer membrane to the

cytoplasm of the host cell (Kubori et al., 2000; Schraidt and Marlovits, 2011). Conformational
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Fig. 1.1 A schematic of a bacterial cell showing different virulence factors and the T3SS.
Endotoxins (LPS) lie in the boxed region (top middle) which is amplified (bottom right)
showing the components of an LPS molecule. Lipid A in red box is the toxic component of
LPS. In contrast, exotoxins are produced and secreted, either by a known secretion system,
an example being the T3SS (bottom left) (adapted from (Costa et al., 2015)) or an unknown
mechanism into the surrounding to be transported to host cells.
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change of the filament upon host cell contact is believed to trigger a signalling mechanism to

prompt secretions of translocators that form a pore in the target host membrane and designated

virulence factors in the form of unfolded polypeptides (Blocker et al., 2008). Precise control

of the secretion of the substrates is governed by their N-terminal secretion signals, which

are recognised by dedicated chaperones to coordinate translocation through the base and the

needle filament via a sorting platform in an ATP-dependent manner (Figure 1.1) (Büttner,

2012; Lara-Tejero et al., 2011). The T3SS is utilised by a variety of pathogenic bacteria

including the Salmonella, Yersinia, Pseudomonas, and the enteropathogenic Escherichia

genera, whereby bacterial effectors are delivered directly into the cytoplasm of the respected

host cells, where they disrupt key host cellular functions to promote bacterial invasion,

survival and colonisation (Cornelis, 2006; Galán and Wolf-Watz, 2006). Owing to the tightly-

controlled nature of the T3SS secretion stages, mutation or deletion of its components, often

leads to defective secretion phenotype, for instance, knockout of Shigella InvJ, a protein that

controls the needle length, results in abnormally long faulty needles (Deane et al., 2010).

Exotoxins can be classified into three major modes of actions; 1) Intracellular-targeting

toxins 2) Membrane-disrupting toxins and 3) Superantigens. Intracellular-targeting toxins are

generally known as the A-B toxins, whereby the B component is important to mediate initial

binding to specific host cell receptors, upon which internalisation of the toxins occur normally

via endocytosis, followed by the release of the active A component into the host cytoplasm

where it interferes with the specific cellular function by modifying its target (Williams and

Tsai, 2016). Membrane-disrupting toxins work by either forming a cytolytic pore on host

cell membrane or by disrupting the phospholid bilayer structure with phospholipases toxins

(Istivan and Coloe, 2006; Peraro and van der Goot, 2016). Finally, superantigens evoke

non-specific immune response of T-cells triggering a massive release of cytokines which

ultimately lead to toxic shock syndrome (Fraser, 2011) (Figure 1.2).
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Fig. 1.2 Different types of exotoxins and their mode of actions. A schematic showing three
major types of exotoxins. Intracellular toxins are transported, via endocytosis, a secretion
system or an unknown mechanism, into the host cytosol where they target modification
of host proteins (Williams and Tsai, 2016). Membrane disrupting toxins form a pore-like
structures on the host cell membranes causing loss of osmotic balance (Istivan and Coloe,
2006). Superantigens bypass the normal presentation of antigens leading to severe allergic
reactions (Fraser, 2011).
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1.1.2 Toxins with various enzymatic properties

The intracellular toxins secreted by bacterial pathogens can have a range of different en-

zymatic functions including kinases, ADP-ribosylases, phosphatases, hydrolases, lipases,

and proteases. For example, Doc is a kinase toxin, from bacteriophage P1, which phos-

phorylates an essential threonine residue, Thr382, of the elongation factor EF-Tu, hence

blocking translation elongation in E. coli (Cruz et al., 2014). In addition, Botulinum neu-

rotoxins (BoNTs), one of the most lethal toxins known, from Clostridium botulinum, are

zinc-dependant endoproteases that cleave SNARE proteins including SNAP-25, VAMP and

Syntaxin, proteins that play major roles in presynaptic membrane of the neurones (Lebeda

et al., 2010). Cleavage of these SNARE proteins prevents the release of neurotransmitter

vesicles resulting in disruption in nerve signalling and ultimately causes paralysis, a symptom

of the disease botulism (Montecucco and Molgó, 2005). One enzymatic activity that will be

discussed as the main topic of this thesis is deamidation. Deamidases (enzymes that carry

out a deamidation reaction) are enzymes that convert amide groups into carboxylic acids

(Figure 1.3).

Fig. 1.3 Deamidation reaction catalysed by deamidase toxins on a glutamine or as-
paragine residue. Deamidases cleave the C-N bond on the carboxyamide group and converts
it to a carboxyl group.
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Whilst some bacteria utilise deamidase toxins as virulence factors, deamidation can also

be a component of a normal bacterial cellular processes ensuring bacterial cell motility and

survival. One example of the latter is CheD in Bacillus subtilis, which is a chemoreceptor

modification enzyme important in chemotaxis (Kristich and Ordal, 2002). CheD was found to

have a glutamine deamidase activity responsible for deamidating specific glutamine residues

in Methyl-Accepting Chemotaxis Proteins (MCPs) (Chao et al., 2006). MCPs are bacterial

receptor proteins that sense various chemical signals in the environment through ligand-

receptor binding and relay the information towards the flagellar assembly of the bacteria to

allow proper adaptation by flagellar motility (Falke and Hazelbauer, 2001).

Not surprisingly, bacterial pathogens have evolved toxins that employ deamidation

activity to modify proteins in host cells by means of deamidation often on a side chain of

residues critical for certain cellular functions mostly those that are involved in maintaining

host cell survival and structural integrity. These bacterial effectors will be referred to as

deamidase toxins.

1.2 Deamidase Toxins

Deamidase Toxins (DT) are toxins secreted by pathogens that modify host target proteins

via deamidation of a critical amino acid which result in either loss or change in activity

of the host protein and eventually lead to cell damage and apoptosis. A rising number of

bacteria have evolved to have DTs as weapons in their arsenal to cause harm to host cells to

maintain bacterial survival, invasion and spread during infection. The first DT discovered in

bacterial pathogen was the Cytotoxic Necrotizing Factor-1 (CNF1) from Escherechia coli,

which causes deamidation of critical glutamine residue in a number of small GTPases (Flatau

et al., 1997). Following this, more deamidase toxins were discovered in a number of other

bacterial pathogens which deamidate critical glutamine residues in a variety of target host

proteins. This family of DTs will therefore be called Glutamine Deamidase Toxins (GDT).
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Very recently, an asparagine deamidase toxin (ADT), TecA, was identified in an opportunistic

pathogen Burkholderia cenocepacia (Aubert et al., 2016). In addition, a protein UL37 in

Herpes Simplex Virus 1 (HSV-1) deamidates two critical asparagine residues in RIG-1, a

host receptor that senses invading viral dsRNA, and thus blocks the RIG-1 dependent innate

immune response towards viral infection (Zhao et al., 2016).

1.2.1 Cytotoxic Necrotizing Factor 1 (CNF1) from Uropathogenic Es-

cherichia coli sets the scene

Cytotoxic Necrotizing Factor 1 (CNF1) is the first protein toxin characterised in uropathogenic

E. coli (Caprioli et al., 1983). The gene for CNF1 encodes 1014 amino acids with the final

protein product had been shown to be divided into 3 parts; 1) a cell-binding domain 2)

a central region which include a number of membrane spanning helices and 3) an active

catalytic toxin domain (Boquet, 2001) (Figure 1.4).

Fig. 1.4 Domain organisation of CNF1. CNF1 consists of three domains including a host
cell-binding domain, a membrane translocation domain and a deamidase domain.
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Due to the extracellular lifestyle of E. coli, a delivery system is thus required to make

sure the catalytic toxin domain is transported across the membrane of target host cells. Once

the toxin has been transported across the membrane, the deamidation domain gets access into

the cytoplasm of the host cell where the target host protein resides. The catalytic domain of

CNF1 (C-CNF1) was found to deamidate a critical glutamine residue, Gln63, in the switch

II region of the small GTP binding protein RhoA (Flatau et al., 2000) and Gln61 in Rac

and cdc42 (Lerm et al., 1999). The deamidation of these critical glutamine residues blocks

the hydrolysis of GTP either from their intrinsic GTPase activity or from the induction of

GTPase activating protein (GAP). This modification renders the GTPase in a constitutively

active state, stimulating the activation of downstream effectors which results in the formation

of multinucleated cells, actin cytoskeleton remodelling and stress fibre formation, which

lead to membrane ruffling and filopedia and ultimately cell death (Figure 1.5) (Falzano et al.,

1993).

Fig. 1.5 Mode of action of the catalytic domain of CNF1. CNF1 constitutively activates
RhoA GTPase leading to the disruption of normal cellular activity causing damage to host
cells. Figure modified from (Boquet, 2001).
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The discovery of this glutamine deamidase activity in a bacterial protein toxin was the

first of its kind (Flatau et al., 1997; Schmidt et al., 1997). Although the exact mechanism

of glutamine deamidase catalysis has yet to be determined, the reaction is thought to mimic

the hydrolysis of a peptide bond by cysteine peptidases like papain as a result of cysteine-

histidine (Cys-His) pairs in their respective active sites (Buetow et al., 2001) (Figure 1.6). The

only difference between these reactions is the target of modification; glutamine deamidases

target glutamine side chain amide while cysteine peptidases break the peptide bond in the

protein backbone (Lowe, 1976).

Fig. 1.6 Similar reaction chemistry between deamidation and peptide bond cleavage.
Deamidase toxins cleave a similar C-N bond to that cleaved in proteases and given the
functional similarities of residues around their respective active sites, this suggests that they
share a related mechanism.
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Following the discovery of CNF1, an increasing number of glutamine deamidases have

been discovered, for some of which the structures have been solved either on their own or in

complex with their substrates (Washington et al., 2013). The rising number of characterised

glutamine deamidase toxins has highlighted deamidation as a potent type of chemistry

adopted by effectors in the arsenal of bacterial pathogenesis. Structural analysis and sequence

comparisons have grouped the glutamine deamidases into two families, each with a different

fold but both utilising a Cys-His pair in the active site. The Cys-His pair is thought to be

critical in deamidating glutamine target via nucleophilic attack by the thiolate group of the

cysteine on the carboxyamide group of the glutamine side chain in target host proteins. The

modification of the target then causes major disruption in downstream processes of critical

cellular pathways, which could ultimately lead to cell death (Boquet, 2001; Falzano et al.,

1993; Orth et al., 2007; Washington et al., 2013).

1.3 The papain-like family of GDTs

The papain-like family of deamidases consists of proteins that possess a papain-like fold

comprising a single antiparallel β -sheet surrounded by α-helical moeities while retaining

the spatial conservation of the Cys-His pair in the active site (Figure 1.7). The toxins in this

family of deamidases include Cycle-inhibiting factors (Cifs) from a myriad of pathogenic

bacteria including Burkholderia pseudomallei, Yersinia pseudotuberculosis, Photorhabdus

luminescens, and enteropathogenic E. coli, Osp1 from Shigella flexineri, and the Pasteurella

multoxida toxin (Pmt) from Pasteurella multocida (Washington et al., 2013).
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Fig. 1.7 Papain-like family of GDTs. The comparison between the structure of papain
(PDB:9PAP) (top) with the papain-like GDTs showing a similar domain organisation con-
sisting of a central β -sheet surrounded by α-helices (Osp1, PDB:3B21; Cif from E.coli,
PDB:3EFY; Cif from B. pseudomallei, PDB:3GQM; Pmt, PDB:2EBF). The catalytic Cys-His
pair in each member is circled red. Papain is rotated to show the Cys-His pair in a similar
orientation to Osp1 and Pmt (top left) and the Cif deamidases (top right).
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These toxins utilize deamidation to modify different host target proteins, to which they

have evolved different substrate specificities. The molecular targets include E2 Ubiquitin

conjugating enzyme (Osp1) (Sanada et al., 2012), heterotrimeric G proteins (Pmt) (Orth et al.,

2009) and Ubiquitin and ubiquitin-like proteins (Cifs) (Crow et al., 2012; Yao et al., 2012) all

of which are involved in a range of cellular processes ranging from phospholipase activation,

adenyl cyclase inhibition, disruption of ubiquitin-proteosome degradation, and also an

assortment of signalling pathways. These processes, when disrupted following deamidation

of key glutamine residues, impose serious damage to host cells. Crystal structures of many

toxins in this family in their apo form and in complex with their target proteins have been

determined to shed light on the molecular basis of their specificity (Figure 1.8) (Washington

et al., 2013). The conservation of the papain-like fold as well as the Cys-His dyad would

imply that they have evolved by a process of divergent evolution hence suggesting that they

share the same mechanism of action.

1.4 The CNF1-like family of GDTs

The second family of deamidase toxins that forms the main focus of this study, arose

following the structural determination and the characterisation of the catalytic domain of E.

coli CNF1 (C-CNF1). The structure of C-CNF1 can be seen to adopt a totally novel fold

consisting of two β -sheets surrounded by α-helical moieties but containing a Cys-His pair

in the active site whose relative orientation is reminiscent of papain (Buetow et al., 2001)

(Figure 1.8). C-CNF1 shares essentially no sequence similarity to papain and the occurrence

of a Cys-His pair in a similar orientation is an example of convergent evolution as the active

site residues in CNF1 (Cys866 and His881) are separated by 14 residues whereas those in

papain (Cys25 and His159) are separated by 133 residues (Figure 1.8).
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Fig. 1.8 A papain-like deamidase in complex with its substrate and comparison of the
tertiary fold of papain and C-CNF1. A) The crystal structure of a Cys123Ser mutant of
Cif deamidase from P. luminescens in complex with NEDD8 (PDB:4FBJ)(left) showing
that the target Gln40 residue of NEDD8 is placed near the active site residues (red square,
zoomed in on the right panel). B) Papain (PDB:6PAD) consists of only a single β -sheet as
compared to two in C-CNF1 (PDB:1HQ0). The relative orientation of the Cys-His pair in
their active sites is however maintained (red circle).
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CNF1 has several homologs with high sequence homology namely CNF2 and CNF3

from other enteropathogenic E. coli strains and CNFY from Yersinia pseudotuberculosis

(85, 70, and 65 % sequence identity, respectively) (Lockman et al., 2002; Orden et al., 2007;

Oswald et al., 1989). However, only the crystal structure of C-CNF1, among these homologs

has been determined.

1.5 The discovery of more CNF1-like family of GDTs.

Following the discovery of CNF1, it was thought that this family of deamidases was limited

only to toxins closely related to CNF1 until the recent discovery and structural determination

of Burkholderia Lethal Factor 1 (BLF1) from Burkholderia pseudomallei and HCH_03101

from Hahella chejuensis that share a broadly similar fold despite having very low sequence

identity. These discoveries have led to the establishment of a CNF1-like family of GDTs

with at least two members as described below (Cruz-Migoni et al., 2011).

1.5.1 The discovery of Burkholderia Lethal factor 1 (BLF1).

B. pseudomallei; an emerging global threat

B. pseudomallei is a resilient, soil-dwelling, Gram-negative bacteria that is resistant towards

a wide array of antibiotics and has the ability to withstand a range of otherwise hostile envi-

ronments with more extreme values of pH and temperature (Currie, 2015). B. pseudomallei

is a causative agent of the disease melioidosis, a potentially fatal tropical disease endemic in

South East Asia regions including Vietnam, Cambodia, Thailand, Malaysia and also northern

Australia (Wiersinga et al., 2006). Moreover, the ability of this organism to remain quiescent

for a long time, as exemplified in a case whereby recrudescence was recorded 62 years after

initial exposure, in a patient who was taken as the prisoner of war by the Japanese during

World War II, represents a source of major concern (Ngauy et al., 2005). Concerns over
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re-activation following latency in returning US military personnel from the Vietnam conflict

had bestowed the title “The Vietnam Time-bomb” on the organism (Clayton et al., 1973;

Currie, 2003). Furthermore, melioidosis is often misdiagnosed as tuberculosis or pneumonia,

having almost identical symptoms and thus B. pseudomallei has been granted the name “The

Great Mimicker” (Singh and Mahmood, 2017). Clinical manifestations of melioidosis vary

from acute septicaemia, sub-acute and chronic disease and subclinical infections (Wiersinga

et al., 2012, 2006). Infections could spread into multiple organs forming abscesses in lungs,

spleen, liver and prostate (White, 2003). To date, there is no active vaccine that can be used

to provide protection against melioidosis, and current therapy involves weeks of antibiotic

treatment administered in two phases. In the first phase, intensive intravenous antibiotic

treatment is provided which is followed by an oral eradication therapy in the second phase

(Currie, 2015). However, recrudescence cases occurring in 10 % patients who have under-

gone 20 weeks of antibiotic treatment highlight the need of a new and effective treatment

strategy (White, 2003).

A proteomics study comparing protein expression between B. pseudomallei and a re-

lated non-pathogenic strain B. thailandensis via a two dimensional SDS PAGE (2D-PAGE)

identified a number of proteins that are only expressed or expressed in higher level in the

pathogenic strain, B. pseudomallei, thus providing directions towards identifying virulence

factors (Wongtrakoongate et al., 2007). This research has been a major reference point in

carrying out studies to isolate potent factors that contribute to the pathogenesis of this lethal

bacterial species. One of the proteins that was found to be over expressed in B. pseudomallei

but not in B. thailandensis was the hypothetical protein BPSL1549.
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The BPSL1549 gene encodes a potent protein toxin

Recently, extensive biochemical and molecular biology studies on BPSL1549, identified that

it encodes a potent toxin, the first of its kind from B. pseudomallei, later coined Burkholderia

Lethal Factor 1 (BLF1) (Cruz-Migoni et al., 2011). The three-dimensional (3D) structure

of BLF1 has been solved revealing a broad tertiary structure similarity to C-CNF1, con-

sisting of two β -sheets surrounded by α-helices with the predicted active site bearing a

conserved leucine-serine-glycine-cysteine (LSGC) motif containing the catalytic cysteine,

Cys94, equivalent to Cys866 in CNF1 (Figure 1.9) (Cruz-Migoni et al., 2011). Sequence

alignment and structural superposition between these two toxins also led to the identification

of the conserved histidine, His106 in BLF1 (aligned with His881 in CNF1) that together

with the Cys94, make up the critical papain-like Cys-His pair (Figure 1.9) (Cruz-Migoni

et al., 2011). However, unlike CNF1 that possesses N-terminal cell-binding and translocation

domains, BLF1 gene is only limited to the C-terminal domain giving rise to questions on

how BLF1 is transferred across host cell membrane (Figure 1.10).
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Fig. 1.9 Comparison between C-CNF1 and BLF1. A) C-CNF1 (PDB:1HQ0) and BLF1
(PDB:3TU8) share a broad similarity in the tertiary fold. B) Superposition of the two struc-
tures reveals the conservation of LSGC motif, containing the putative cysteine nucleophile,
and a histidine residue making up the Cys-His pair.



20 Introduction

As previously discussed, the CNF1 toxin was found to be a glutamine deamidase enzyme

that acts on proteins involved in cell signalling including cdc42, Rho and Rac (Boquet, 2001).

Despite having a similar overall fold and a conserved Cys-His pair in the active site, BLF1

was shown to bind to a different target protein owing to the broader and shallower molecular

surface around the BLF1 active site in comparison to CNF1 (Cruz-Migoni et al., 2011). A

pull-down assay on BLF1 with human cell extract revealed that BLF1 binds and forms a

complex with eukaryotic Initiation Factor 4A (eIF4A), an RNA helicase, responsible for

initiation-dependent protein translation suggesting that this toxin inhibits protein translation

of host cells (Cruz-Migoni et al., 2011). An in vitro study carried out by treating J774

macrophages with BLF1 resulted in cell death within 72 hours (Cruz-Migoni et al., 2011).

Balb/C mice treated with this toxin via intraperitoneal injection died by day 14, confirming

the toxicity of this protein (Cruz-Migoni et al., 2011). LC MS/MS on tryptic digest of

eIF4A peptides that were incubated with BLF1 toxins identified the site of deamidation

as the glutamine residue at position 339 (Gln339) of eIF4A (Cruz-Migoni et al., 2011).

Consistent with the abolition of deamidase activity in C-CNF1 by mutating the catalytic

cysteine, Cys886, to serine, BLF1 C94S mutant was found to be non-toxic (Cruz-Migoni

et al., 2011). Due to the absence of the cell binding and translocation domains, it is not

currently certain how BLF1 enters the cytoplasm (Figure 1.10). However, the intracellular

lifestyle of B. pseudomallei bypasses the need for BLF1 to have a host cell recognition and

membrane translocation domains (Allwood et al., 2011).
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Fig. 1.10 Domain organisation of the other members of the CNF1-like family of GDTs.
Unlike CNF1, BLF1 and HCH_03101 do not consist of host cell recognition and translocation
domains.

1.5.2 HCH_03101 from Hahella chejuensis shares 16% sequence iden-

tity to BLF1

H. chejuensis is a putative pathogen isolated from a Korean shore

H. chejuensis is a gram-negative, aerobic, rod-shaped and motile bacterium belonging to

the γ-Proteobacteria class. A bacterial sample isolated from a marine sediment, near Cheju

island, Korea, was found to produce abundant extracellular polysaccharides, and red pigments

(Bae et al., 2001). The bacteria also exhibit a slight halophilic property as growth is inhibited

in the absence of NaCl, whereby optimum growth occurs in medium containing 2 % (w/v)

NaCl concentration (Bae et al., 2001). Following a complete genomic DNA sequence

determination of this bacterial strain, and identification of several genes in genomic islands

possibly involved in encoding virulence factors including a Type III secretion system (T3SS),

the possibility that H. chejuensis might be a potential marine pathogen emerged (Jeong

et al., 2005). Purified red pigment produced by the bacteria, was found to be the antibiotic

prodigiosin through 1H- and 13C- NMR and was shown to cause cell lysis of Cochlodinium
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polykrikoides, a dinoflagellate micro-algae that is responsible for harmful algal blooms

(HAB) or generally known as the red-tide (Jeong et al., 2005). Interestingly, the red pigment

is also known for having a broad-range cytotoxic activity (Fürstner, 2003) as well as having

anti-cancer properties inducing apoptosis in cancer cells (Pérez-Tomás et al., 2003).

HCH_03101 has a 3D structure almost identical to that of BLF1 but with an interesting

added feature

Sequence searches on the genome of H. chejuensis identified a distant homolog of BLF1

encoded by the gene HCH_03101. This gene codes for a protein product of 26 kDa with

234 amino acids sharing 16% sequence identity to BLF1. Structural studies have shown that

the conserved residues are concentrated around the active site, and include the conserved

LSGC motif containing the catalytic cysteine residue and the associated histidine residue

(Figure 1.11). In addition, structure-based sequence alignment between HCH_03101 and

BLF1 revealed a 32-residues long insertion in the sequence of HCH_03101, between residues

165 and 166 in BLF1, which was shown to form an extended loop (see below) (Figure 1.11 &

1.12). Furthermore, HCH_03101 lacks the cell binding and membrane translocation domains

suggesting that H. chejuensis may be an intracellular pathogen (Figure 1.10).
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Fig. 1.11 Structure-based sequence alignment between HCH_03101 and BLF1. The
LSGC motif, containing the cysteine, and the associated histidine, are conserved in
HCH_03101 (blue triangles).



24 Introduction

The crystal structure of HCH_03101 was determined via Se-Met derivative Single Anoma-

lous Dispersion (Se-SAD) method (George Mobbs, PhD thesis, The University of Sheffield

Library, 2014) (Mobbs, 2014) (Figure 1.12). Superposition of HCH_03101 with BLF1

gives an rmsd value of 2.1 Å across 148 equivalent Cα showing a very similar tertiary fold,

consisting of two β -sheets surrounded by α-helices (Figure 1.12). The similar orientation of

the catalytic Cys-His dyad in the active site cleft as that seen in BLF1 confirms the similarity

between these two toxins being in the same family of GDTs (Figure 1.12). However, a

fascinating extra feature can be seen in the crystal structure of HCH_03101, whereby there

is a protrusion of an elongated loop between β -15 and β -16, which extends for a length

of 44 Å almost as long as the diameter of the main globular domain (Figure 1.12). The

protrusion is also seen to have a repeating proline-alanine rich motif, A-X-P-A-X-P-A, which

possesses a pseudo two-fold symmetry (Figure 1.13). The nature of the protrusion that is

rich in charged residues has led to a proposal that this region may act as an extension to the

molecular surface that cradles the target binding partner, and could be implicated in substrate

recognition in addition to providing structural support for the formation of enzyme-target

complex (Figure 1.14).

Analysis of the structures of the WT and the C94S mutant of HCH_03101 indicates that

they are very similar (rmsd value 0.74 Å over 221 equivalent Cα carbons) apart from minor

changes as a result of the mutation. These include a change in the torsion angle of the mutated

S94 which forms a hydrogen bond to the His107 in the catalytic dyad which in turn imposes

minor structural shift in the surrounding region. An interesting feature in the structure of

the C94S mutant is the slight motion observed in the protrusion when compared with that

of the WT, which implies the presence of a possible hinge region that allows flexibility and

therefore might be related to function (Figure 1.14).
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Fig. 1.12 Comparison between the structures of HCH_03101 and BLF1. A) Crystal
structure of HCH_03101 reveals a CNF1-like fold with an extended protrusion between β -15
and β -16. B) Superposition of the structures of HCH_03101 and BLF1, showing almost
similar fold. The Cys-His pair is shown as sticks.
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Fig. 1.13 Features of the extended protrusion in HCH_03101. A) The proline-alanine
rich sequence repeat in the protrusion. B) Superposition of the repeating A-X-P-A-X-P-A
motif showed a structural conservation with a pseudo two-fold symmetry (black oval).
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Fig. 1.14 Features of the extended protrusion in HCH_03101. A) A significant number
of charged residues are located along the protrusion which may have roles in specificity and
recognition. B) Superposition between WT HCH_03101 (green) and the C94S mutant (cyan)
revealed a rotation of 20o around a possible hinge region (orange dashes).
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HCH_03101 binds algal initiation factor from algal extract pull-down assay

Due to the fact that HCH_03101 conserves the Cys-His dyad as well as sharing a substantial

similarity in the tertiary structure with BLF1, it was proposed that HCH_03101 is a functional

BLF1 homolog that may share a similar target protein. To investigate this, a pull down assay

was done on J774 macrophages cell-free extract by immobilising His6-tagged HCH_03101

on a Nickel-NTA resin column. The binding partners were then eluted with high salt buffer

and run on SDS-PAGE gel before being analysed by MS/MS mass spectrometry on trypsin-

digested gel bands and MASCOT searches to identify the actual peptides. The SDS-PAGE

gel identified a binding partner similar in size to that of BLF1 protein target, eIF4A, and this

was confirmed by the MASCOT searches (Mobbs, 2014).

Although HCH_03101 was found to bind human eIF4A, the coastal environment that

H. chejuensis lives in would imply that, as with B. pseudomallei, man is not the main target

of the organism. As H. chejuensis was found to cause the lysis of a red-tide microalgae

(Jeong et al., 2005), algal species would be the obvious target host. To test this, a similar pull

down assay approach was carried out on algal cell-free extract from a green algae Tetraselmis

cuecica. However, due to a limited availability of a complete genomic sequence of T. cuecica,

identification of actual targets proved difficult, although the presence of a conserved motif

within the bound protein enabled MASCOT search to identify sequences related to other

initiation-factor proteins from other completely sequenced algal species (Mobbs, 2014). This

result suggests that HCH_03101 produced by H. chejuensis has affinity for eIf4A variants

in algal species, and if the protein does deamidate these targets, it could well be toxic and

may kill algal cells. Therefore, although the active component prodigiosin released by H.

chejuensis was shown to have lytic activity on the microalgae C. polykrikoides, this does not

exclude the possible involvement of HCH_03101 as part of H. chejuensis virulence.
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1.6 Aims and objectives

Following the identification and characterisation of CNF1 as the first toxin that exhibits

glutamine deamidase activity, a number of other GDTs were discovered in a variety of

pathogenic bacteria targeting the deamidation of critical glutamine in various target proteins.

However, these toxins were found to have a tertiary fold similar to that of papain and were

classified as papain-like family of GDTs. Currently, there are only limited members in the

CNF1-like family of GDTs, namely the C-CNF1 toxin from Uropathogenic E. coli, BLF1

from B. pseudomallei and HCH_03101 from H. chejuensis. The primary aim of this thesis is

therefore to expand the CNF1-like family of GDTs by means of structural determination of

new family member by X-ray crystallography. The structures of these toxins could then be

analysed to enhance our understanding of the structure-function relationships of this toxin

family.

At present, crystal structures of a number of the papain-like family of GDTs had been

solved in complex with the biological target host proteins (Washington et al., 2013). The

structures of these complexes have been central in elucidating the molecular basis of substrate

specificity and thus the aspects of mechanism of these toxins. However, none of the toxins

in the CNF1-like family of GDTs have their crystal structures solved in complex with their

protein targets. Thus, information on substrate specificity and the mechanism of the toxins in

the CNF1-like family is very scarce. In addition, pathogenesis of the bacteria producing these

toxins, especially B. pseudomallei and H. chejuensis, is very poorly understood. This provides

a very interesting gap to be explored and therefore the secondary aim of this study is to obtain

crystal structures of the toxins in this family in complex with their target substrates to shed

light on the molecular basis of substrate specificity as well as their mechanistic properties.

The outcomes of this study would then help deepen our understanding of the pathogenesis of

these bacteria and hopefully provide insights into development of therapeutics to counter the

effects of these toxins and therefore help in the control of the disease they cause.
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The aims of this study are therefore as follow:

1. Search for more members of the CNF1-like family of GDTs through BLASTp searches

2. Solve the structures of the proteins of interest by X-ray crystallography

3. Characterise the activity of these putative toxins via biochemical and biophysical

techniques

4. Co-crystallise with target proteins to analyse the interactions that are formed between

the toxins and their target to elucidate the molecular basis of specificity and aspects of

the mechanism



Chapter 2

Materials and Methods

2.1 General recipes

2.1.1 Antibiotics

Kanamycin was used as the main antibiotic for this study to select for constructs harbouring

kanamycin resistance marker and was prepared by dissolving 0.5 g of kanamycin sulphate

salt in 10 ml of MilliQ® water making up a (1,000x) stock at 50 mg ml-1.

2.1.2 Lysogeny Broth (LB) medium

LB medium (Miller, 1972) was prepared by mixing the components described in Table 2.1 in

a total of 1 l of distilled water, followed by mixing before sterilising by autoclave at 121 oC

for 15 minutes.

2.1.3 LB Agar

LB Agar was prepared by mixing the components as decribed in 2.1.2 in a 800 ml of distilled

water, and mixed well before adding 15 g Bacto-Agar and distilled water up to 1 l. The

medium was then sterilised by autoclave at 121 oC for 15 minutes.
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Table 2.1 Recipe for LB medium

2.1.4 SOC media

Super optimal broth with catabolite repression (SOC) media was prepared as in the recipe in

Table 2.2 in distilled water and sterilised by autoclave at 121 oC for 15 minutes (Hanahan,

1983).

Table 2.2 Recipe for SOC medium

*Glucose was added after the other components were dissolved, autoclaved and allowed
to cool.
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2.1.5 Agarose gel

1 % agarose gels were used to analyse the size of DNA products against DNA markers and

were prepared by mixing 0.3g Iberose in 30 ml TAE buffer (40 mM Tris pH 7.6, 20 mM

acetic acid, and 1 mM EDTA) and dissolved by using a microwave at medium power. 3 µ l of

GelRed™ (Biotium) nucleic acids stain (10,000x stock) was added and the gel was let to

solidify in the gel tank. 5 µ l of Hyperladder 1kb (Thermo Fisher Scientific) was used as the

marker and gels were run at 100 V for 45 minutes prior to visualisation under UV light.

2.2 Strains and plasmid vector information

E. coli DH5α cells (NEB) were used to transform, propagate and purify plasmids. E.

coli DH5α-silver efficiency cells (Bioline) were used during DNA cloning to increase

transformation efficiency of ligated plasmid. E. coli BL21 (DE3) strain were used for T7

expression suitable for use with pET Recombinant Expression vectors (Novagen). pET-24a

vector was used throughout the course of this study allowing tightly controlled expression

inducible by adding Isopropyl β -D-1-thiogalactopyranoside (IPTG) and details on the vector

is highlighted in Figure 2.1.
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Fig. 2.1 Details on the pET-24a vector taken from Novagen
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2.3 Gene Cloning

In order to clone the gene of interest either from genomic DNA or from a plasmid, forward

and reverse primers were designed upstream and downstream of the gene respectively. The

forward primer consists of a few nonsense nucleotide bases for restriction enzyme (RE)

optimisation, followed by a restriction site of interest, an optional ATG start codon and a

short length of about 20-30 bases of the gene at the 5’ end. The reverse primer starts with

20-30 bases at the 3’ end of the gene, followed by an optional TGA stop codon, a preferred

restriction site and a few nonsense nucleotide bases. The melting temperature, Tm, of both

primers were optimised by varying the length of the gene to obtain a Tm difference of <

5 oC with a value ranging from 50 to 72 oC. NEB Q5 Tm calculator online tool was used

to calculate the Tm values and NEBCutter was used to check for and select compatible

restriction enzymes.

2.3.1 Polymerase Chain Reaction (PCR)

PCR was conducted to clone the gene of interest using a Q5® High-Fidelity DNA Polymerase

Kit (NEB™) according to the components in Table 2.3. All the components were mixed and

collected to the bottom of PCR tubes by centrifugation. The PCR tubes were then transferred

to a thermocycler and reaction conditions were set as Table 2.4.
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Table 2.3 List of components and the required volumes for the PCR reactions by Q5®
High-Fidelity DNA Polymerase Kit

Table 2.4 Reaction temperature and time settings for the thermocycler

*Annealing temperatures are chosen based on the Tm of primer
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2.3.2 Restriction enzyme digest

Following PCR, the amplified gene was then treated with selected restriction enzymes to

produce sticky overhangs to allow ligation to plasmid vectors of choice at the Multiple

Cloning Site (MCS). The plasmid vector and the gene insert were separately treated with

the corresponding restriction enzymes as per instructions in Table 2.5. If identification and

isolation of specific length of digested DNA were required, samples following restriction

enzyme digest were subjected to 1% Agarose Gel Electrophoresis against 1kb Hyperladder

DNA Marker. The DNA bands were viewed under UV light and the correct DNA bands were

purified using QIAquick Gel Extraction Kit (Qiagen).

Table 2.5 Instructions for restriction enzymes incubation

2.3.3 DNA Gel Extraction using QIAquick Gel Extraction Kit

DNA fragments of desired length were excised from the gel with a sterilised scalpel and

mixed with 3 volumes of Buffer QG for 1 volume of gel (100 mg of gel counts to about

100 µl). The gel was then dissolved in the buffer by incubating the mixture at 50 oC for 10

minutes with intermittent vortexing. The colour of the dissolved mixture was checked to

ensure a yellow colour indicating an acidic pH; in situations where the colour was orange or

violet indicating a basic pH, 10 µl of 3 M sodium acetate pH 5.0 was added. 1 volume of
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isopropanol was added to the sample, which was then mixed and applied to a spin column

and centrifuged for 1 minute at 13k rpm. The flow-through was discarded and the spin

column was washed with 0.75 ml Buffer PE and centrifuged for 1 minute. The flow-through

was discarded and the column was centrifuged for another minute to get rid of residual

ethanol from Buffer PE. The spin column was put into a microcentrifuge tube and 50 µl of

autoclaved MilliQ® water was added to the center of the membrane and left to incubate for

about 10 minutes. DNA was then eluted by centrifugation at 13k rpm for 1 minute.

2.3.4 PCR clean-up using QIAquick PCR Purification Kit

In situations where agarose gel purification was not necessary, PCR clean-up was done using

PCR Purification Kit (Qiagen). 5 volumes of Bufffer PB was added to 1 volume of PCR

sample. The sample was then mixed and transferred into a spin column and centrifuged.

The bound DNA was then washed with 0.75 ml Buffer PE and centrifuged at 13k rpm for

a minute. Flow-through was discarded and the column was centrifuged for an additional

1 minute. The column was then transferred into a clean microcentrifuge tube. 50 µl of

autoclaved MilliQ® water was added to the membrane, let stand for 10 minutes and DNA

was eluted by centrifugation.

2.3.5 Vector/Insert Ligation

To generate a full construct of recombinant plasmid, the vector and the gene insert were

ligated utilising a T4 DNA Ligase Kit (NEB®). To ensure successful ligation, the insert

was ligated to the vector in excess of at least 3:1 molar ratio. The required vector and insert

masses were calculated using NEBioCalculator (available at http:// nebiocalculator. neb.com).

The amount of vector and insert DNA used may vary, but in general, for a 4kb vector and

a 1kb insert DNA, a 3:1 insert:vector ratio involves the mixture of the components as in

Table 2.6. The reaction components were mixed and incubated either at 16 oC overnight or
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at room temperature for 10 minutes. This was followed by heat inactivation at 65 oC for

10 minutes. 1-5 µl of the ligation mixture was then transformed into 50 µl DH5α silver

efficiency competent cells.

Table 2.6 Components and required volumes for vector/insert ligation

2.4 Plasmid DNA propagation, purification and sequenc-

ing

For successful gene cloning experiments, plasmid/vectors are often required at high con-

centration with significant levels of purity. Propagation of plasmids was carried out by

transformation of the plasmid of interest into E. coli DH5α cells as described in Section 2.5

and grown overnight at 37 oC in 5-10 ml LB cultures supplemented with the appropriate an-

tibiotics. Cells were then harvested for purification of the plasmid using Monarch® Plasmid

Miniprep Kit (NEB), which implements alkaline lysis technique to extract plasmid DNA

(protocol is provided with the kit or can be accessed online). For DNA sequencing, 5 µ l of 60

ng µ l-1 plasmid DNA was mixed with 5 µ l of either T7 forward or reverse primer (compatible

with pET vectors) and sent for Sanger sequencing with GATC Biotech (Germany).
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2.5 Transformation of recombinant plasmids

The competent E. coli cells were thawed on ice for 10 minutes followed by finger-flicking to

ensure complete resuspension. 1 µ l of 1 pg to 100 ng plasmids or ligation mixture was added

and gently mixed with finger-flicking. The cells were then incubated on ice for 5 minutes.

The cells were then subjected to a heat-shock by submerging the tubes into a 42 oC water

bath for 40 seconds. The cells were then incubated on ice for 10 minutes after which 200-950

µ l of SOC medium was added and the mixture was incubated at 37 oC with 250 rpm shaking

for 1 hour. 100 µ l of the mixture was plated on LB Agar plates with selected antibiotics. The

plates were then incubated at 37 oC overnight.

2.6 Colony PCR

Colony PCR allows a quick screening of colonies that potentially contain the plasmids with

the correct recombinant gene. A number of colonies from transformation plates were selected

and inoculated into 100 µl of LB each with selected antibiotic. The cultures were then

incubated at 37 oC for 4 hours. 50 µl from each culture was isolated and boiled for a few

minutes. The remaining culture was plated on LB antibiotic agar for further analysis. 4 µ l of

each boiled culture was then mixed with 0.5 µ l of 5 µM T7 forward primer, 0.5 µ l of 5 µM

T7 reverse primer, and 5 µl of BioMix Red (Bioline), which is a master mix containing Taq

polymerase, dNTPs, and dye for agarose gel analysis. The samples were then subjected to

PCR with standard protocol and analysed by 1% agarose gel, stained with GelRed™ against

DNA Hyperladder 1kb to compare gene insert sizes. Plasmids from the colony that possessed

the correct gene size were then purified and sent for DNA sequencing with GATC Biotech

(Germany).
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2.7 Protein Overexpression trials

The protein expression system used in this project was the pET expression system where

pET24a/d (Kanamycin resistance) plasmids were used as vectors carrying the recombinant

gene. The recombinant plasmids were previously transformed into BL21 (DE3) from

Novagen. Selected transformants from the agar plates were inoculated in 5 ml LB medium

supplemented with antibiotics and incubated at 37 oC with 250 rpm shaking overnight. 0.5

to 1 ml of the overnight culture was added into 50 ml LB-antibiotic and incubated further to

get an optical density at 600 nm (O.D600) of 0.6. 1 mM of IPTG was added to induce protein

expression. The cultures were then incubated with 250 rpm shaking across temperatures

ranging from 12, 18, 25, 30 and 37 oC to select for the best condition that favours production

of soluble proteins. 5 ml samples were taken at specific intervals (1-2 hour interval for

higher temperatures and 8-12 hour interval for lower temperatures) to be subjected to Sodium

Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) analysis. The samples

were centrifuged at 4800 rpm to collect the cell pellet and and then stored in -20 oC freezer

prior to SDS-PAGE analysis.

2.8 SDS PAGE analysis

The frozen cell pellets were thawed and resuspended in 500 µl of 50 mM Tris pH8 buffer

ensuring complete resuspension with no cell clumps. The cells were then lysed on ice using

a sonicator with two 4 seconds bursts. The lysates were centrifuged at 14800 rpm for 20

minutes at 4 oC to separate soluble fractions. The soluble fraction of each sample was

separated into a new eppendorf tube while the cell debris was resuspended in 500 µl of 50

mM Tris pH8 buffer. The total protein content in the soluble fraction was then measured

using Bradford’s Assay. Next, 10 µg of proteins each from the soluble and insoluble fraction

of the cell lysate was mixed with 5 µl Invitrogen NuPAGE® LDS Sample Buffer (40 %
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Glycerol, 4 % Lithium dodecyl-sulphate, 0.025 % Phenol red, 0.025 % Coomassie G250, 2

mM EDTA, 0.8 M Tri-ethanolamine-Cl pH7.6), 2 µ l reducing agent (10x 1 M Dithiothreithol

(DTT)) and sterilised MilliQ® water to make up to 20 µl total volume. Then, the mixture

was boiled at 95 oC for 3 minutes before loading it on an SDS-PAGE gel. The recipe used for

SDS-PAGE was adapted from (Laemmli, 1970) and all the gels used for this project consisted

of a 12 % resolving phase and 6 % stacking phase. The components required to make this

gel are summarised in Table 2.7. The protein samples were run alongside Mark12 protein

ladder first at 80 V for 10 minutes followed by 200 V for 40 minutes. The gel was taken

out as soon as the dye reached the bottom of the gel, and stained with Coomassie Blue (10

% (v/v) acetic acid, 40 % (v/v) methanol and 0.1 % (w/v) Coomassie R250) for an hour to

allow staining of protein bands. The gel was then destained in destaining solution (10 % (v/v)

methanol and 10 % (v/v) acetic acid) overnight with light shaking to remove non-specific

binding of the dye and thus background noise. The protein expression level was measured by

comparing the size of the protein of interest against Mark12 protein ladder (InvitrogenTM)

and the intensity of the band across the soluble fractions.

Table 2.7 Components and the required volumes for making a 6-12% SDS-PAGE gel
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2.9 Bradford’s Assay

The approximate total protein concentration from the soluble fraction of the cell lysate was

measured via Bradford’s assay. This assay involves the use of Coomassie Brilliant Blue

G-250 protein dye (Bio-Rad) that binds to basic residues on proteins forming protein-dye

complexes which resulting in a change of colour from brown to blue. 1-20 µ l of sample was

mixed into 0.8 ml MilliQ® water in a plastic cuvette. 0.2 ml of Bradford’s reagent was added

and mixed carefully. Absorbance at 595 nm, OD595, was measured using a spectrometer. For

reliability, a reading of 0.1-0.7 has to be obtained. Calculation of protein concentration was

based on the following formula, which had been optimised against Bovine Serum Albumin

(BSA) standards:

Concentration (mg ml-1) =
OD595 x 15

volume o f sample (µl)

2.10 Protein concentration measurement using UV absorbance

at 280 nm

Unfortunately, the sensitivity of Bradford’s assay varies on a case-by-case basis. A more

reliable technique to measure protien concentration is by measuring the UV absorbance of

aromatic residues at 280 nm, and is calculated as below:

Concentration (M) =
OD280 x lid f actor

extinction coe ff icient (M-1 cm-1)

The extinction coefficient of each protein was calculated using Protparam (Gasteiger et al.,

2003).
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2.11 Purification of overexpressed protein

The protein of interest was then overexpressed in a large-scale culture (1-2 l) using the same

approach as in Section 2.7, but instead, inoculating 5 ml starter culture into 500 ml growth

media in 2 l flasks. The cultures were grown in the condition found best to produce high-level

soluble expression from the overexpression trial. In order to purify the protein to >90 %

homogeneity, various chromatography techniques were carried out based on the characteristic

of the protein constructs, including the Nickel-affinity column purification of His6-tagged

protein, ionic exchange chromatography for untagged proteins and gel filtration column for

separating proteins based on their size.

2.11.1 Preparing cell-free extract

It is crucial to isolate soluble cell free extract from other components from the cell membrane

and cell wall prior to purification. Cells were lysed by sonication using MSE Soniprep

150, which is a sonicator that converts electrical to mechanical energy in the form of high

frequency ultrasonic vibrations via a titanium alloy probe with a 9.5 mm tip diameter. Every

2 g of frozen cell paste from the large-scale overexpression culture was resuspended with 10

ml of buffer. About 20 ml aliquots were transferred into sonication bottles and kept on ice

throughout the sonication procedure which comprised 2 cycles of 20 seconds sonication at

full power >15 microns with cooling in between. The lysed cells were then decanted into 40

ml centrifuge bottles and centrifuged at 24000 rpm for 10 minutes at 4 oC in Beckman JA

25-50 rotor. Following centrifugation, the cell free extract was isolated, ready for purification.

2.11.2 Nickel-affinity Chromatography

His6-tagged proteins were purified using immobilised metal ion affinity chromatography

(IMAC) utilising a nickel-affinity column. This technique employs immobilising Ni2+ ions
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on highly cross-linked agarose matrix for affinity binding with poly-His clusters of the tagged

proteins. This binding is reversible by competitive replacement of the poly-His clusters

with increasing Imidazole concentration thus allowing selective purification of His6-tagged

protein. Throughout this study, a pre-packed HisTrapTM HP 5 ml and 1ml columns and an

AKTA pure purification machine from GE Healthcare were used. For this purification, the

buffer used for sonication was 50 mM Tris pH 8.0 and 0.5 M NaCl to minimise non-specific

interaction between contaminating proteins and the column matrix. The column was initially

equilibrated with Binding Buffer (50 mM Tris pH 8.0, 0.5 M NaCl). Cell free lysates were

then applied to the column to allow binding of tagged protein. The column was then washed

with the same buffer to get rid of contaminants and unbound materials. Elution of tagged

protein was done in a linear gradient of 0-70 % Elution Buffer (50 mM Tris pH 8.0, 0.5

M NaCl, 0.5 M Imidazole) in 10 column volumes (CV) with 3 ml fractionation. Fractions

collected were analysed by SDS-PAGE gels to measure purity. Protein concentration was

analysed using Bradford’s Assay (BioRad®) or UV absorbance at 280nm.

2.11.3 Ion Exchange Chromatography (IEC)

Proteins possess an isoelectric point (pI), a pH value above which the protein would have

an overall negative net charge and bind to a positively charged medium (anion exchanger),

and below which the protein would have an overall positive net charge and thus bind to

a negatively charged medium (cation exchanger). Based on the pI value of the proteins

studied in this project, a weak anion exchanger, DEAE Sepharose FF 5 ml pre-packed

column was used (GE Healthcare). Proteins will bind to the column at pH higher than the

pI and can be eluted by changing ionic strength by varying NaCl concentrations. Cell free

extract was obtained by sonicating cell suspension in 50 mM Tris pH 8.0 buffer followed

by centrifugation as detailed above. The column was equilibrated with the same buffer

followed by the application of cell free extract. The column was then washed with the same
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buffer to remove unbound materials. Elution of bound protein was conducted in a linear

gradient of 0-100 % Elution Buffer (50 mM Tris pH 8.0, 1 M NaCl) in 10 CV in 2.5 ml

fractions. Fractions collected were analysed by SDS-PAGE gels to measure purity. Protein

concentration was estimated using Bradford’s Assay (BioRad®) or UV absorbance at 280nm.

2.11.4 Size Exclusion Chromatography (SEC) using gel filtration col-

umn

SEC, or generally known as gel filtration, is a technique of purifying protein by their

molecular sizes. It deploys the use of a column of packed porous matrix of inert spherical

particles normally made up of dextran beads. Based on the pore sizes, smaller proteins enter

the matrix pores and therefore have longer retention time, whilst larger proteins cannot enter

the pores and just pass in between the beads allowing quicker passage as they pass through

the column. Superdex 200pg 16/600 Sepharose column was used throughout this study. The

gel filtration column was generally used as the second chromatography step, in a 2-step

purification after IEC or IMAC. The sample was concentrated to a volume of 2 ml and loaded

to the system via a 2 ml loop. Elution was done using the same buffer at flow rate 1.5 ml/min.

2 ml fractions were collected across 1 CV and peaks profile were studied with SDS-PAGE to

isolate fraction containing purified protein of interest.
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2.12 Vivaspin Concentrator

Throughout the chromatography process, it is crucial to concentrate the protein solution

either to reduce to a specific volume for sample loading, to conduct buffer exchange or to

achieve a desired concentration for crystallisation trials. Vivaspin centrifugal concentrators

(Sartorius®) were used to concentrate protein samples, whereby different molecular weight

cut-offs (MWCO) were used according to the size of the protein under study. The commonly

used MWCO in this project were the 30,000 Da and 10,000 Da. Protein solution in the

selected buffer was transferred to the vivaspin and centrifuged continuously in a table-top

centrifuge at 5000 rpm until the preferred volume or concentration was achieved.

2.13 Crystallisation trials and optimisation

Protein samples were typically concentrated to 10 mg ml-1 prior to crystallisation. Initial

crystallisation trials were carried out via the sitting drop vapour diffusion technique using

a 96-well MRC crystallisation plate. Subsequently, optimisation of crystal conditions was

done by the hanging drop technique utilising a 24 big-well plate and siliconised cover slips.

2.13.1 Sitting drop vapour diffusion

Hydra II Plus One and TPP Labtech mosquito® LCP crystallisation robots were used in

setting up sparse-matrix screening across a range of commercialised crystallisation screens

including PACT, PEG, JCSG+, MPD, AmSO4, pH Clear and Proplex, each consisting of 96

different crystallisation conditions. 100 nl of precipitant was mixed with 100-200 nl drop

of concentrated protein solution in each well, and when sealed, the mixed droplets would

equilibrate against the precipitant, increasing the concentration of the protein to the point of

supersaturation at which crystals may form. The plates were incubated at 17 oC and viewed

under the microscope after a set time to observe the formation of crystals.
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2.13.2 Hanging drop crystallisation

In order to generate bigger and better diffracting crystals, optimisation of crystallisation

conditions was carried out by varying the pH and the concentration of the components. This

was done via the hanging drop vapour diffusion technique involving a manual mixing of

protein solution and optimised crystallisation reagent on a siliconised cover slip. The cover

slip was then sealed on the well using grease or mineral oil in such a way that the droplet will

hang above the precipitant in a sealed environment. The use of cover slips allow multiple

droplets to be set according to preferred protein:precipitant ratio. The crystallisation plates

were then incubated at 17 oC.

2.14 Data collection and structure determination

Crystals that were worthy of further analysis were harvested, mounted on a loop to facilitate

cryo-cooling and subjected to a multi-level decision process of X-ray diffraction analysis.

2.14.1 Crystal harvesting and mounting at cryogenic temperature

Due to the damaging nature of the ionising X-ray photons, crystals are normally mounted

at cryogenic temperatures using liquid nitrogen to reduce the effects of radiation damage.

To avoid the formation of ice crystals from the water molecules in the mother liquor during

cryomounting, crystals were briefly passed through a cryoprotectant solution before dipping

into liquid nitrogen. Cryoprotectant solutions were prepared by making up the same compo-

nents as the crystallisation condition with an addition of 25-30 % (w/v) ethylene glycol (for

conditions containing poly-ethylene glycol (PEG) or glycerol). Crystals were kept cold in

unipucks (Crystal Positioning Systems) stacked in a shipper prior to shipment to Diamond

Light Source, Didcot, UK.
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2.14.2 Data collection and processing

Details on the beamline and data collection strategies are highlighted in Paper 2. In general,

initial test diffraction was done by taking 5, 0.1o rotation, diffraction images at 45o interval

to ensure that the crystals lie in the X-ray beam and to provide the first look at the quality of

the diffraction spots at different positions. These test images would then be auto-indexed

by MOSFLM (Leslie and Powell, 2007) or EDNA (Incardona et al., 2009) in the ispyb

SynchWeb interface (Fisher et al., 2015) to give details on the possible space group and

unit cell dimensions, which will be used as a guide to assist the decision on data collection

strategy. Following data collection, the integrated data reduction pipeline on ispyb allows

high-throughput auto-processing of diffraction images utilising softwares including Fast DP

(Winter and McAuley, 2011), XIA2 (Winter, 2010) and autoPROC (Global Phasing Ltd),

that would cover the whole data processing steps from integration, scaling and merging.

The resulting statistics were then analysed for quality indicators such as Rmerge, Rpim, Rmeas,

signal-to-noise ratio, completeness and multiplicity. Data with poor statistics were then

troubleshot for problems during processing by referring to the log files looking at possible

regions with poor merging statistics across resolution and, when required, manual reprocess-

ing of the diffraction images was carried out with preferred parameters using XIA2 (Winter,

2010).

2.14.3 Phasing and structure determination

Once the quality indicators were assessed and seen to have decent values, structural deter-

mination followed. Over the course of this study, a serendipitous Zn anomalous diffraction

was obtained from crystals grown in ZnSO4 and used to solve the crystal structure of the

untagged SSR1 monomer. Details on the structure determination of the protein via Single

wavelength anomalous dispersion (SAD) are included in Appendix B. For the majority of the

other crystals, the molecular replacement technique using PhaserMR (McCoy et al., 2007)
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was employed utilising structures of related proteins as the search model. Details on these

structure determinations are highlighted in the relevant papers and appendices.

2.14.4 Model building, refinement, validation and analysis

Successful structural determination was followed by an iterative-fashion of model building

in real-space by analysing the electron density map using Coot (Emsley et al., 2010), and

refinement with REFMAC5 (Murshudov et al., 2011), with occasional bias check in between

refinement cycles, until the Rwork and Rfree values reached convergence. The final model

was then validated using MolProbity (Chen et al., 2010), to check for errors corresponding

to Ramachandran analysis, bond length, angles, and chirality, favored side-chain rotamer

positions, and clashes. Errors flagged by MolProbity were then fixed manually through

several rounds of model building and refinement as described above. Figures were made

mainly using PyMOL (Schrodinger, LLC), whilst figures including electron density map were

either generated by FFT (Read and Schierbeek, 1988) or Coot (Emsley et al., 2010). Futher

analysis including protein-protein interface and structural superposition were carried out

using PDBePISA (Krissinel and Henrick, 2007) and Superpose in the CCP4 GUI (Krissinel

and Henrick, 2004), respectively.

2.15 Other methods

Further details of additional techniques deployed during the project (eg. Mass spectrometry)

are provided in the relevant papers and appendices. The theory underpinning X-ray crystallog-

raphy can be found in standard textbooks such as ‘Biomolecular crystallography: principles,

practice and applications to structural biology’ by Bernhard Rupp (Garland Science, Taylor

& Francis Group, 2010) and ‘Crystallography made crystal clear’ by Gale Rhodes (Academic

Press, 2006).
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• BLF1 was characterised as a GDT, deamidating Gln339 of eIF4A. BLF1C94S

mutant was successfully co-crystallised with its substrate, eIF4A, to shed light

on the molecular basis of specificity and mechanism of BLF1 fulfilling aims 3

and 4 of this study.

2. Identification of a glutamine deamidase toxin in Skermanella stiibiresistens. Prepared

for submission.

• SSR1 was identified as another member of the CNF1-like GDTs and successfully

characterised as having deamidase activity, followed by production of crystals

fulfilling aims 1, 2 and 3.

3. Strain-induced clipping: a novel form of post-translational modification. Prepared for

submission.

• Different crystal structures of SSR1 contribute towards aims 2 and 3 of this study,

but also provide unprecedented insights on protein folding and evolution.





Chapter 3

Paper 1

3.1 Summary

This manuscript describes the structure determination of BLF1 C94S in complex with eIF4A

in two crystal forms. Analysis of the structures indicates that BLF1 binds in the cleft

between the two domains of eIF4A forming interactions consisting of two patches, one on

each domain of eIF4A, involving extensive van der Waals forces, hydrogen bonds and salt

bridges. Interestingly, about 75 % of these residues in eIF4A are conserved across a range

of eukaryotes. In addition, the two domains of eIF4A are held in a novel conformation,

placing the target Gln339 residue of eIF4A in the active site cleft of BLF1, where a thiolate-

imidazolium ion pair was proposed to carry out its function. The utilisation of the thiolate-

imidazolium ion pair combined with an oxyanion hole led to a proposal that glutamine

deamidation by BLF1 shares a similar mechanism to that of papain.
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Molecular basis of the specificity of the Burkholderia
Lethal Factor 1 for its eukaryotic target, eIF4A.
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Sheffield S10 2TN, UK.
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Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA.

cDepartment of Chemical and Biological Engineering, University of Sheffield, Mappin Street,
Sheffield S1 3JD, UK.

dSchool of Bioscience and Biotechnology, Faculty of Science and Technology, Universiti
Kebangsaan Malaysia, 43600, UKM Bangi, Selangor, Malaysia.

Abstract

Burkholderia pseudomallei is an intracellular gram-negative pathogen of animals

and man and the causative agent of Melioidosis, an endemic disease of Southeast

Asia and Northern Australia. Burkholderia lethal factor 1 (BLF1) is the first

lethal toxin from this organism to be characterized and is a member of the CNF1-

like family of toxins exhibiting site-specific glutamine deamidase activity against

the eukaryotic initiation factor 4A (eIF4A). Here, we report the structure of an

inactive C94S mutant of BLF1, in complex with human eIF4A, to provide the

first example of a complex between a CNF1-like toxin bound to its substrate

thereby revealing the molecular basis of toxin specificity. In the structure of the

complex, BLF1 binds in the cleft between the two RecA-like domains of eIF4A,

forming largely polar interactions with residues from both and holding them in a

novel twisted conformation that is further open than those previously observed.

The reorientation of eIF4A leaves the target glutamine Gln339 accessible to the
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active site of the toxin, placing the sidechain amide and its scissile C-N bond in

an ideal arrangement for nucleophilic attack by the thiolate side chain of Cys94

as part of a mechanism that closely resembles that of the papain-like family of

cysteine proteases.

Keywords: BLF1, eIF4A, glutamine deamidation, cysteine protease, Cys-His

dyad, thiolate-imidazolium ion pair, papain, oxyanion hole, toxin specificity.

Highlights1

• The structure has been solved of a complex between an inactive mutant of the2

glutamine deamidase toxin, BLF1, a member of the CNF1-like family of3

toxins, and its molecular target, eIF4A, to provide the first insights into the4

specificity of any CNF-1 like toxin for its substrate.5

• BLF1 binds between the two domains of eIF4A holding them in a novel open6

conformation facilitating recognition of the target glutamine, Gln339, which7

lies close to the BLF1 catalytic thiolate-imidazolium pair.8

• The specificity of BLF1 for eIF4A arises through complementary recognition9

by the toxin of largely polar binding surfaces on both domains of the target.10

∗Correspondence: d.rice@sheffield.ac.uk (D.W.R)
1These authors contributed equally to the work.

Preprint submitted to Molecular Cell December 10, 2018
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1. Introduction11

B. pseudomallei is an intracellular gram-negative bacterial pathogen of man12

and animals (Ray et al., 2009) and the causative agent of the disease Melioidosis13

(Wiersinga et al., 2006). This pathogen can be found in moist soil and surface14

water (Nandi et al., 2010) in Southeast Asia and Northern Australia where the15

disease is endemic (Dance, 2000) with, for example, 80% of 4-year-old children16

in Northern Thailand testing serologically positive for exposure to B. pseudo-17

mallei (Kanaphun et al., 1993). More recently, cases of Melioidosis have been18

reported in China, India, Africa (Jabbar & Currie, 2013) and Bangladesh (Ji-19

lani et al., 2016). Melioidosis presents with a broad array of symptoms and is20

therefore commonly misdiagnosed as Tuberculosis (Vidyalakshmi et al., 2008),21

Typhoid fever or Malaria (Currie, 2008). A particular feature of B. pseudoma-22

llei is that following infection, the organism is capable of lying dormant such23

that patients appear asymptomatic but, subsequently, and for reasons that are24

still poorly understood, a full-blown infection can emerge decades later (Kron-25

mann et al., 2009). The emergence of latent infections in veterans who fought in26

the Vietnam conflict has earned the disease the chilling nickname, The Vietnam27

Time Bomb (Ngauy et al., 2005). The ability of B. pseudomallei to survive harsh28

conditions and to persist in the environment (Aldhous, 2005), combined with its29

capacity for latency and to cause a devastating disease has led to this bacteria30

being classified as a category B bio-warfare agent (Rotz et al., 2002).31

The structure determination of the 23 kDa protein of unknown function en-32

coded by the B. pseudomallei gene, bpsl1549, revealed that its fold was based33

on a single domain comprising a sandwich of two mixed β-sheets flanked by34

α-helices that was similar to the fold, but not the sequence, of the C-terminal35

3.3 Paper 1 57



catalytic domain of the Cytotoxic Necrotizing Factor 1 (C-CNF1). The latter is36

a glutamine deamidase toxin from Uropathogenic E. coli (Buetow et al., 2001)37

which deamidates Gln63 or its equivalent in the small GTPases RhoA, Rac and38

cdc42 and disrupts actin cytoskeleton assembly (Flatau et al., 1997). The iden-39

tification of this structural similarity, which included the spatial conservation40

in the Burkholderia protein of two catalytic residues present in CNF1, Cys86641

and His881, led to biochemical studies that showed that the role of the former42

in causing disease was to act as a toxin targeting the site specific deamidation43

of Gln339 of the eukaryotic initiation factor 4A (eIF4A) (Cruz-Migoni et al.,44

2011). eIF4A is a member of the DEAD box superfamily and is an essential45

component in the translation initiation complex, supplying RNA helicase activ-46

ity responsible for melting the secondary structures present in mRNA prior to47

translation (Ray et al., 1985; Pestova et al., 1996). DEAD box family mem-48

bers invariably contain two domains, an N- and a C-terminal RecA-like domain49

(residues 21-236 and 247-406 respectively in human eIF4A), connected through50

a flexible linker region (Linder & Jankowsky, 2011) which possesses an inherent51

degree of conformational plasticity demonstrated by differences in the orienta-52

tion of RecA-like domains relative to one another as they cycle between closed53

(active) and open (inactive) states regulated by the binding of ATP (Sengoku54

et al., 2006). Gln339 is a residue located in the C-terminal domain of eIF4A,55

between the conserved sequence motifs V and VI, a region believed to interface56

with RNA and ATP (Caruthers et al., 2000). Site-specific deamidation of eIF4A57

Gln339 results in extensive inhibition of protein synthesis in human cells (Cruz-58

Migoni et al., 2011). Further studies demonstrated that BLF1 is a key component59

for B. pseudomallei pathogenesis, with a ∆BPSL1549 strain being 100-fold less60

virulent than the wild type (Cruz-Migoni et al., 2011). As the first toxin to be61
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identified in Burkholderia, and only the second member of the CNF1-like fam-62

ily of glutamine deamidase toxins to be discovered, the product of the bpsl154963

gene was named as the Burkholderia Lethal Factor 1, BLF1.64

Studies by others have previously identified further toxins which exert their65

biological activity by glutamine deamidation but which differ from CNF1 in their66

fold being more reminiscent of the cysteine protease, papain. These toxins are67

therefore classified as belonging to the papain-like family of glutamine deami-68

dase toxins and include molecules such as the cycle inhibiting factors (Cif) from69

various pathogenic bacteria like enteropathogenic E. coli, B. pseudomallei and Y.70

pseudotuberculosis, a Type III effector from S. flexineri; Osp1, and a P. multoxida71

toxin, PMT (Washington et al., 2013). Interestingly, whilst both the CNF1-like72

and papain-like toxins exert their effect by the deamidation of a specific glu-73

tamine, recent studies have identified a Type VI effector from the opportunistic74

pathogen B. cenocepacia, TecA, which is also predicted to have a papain-like75

fold but which functions as an asparagine deamidase (Aubert et al., 2016).76

The structures of the complexes of several papain-like family toxins with77

their substrates have been solved including the Cif-like homologues from B.78

pseudomallei (CHBP), Y. pseudotuberculosis and P. luminiscence in complex79

with NEDD8 (Washington et al., 2013). However, there are no structures of a80

complex between any CNF1-like family of toxins with their targets. In this pa-81

per, we present the structure of an inactive C94S mutant of BLF1 in complex82

with human eIF4A, which, for the first time, allows the mechanism and speci-83

ficity of deamidation of a CNF1-like glutamine deamidase toxin to be examined.84
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2. Experimental Procedures85

2.1. Protein expression and purification86

An inactive mutant of BLF1, C94S, was expressed in Escherichia coli BL2187

(DE3) cells (Novagen) grown in LB broth supplemented with 100 mg l-1 Ampi-88

cillin, with expression induced by the addition of 1 mM IPTG at an OD600 of89

0.6 before incubation at 37 oC for 4 hours. A construct of human eIF4A miss-90

ing 20 residues at the N-terminal end, eIF4A∆20, was expressed in Escherichia91

coli Tuner (DE3) cells (Novagen) in LB broth supplemented with 50 mg l-1
92

Kanamycin, with the cells grown to an OD600 of 1 then chilled to 4 oC for 3093

minutes on ice before induction with 1 mM IPTG and incubation at 13 oC for94

72 hours. Prior to purification, the E. coli cells (2 g dry weight) were lysed via95

three rounds of sonication at 15 microns for 20 seconds, whilst stored on ice in96

20 ml of a 50 mM TRIS pH8 buffer and the lysate was clarified by centrifugation97

at 60,000 x g for 20 minutes. BLF1 was purified through three chromatography98

stages: (1) the clarified lysate was directly loaded onto a 5 ml DEAE FF column99

(GE) and eluted with a 50 mM TRIS buffer at pH 8 using a linear gradient of 0.5100

M NaCl from 0-100% across 20 column volumes, (2) fractions containing BLF1101

were diluted with 50 mM TRIS pH 8 and loaded onto a 5 ml Q HP column (GE)102

and eluted in an identical fashion, (3) samples were concentrated to a volume of103

2 ml and loaded onto a Superdex 200 16/60 size exclusion column (GE). eIF4A104

was purified either using an equivalent protocol or by affinity chromatography105

using a nickel column Ni-HP 5 ml (GE) eluted with a 50 mM TRIS buffer at106

pH8 with 0.5 M NaCl and a linear gradient of 0.5 M Imidazole. To form a com-107

plex, a 4:1 molar ratio of BLF1 C94S to eIF4A∆20 was mixed in a 50 mM TRIS108

buffer at pH 7.5. The BLF1 C94S:eIF4A∆20 complex was separated from excess109

BLF1 by gel filtration using a Superdex 200 16/60 size exclusion column run110
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in a 50 mM TRIS pH 7.5, 0.1 M NaCl buffer. The fractions containing eIF4A111

and BLF1 run with an apparent molecular weight of ∼70 kDa consistent with the112

formation of a stoichiometric 1:1 complex. The BLF1 C94S:eIF4A∆20 complex113

was then buffer exchanged into a 10 mM TRIS pH 7.5 buffer and concentrated114

to 12 mg ml-1 for crystallization trials.115

2.2. Crystallization and structure determination116

Two distinct crystal forms of co-crystals of BLF1 C94S:eIF4A∆20 were grown117

at 17 oC in a sitting drop trials containing 200 nl of a 0.1 M MES pH 6.5, 50 mM118

MgCl2, 10 % (w/v) 2-propanol, 5 % (w/v) PEG 4000 solution and 500 nl purified119

complex at 12 mg ml-1 (form A); or 200 nl of a 0.1 M HEPES pH 7.5, 4 % (w/v)120

PEG 6000 solution mixed with 200 nl purified complex at 12 mg ml-1 (form B).121

Crystals were flash-cooled with liquid nitrogen in mother liquor to which 30 %122

(v/v) ethylene-glycol had been added as a cryoprotectant. X-ray diffraction data123

were collected at the Diamond Light Source (UK) on beamline I04 (form A) or124

I03 (form B) to a resolution of 2.5 Å and 2.24 Å, respectively. The data were125

handled using the CCP4 suite (Winn et al., 2011) and processed by Xia2 (Winter126

et al., 2013), XDS and AIMLESS (Kabsch, 2010; Evans & Murshudov, 2013).127

Although the diffraction of crystal form B extended to 2.24 Å, the observation128

of anisotropy in the data led to a decision to limit the resolution to 3 Å. The two129

crystal forms were solved independently but using a similar approach. For crys-130

tals of form A, initial phases were calculated following molecular replacement in131

PHASER (McCoy et al., 2007) using coordinates for the C94S mutant of BLF1132

(3TUA), the N-terminal domain of eIf4A (PDB: 2ZU6 residues 63-231) and the133

C-terminal domain of eIf4A (PDB: 2ZU6 residues 240-389) as three separate134

search ensembles. For crystals of form B, the coordinates for the N-terminal do-135
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main of eIF4A from PDB entry 2G9N (20-238) replaced those from 2ZU6 in an136

equivalent molecular replacement search. Model building was carried out in an137

iterative fashion using Coot (Emsley & Cowtan, 2004) and the structures were138

refined using PHENIX (Adams et al., 2010) (form A) or REFMAC (Murshudov139

et al., 1997) (form B). Crystals of WT BLF1 isomorphous to those grown as pre-140

viously described were cryoprotected and data collected to 0.99 Å on beamline141

I03 at the Diamond Light Source. The structure was refined using REFMAC.142

Details of the structure solution and refinement are provided in Table 1.143

2.3. Mass spectrometry analysis144

LC ESI MS analysis was performed as previously described (Cruz-Migoni145

et al., 2011). In brief, following in gel tryptic digestion peptides were anal-146

ysed using LC ESI MS analysis using a maXis UHR TOF mass spectrometer147

(Bruker Daltonics) using an automated acquisition approach. MS and MS/MS148

scans (m/z 50-3000) were acquired in positive ion mode. Lock mass calibration149

was performed using HP 1221.990364. Line spectra data was then processed150

into peak list by Data analysis (Bruker Daltonics) and the sum peak finder al-151

gorithm was used for peak detection using a signal to noise (S/N) ratio of 10, a152

relative to base peak intensity of 0.1 % and an absolute intensity threshold of 100.153

Extracted ion chromatograms were generated for both the non deamidated and154

deamidated peptide in Data analysis. MS/MS spectra of the peptides identified155

were manually verified.156
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a Highest resolution shell shown in parentheses. 

b Determined by MolProbity (Chen et al., 2010), with percentile scores ranked against structures 

deposited in the PDB within a ± 0.25 Å range, see parentheses. 

Data collection    

Protein 
BLF1 C94S : eIF4A ΔNTD 

(PDB:XXXX) 
BLF1 C94S : eIF4A ΔNTD 

(PDB:XXXX) 
BLF1 WT          
(PDB:XXXX) 

Beamline 
Diamond light source (UK) 
I04 

Diamond light source (UK) 
I03 

Diamond light source (UK) 
I03 

Wavelength (Å) 0.9795 0.9763 0.9763 

Space group C2 P63 P212121 

a, b, c (Å) 135.9, 50.4, 95.7 199.53, 199.53, 51.34 37.25, 44.58, 116.87 

α, β, γ (°) 90.0, 111.9, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 90.0 

 Native Native Native 

Resolution (Å) 63.1 – 2.5 65.3 – 3.0 44.6 – 1.0  

Rpim (I)a 0.096 (0.441) 0.021 (0.109) 0.044 (0.246) 

<I> / <σI>a 8.1 (1.7) 34.9 (9.0) 12.6 (1.6) 

Completeness (%)a 99.2 (98.7) 99.7 (97.9) 86.7 (18.6) 

No. observations 76,647 198,942 548,111 

No. unique reflections a 20,378 (1457) 23,808 (1702) 93, 887 (1556) 

Redundancy a 3.8 (3.6) 8.4 (8.4) 5.8 (1.3) 

Refinement    

Rwork / Rfree 0.20 / 0.28 0.18 / 0.23 0.14 / 0.16 

No. of non-H atoms 4,735 4716 2090 

Protein / Water 4,638 / 97 4716 / 0 1638 / 442 

Average B-factors (Å2)            
(Protein / Water) 46.0 / 44.3 36.3 / - 11.2 / 22.9  

Bond length rmsd (Å) 0.011 0.011 0.011 

Bond angle rmsd (°) 1.67 1.55 1.62 

Validation    

Ramachandran favored (%) 95.4 94.4 98.1 

      Additionally allowed (%) 4.6 5.1 1.2 

      Outliers (%) 0.0 0.5 0.0 

Rotamer outliers (%)b 2.0 4.5 0.6 

Cb outliers (%)b 0.0 0.2 0.0 

Clash score b 5.78 (99th) 7.35 (98th) 2.79 (91st) 

MolProbity score b 1.87 (97th) 2.28 (98th) 1.07 (96th) 

Table 1: Data collection and refinement statistics.



3. Results And Discussion157

3.1. The structure of the inactive BLF1 C94S:eIF4A∆20 complex.158

The complex between BLF1 C94S and eIF4A∆20 was purified by gel filtra-159

tion prior to SDS-PAGE analysis. Subsequent in-gel tryptic digestion of eIF4A160

in conjunction with mass spectrometry analysis confirmed that the C94S mu-161

tant was inactive with no deamidation of Glutamine 339 observed in contrast to162

treatment with the WT toxin (see Figure S1). The structure of the catalytically163

inactive BLF1 C94S mutant in complex with human eIF4A∆20, in two distinct164

crystal forms, A and B, was solved and refined to 2.5 Å and 3.0 Å, respectively.165

The structures of crystal forms A and B show that they are very closely related166

with BLF1 C94S binding between and forming interactions with each of the N-167

and C-terminal RecA-like domains of eIF4A (Figure 1A). Superposition of the168

coordinates of these two complexes based on those of BLF1 reveals that the posi-169

tion of the C-terminal domain of eIF4A with respect to BLF1 is very similar with170

a maximal displacement of equivalent alpha carbon atoms of approximately 1.7171

Å. The major difference lies in the position of the N-terminal domain which can172

be seen to have rotated by an angle of approximately 4o against the BLF1 surface173

with a maximal displacement of 3.8 Å (Figure S2A). Whilst the conformation of174

the main chain of BLF1 C94S in both forms A and B is essentially the same,175

differences can be identified between the two structures including the ordering176

of residues 135-150 in the N-terminal domain of eIF4A and residues 331-335 in177

its C-terminal domain, which are disordered in form A but which form a loop178

and an alpha helix connecting β4 and β5 and a loop connecting β12 and β13 in179

form B, respectively. Further changes in the conformation of residues of eIF4A180

can also be observed in the loop between α-helices α1 and α2 (residues 50-55)181

and residues connecting β2 with α4 (77-86) in the N-terminal domain.182

64 Paper 1







Figure S1: LC MS analysis of the Gln339 containing tryptic peptide from eIF4A. A) Extracted

ion chromatogram of the tryptic peptide GIDVEQVSLVINYDLPTNR [M+3H]3+ from BLF1+eIF4A

(top) and the extracted ion chromatogram of the peptide GIDVQQVSLVINYDLPTNR [M+3H]3+ from

BLF1 C94S+eIF4A, no significant deamidation of eIF4A was observed (bottom). MS1 spectra are

shown inset. B) MS/MS analysis of the deamidated peptide GIDVQQVSLVINYDLPTNR [M+3H]3+

from BLF1+eIF4A (top) and MS/MS analysis of GIDVEQVSLVINYDLPTNR [M+3H]3+ from BLF1

C94S+eIF4A (bottom). The prominent b and y ions are highlighted confirming the deamidated and non-

deamidated peptides respectively.



Figure 1: BLF1 C94S binds in the cleft between the two domains of eIF4A. A) Stereoview of the

structure of the BLF1 C94S:eIF4A complex. B) Surface representation of the interacting patches between

BLF1 C94S and eIF4A. Olive and orange patches on eIF4A (white) interact with the corresponding

surface on BLF1 C94S (grey). Gln339 of eIF4A is colored red and the corresponding Cys/His pair in the

active site cleft of BLF1 is colored green.



The comparison of forms A and B reveals a significant difference in the po-183

sition of the target Gln339 in eIF4A with respect to the Cys/Ser-His pair in the184

BLF1 active site. Whilst in form A the orientation of Gln339 is consistent with185

the suggested involvement of these residues in the mechanism and the expected186

nucleophilic attack on the side-chain carbonyl group by Cys94 (see below), in187

form B it is not. This arises as a result of the binding of an unmodelled buffer188

component in form B close to the carboxyamide of Gln339. This leads to a189

shift in the position of the carboxyamide group of Gln339 away from Cys94 by190

approximately 1 Å which presumably triggers the slight opening in the domain191

orientation of eIF4A in form B compared to form A (Figure S2A). We note that192

a similar situation has previously been observed comparing the structures of the193

complex between the papain-like Cif glutamine deamidase from Photorhabdus194

luminescence (PDB: 4FBJ) and that of Yersinia pseudotuberculosis (PDB: 4F8C)195

with their substrate Nedd8, where the sidechain of the target Gln40 in the former196

adopts a position that is inappropriate for catalysis (Crow et al., 2012). Hence,197

we suggest that the orientation of Gln339 in form B represents a non-productive198

mode of binding. Since the relative position of the glutamine side chain to the199

active site in form A appears to represent one that is closely related to the ex-200

pected catalytic conformation the following description will therefore focus on201

the interaction between BLF1 C94S and eIF4A seen in form A.202

3.2. The structure of BLF1 C94S in complex with eIF4A closely resembles that203

of BLF1 on its own.204

Analysis of the structure of the BLF1 C94S mutant in crystal form A in the205

complex with eIF4A compared to that of the mutant on its own (PDB: 3TUA)206

shows that its conformation is not significantly altered by complex formation207
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(r.m.s.d of 0.47 Å over 211 equivalent alpha carbon atoms in BLF1). The only208

differences are small shifts in the loops between β2-β3 (residues 41-45) and β13-209

β14 (residues 192-195), which have their origins in interactions between BLF1210

C94S and the residues at its interface with eIF4A (Figure S2B). Comparison211

of the unbound wild-type (PDB: 3TU8) and the C94S mutant (PDB: 3TUA) of212

BLF1 shows that there is a difference in the torsion angle between the serine and213

the cysteine side chains at position 94, which is also observed in the structure of214

the C94S mutant in complex with eIF4A.215

3.3. BLF1 binds between and forms interactions with both RecA-like domains of216

eIF4A, which are held in a novel, twisted conformation.217

Comparison of the structure of eIF4A in the complex with BLF1 C94S with218

other eIF4A structures in the PDB reveals a significant change to the relative219

orientation of its N- and C-terminal domains. Thus, comparing the structures220

of the apo yeast eIF4A structure (PDB: 1FUU) (Caruthers et al., 2000) and the221

active yeast eIF4A:eIF4G complex (PDB: 2VSX) (Schütz et al., 2008), these222

two domains can be seen to adopt an open conformation in the former and a223

closed conformation in the latter with the difference corresponding to a relative224

rotation of the C-terminal domain with respect to the N-terminal domain about225

the hinge by approximately 50o (Figure 2). Examination of the relative position226

of these two domains in the structure of the complex between human eIF4A and227

BLF1 reveals that they adopt a novel conformation not previously observed in228

which the two domains are not only some 10o more open compared to the yeast229

structure (PDB:1FUU) but also twisted by 180o such that the two domains face230

each other quite differently (Figure 2).231
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Figure S2: BLF1C94S undergoes minimal rearrangement upon binding eIF4A. A) Structural com-

parison of forms A (red : light blue) and B (chocolate: blue) of BLF1 C94S:eIF4A complex showing the

small difference in the position of the two eIF4A domains. B) Superposition of BLF1 C94S of the com-

plex structure of form A on the BLF1 C94S apo (PDB ID: 3TUA) showing very similar conformation,

but small shifts in two loops (green dashed circles).
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Figure 2: BLF1 C94S binds to a novel open conformation of the two eIF4A domains. Superposition

of different eIF4A structures on the basis of their N-terminal domains reveals the quite different position

of the C-terminal domain. In the apo yeast eIF4A, (Green; PDB: 1FUU) the two domains adopt an

open conformation whilst a complex of yeast eIF4A with eIF4G (Orange; PDB: 2VSX) reveals a closed

conformation for eIF4A. Human eIF4A in complex with BLF1 (Blue; PDB:XXXX) adopts an even more

open and twisted configuration.
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3.4. The molecular basis of specificity of BLF1 for eIF4A.232

Analysis of the interface formed between BLF1 C94S and eIF4A indicates233

that a total surface area of 1900 Å2 (figures rounded to the nearest 100 Å2) is234

buried in the formation of the complex. This involves interaction of two separate235

patches involving 15 and 29 residues on the surface of BLF1 with 14 and 22236

residues on the faces of the N- and C-terminal domains of eIF4A, burying 700237

Å2 and 1200 Å2 surface area, respectively. Interestingly, more than 75 % of238

the residues in eIf4A buried in the interaction with BLF1 are strongly conserved239

across a representative set of eIF4A sequences (Table 2, Figure S3 and Figure240

1B).241

Examination of the residues on the surface of the N-terminal domain of242

eIF4A that are buried on binding BLF1 shows that they form a complementary243

network of largely polar interactions involving van der Waals packing, direct and244

water mediated hydrogen bonds and ion pairs (Table S1 & S2). A key feature of245

this interface is the interaction of a basic patch on the surface of eIF4A involv-246

ing Arg110 and Arg161 with an acidic surface of BLF1 composed of Glu124,247

Glu127, and Asp128 (Figure S4A, Table S2). Other interactions involve Asp194248

and Gln195 of eIF4A, forming hydrogen bonds with the backbone amide of249

Thr34 and the hydroxyl group of Ser78 on BLF1 (Figure S4A, Table S1).250

The buried surface between BLF1 and the C-terminal domain of eIF4A again251

involves the interaction of largely polar surfaces which form a patch surrounding252

the active site (Table S1 & S2, Figure 1B, Figure S4B). An important feature of253

this polar interface is the interaction of a number of charged and polar residues254

(Arg316, Arg319, Arg362 and Arg365 in eIF4A; Glu70, Glu22, Asp108 and255

Gln171 in BLF1) (Figure S4B, Table S1 & S2). This interface also involves256
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!
eIF4A!N(terminal!domain!

!
eIF4A!C(terminal!domain!

Residue!
Number!

Surface!Area!
Change!(Å2)!

Residue!
Number!

Surface!Area!
Change!(Å2)!

Arg110& (90! Thr273& (50!
Glu111& (40! Gln274& (20!
Thr158& (20! Lys309! (40!
Arg161& (40! Asp312! (30!
Leu188& (30! Arg316! (50!
Ser189& (80! Arg319& (110!
Arg190! (90! Ser320! (70!
Gly191& (50! Gly321! (20!
Phe192& (30! Ser322& (30!
Lys193! (50! Arg324& (20!
Asp194& (80! Arg334& (20!
Gln195& (40! Asp337& (80!
Ser218! (40! Val338& (20!
Asp219& (50! Gln339& (170!
Total! (730! Gln340& (120!

! !
Arg362! (60!

! !
Gly363! (30!

! !
Gly364& (20!

! !
Arg365& (30!

! !
Phe366& (130!

! !
Gly367& (30!

! !
Lys369& (70!

! !
Total! (1220!

!

Table 2: eIF4A residues buried by BLF1 C94S upon complex formation. Surface areas are

rounded to the nearest 10 Å2. Residues in bold italic text are strongly conserved in a multiple

sequence alignment of eIF4A (Figure S3).
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Figure S3: A multi sequence alignment of eIF4A across a representative range of eukaryotes. The

top line is a cartoon representation of the secondary structures seen in the X-ray structure of human

eIF4A. Below are shown a multi-species sequence alignment, that reveals that eIF4A is well conserved

from fungi to man. The bottom row denotes exposed residues whose surface areas changed by more than

20 Å2 on formation of the complex with by BLF1. Olive and orange dots represent residues in the patches

on the surface of the N- and C-terminal domains of eIF4A respectively.
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interactions between BLF1 and the residues in the loop containing the target257

Gln339 of eIF4A (Figure S4C).258

We note that the interaction of numerous negatively charged residues in BLF1259

(Glu22, Glu70, Asp108, Glu124, Glu127, and Asp128) are a dominant feature260

of its interaction with positively charged side chains of eIF4A (Arg110, Arg161,261

Arg316, Arg362, and Arg365). Studies elsewhere have implicated a number of262

these positively charged residues with ATP hydrolysis and RNA binding (Arg362263

and Arg365 of eIF4A) (Pause et al., 1993). Given this, it seems plausible to264

suggest that, at least in part, the binding of BLF1 mimics that of the eIF4A sub-265

strates.266

Examination of the interaction between BLF1 and Gln339 of eIF4A and267

residues flanking it, reveals that their interactions are mediated almost exclu-268

sively by sidechains. Those critical to the recognition include the sidechains of269

Asp337, Gln339 and Gln340 in eIF4A which point outwards from its molecular270

surface binding into the pocket provided by BLF1, where major contributions271

arise from the sidechains of Tyr89, Arg142, Gln145 and Asn168, and the main272

chain of Cys/Ser94, Ser92 and Tyr90 (Figure S4B & S4C, Table S1). These inter-273

actions, together with the extensive interfaces formed by the two polar patches,274

serve to orient the two molecules against each other trapping the two domains275

of eIF4A in a novel conformation placing the critical side chain of Gln339 in276

the groove of BLF1 recognising both the nitrogen and oxygen atoms of the car-277

boxyamide of Gln339 as described below (Figure S4B & S4C).278
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Figure S4: Cartoon and sticks stereodiagrams to illustrate the specificity of BLF1 towards eIF4A

showing an extensive intricate network of interactions forming interfaces with largely polar char-

acter. A) Residues from the N-terminal domain of eIF4A involved in the interaction with BLF1. B)

Residues involved at the C-terminal surface of eIF4A. C) Interaction between the residues in the loop

containing the target Gln339 of eIF4A with the active site residues of BLF1. eIF4A: light blue, eIF4A

side chains; marine, BLF1 C94S: brick red, BLF1 C94S sidechains: magenta.



eIF4A& Distance&(Å)& BLF1&C94S&
Arg110[&NH1]& 3.5& Glu124[&O&&]&
Arg110[&NH1]& 3.0& Glu127[&OE2]&
Agr110[&NH2]& 3.1& Asp128[&OD1]&
Arg161[&NH1]& 2.2& Glu124[&OE2]&
Ser189[&O&&]& 2.9& Thr73[&N&&]&
Arg190[&O&&]& 2.8& Gln75[&NE2]&
Asp194[&OD1]& 3.2& Thr34[&N&&]&
Asp194[&OD2]& 3.0& Ser78[&OG&]&
Asp194[&OD2]& 2.8& Thr34[&OG1]&
Asp194[&OD2]& 3.0& Thr34[&N&&]&
Gln195[&NE2]& 3.6& Ser78[&OG&]&
Asp219[&OD2]& 3.7& Ser31[&N&&]&
Lys309[&NZ&]& 3.8& Asp24[&OD1]&
Arg316[&NH1]& 2.7& Glu22[&OE2]&
Arg319[&NE&]& 2.9& Gln171[&OE1]&
Arg319[&O&&]& 3.6& Gln171[&N&&]&
Ser320[&O&&]& 3.9& Ser193[&N&&]&
Ser322[&OG&]& 3.7& Thr192[&O&&]&
Gln339[&NE2]& 2.5& Tyr90[&O&&]&
Gln339[&OE1]& 3.4& Gly93[&N&&]&
Gln339[&OE1]& 2.9& Ser94[&N&&]&
Gln339[&OE1]& 2.5& Ser92[&N&&]&
Gln340[&N&&]& 3.1& Ser92[&O&&]&
Gln340[&OE1]& 2.9& Gln145[&NE2]&
Gln340[&OE1]& 2.6& Arg142[&NH1]&
Gln340[&OE1]& 3.0& Asn168[&ND2]&
Arg362[&NH2]& 2.9& Asp108[&OD2]&
Gly363[&N&&]& 2.7& Gln68[&OE1]&
Arg365[&N&&]& 3.4& Gly69[&O&&]&
Arg365[&N&&]& 2.9& Glu70[&OE2]&
Arg365[&NE&]& 2.8& Glu70[&OE2]&
Arg365[&NH2]& 3.0& Glu70[&OE1]&
Phe366[&N&&]& 3.0& Gly69[&O&&]&
Asp337[&OD1]& 2.9& Tyr89[&OH&]&
!

Table S1: Output from PISA, identifying the H-bonds between BLF1 C94S and eIF4A in

the complex.
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eIF4A& Distance(Å)& BLF1&C94S&
Arg110[&NH1]& 3.5& Asp128[&OD1]&
Arg110[&NH1]& 3.0& Glu127[&OE2]&
Arg110[&NH2]& 3.1& Asp128[&OD1]&
Arg110[&NH2]& 3.9& Asp128[&OD2]&
Arg161[&NE&]& 3.5& Glu124[&OE2]&
Arg161[&NH1]& 2.2& Glu124[&OE2]&
Lys309[&NZ&]& 3.8& Asp24[&OD1]&
Arg316[&NH1]& 2.7& Glu22[&OE2]&
Arg362[&NH2]& 2.9& Asp108[&OD2]&
Arg365[&NE&]& 3.7& Glu70[&OE1]&
Arg365[&NE&]& 2.8& Glu70[&OE2]&
Arg365[&NH2]& 3.0& Glu70[&OE1]&
Arg365[&NH2]& 3.6& Glu70[&OE2]&
!

Table S2: Output from PISA, identifying the salt bridges between BLF1 C94S and eIF4A

in the complex.
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3.5. Proposed catalytic mechanism for the glutamine deamidase toxins.279

A mechanistic similarity between catalysis by the glutamine deamidase ac-280

tivity of BLF1 and the cysteine proteases has previously been suggested given281

the similar orientation of a Cys-His dyad in the active site (Cruz-Migoni et al.,282

2011). In the cysteine protease papain, the Cys-His dyad is proposed to exist as a283

thiolate-imidazolium ion pair prior to nucleophilic attack on the substrate by the284

thiolate anion to form the first anionic tetrahedral intermediate (Storer & Ménard,285

1994). This proposal has been supported following biochemical and biophysical286

studies on free and Cys25 thiol-derivatives of papain using spectroscopic tech-287

niques, fluorometric titrations, kinetic deuterium isotope experiments and proton288

nuclear magnetic resonance studies (Lewis et al., 1976; Creighton et al., 1980;289

Johnson et al., 1981; Lewis et al., 1981; Brocklehurst et al., 1988), as reviewed290

by (Polgár & Halász, 1982). However, more recently, the “ion pair” paradigm291

had been challenged by theoretical QM/SCRF(VS) calculations suggesting that292

the Cys-His pair in free papain consists of a protonated histidine associated with293

a protonated cysteine (SH/NH+) (Shokhen et al., 2009).294

Whilst BLF1 and CNF1 share a common β-sandwich tertiary fold, they show295

only 5 % sequence identity (12 of 211 equivalent residues in a structure-based296

sequence alignment). However, 6 of these conserved residues are located in297

their respective active sites including a conserved L-S-G-C motif located on a298

short loop containing the putative cysteine nucleophile (BLF1: Cys94; CNF1:299

Cys866). In C-CNF1 the active site cysteine occupies two positions (PDB:300

1HQ0) complicating an analysis of the role of the cysteine in the mechanism.301

Moreover, investigations of the mechanism of the cysteine proteases in general302

are also complicated as a result of the oxidation of the active site cysteine, a303
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feature that has been commonly noted (PDB: 9PAP, 2CIO, 3P5U, 3P5V, 3P5X)304

(Kamphuis et al., 1984; Alphey & Hunter, 2006; Yogavel et al., 2010). The pres-305

ence of one or more oxygen atoms bound to the sulphur of the cysteine side306

chain clearly has the potential to alter the local geometry and therefore hampers307

an understanding of the interactions between the residues of the catalytic Cys-308

His dyad and the substrate. Whilst partial oxidation of Cys94 was a feature of309

the initial BLF1 WT structure (PDB:3TU8), more recently, to clarify the extent310

and origin of the oxidation, a new dataset was collected to 0.99 Å on a BLF1311

WT crystal in a manner designed to minimise the radiation damage and oxida-312

tion. Analysis of the refined structure indicated that the sulphur had not been313

modified by the oxidation of its side chain, but the position of the cysteine side314

chain and the surrounding residues was essentially unchanged compared to that315

seen earlier.316

In this reduced BLF1 WT structure, the Sγ of Cys94 is 3.12 Å away from the317

Nε2 of His106 strongly suggestive of a hydrogen bond between them. Analysis318

of the geometry of the hydrogen bond donor/acceptor between the two residues319

indicates that the hydrogen bond has a more linear arrangement if the proton320

resides on the Nε2 of His106 (160o) rather than on the Sγ of Cys94 (144o).321

Thus, we assume that His106 is protonated indicating the presence of a thiolate-322

imidazolium ion pair stabilised by hydrogen bonding consistent with the “ion323

pair” proposal for the mechanism of papain as discussed above. This situation324

resembles that seen in the serine proteases where a hydrogen bond is observed325

between the -OH of the serine and the Nε2 of the histidine in the catalytic triad326

with the key difference being that in BLF1 and the cysteine proteases the proton327

resides on the nitrogen whereas in the serine proteases it resides on the oxygen328
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of the serine (Hedstrom, 2002).329

We have previously established that the structure of BLF1 and the C94S mu-330

tant (PDB:3TUA) are very similar except for the minor local changes arising as331

a result of the mutation, which induce a 120o rotation in the torsion angle about332

the bond between Cα and Cβ and which lead to the formation of a hydrogen bond333

between the Oγ of Ser94 and the Nε2 of His106. Thus it is reasonable to assume334

that the interactions seen between the enzyme and the substrate in the form A335

structure of the BLF1 C94S:eIF4A∆20 complex resemble those in the fully ac-336

tive enzyme. In this structure, Gln339 is located at the active site of BLF1 with337

the carbonyl carbon of its carboxyamide group lying within 3.4 Å from the Oγ338

of Ser94. Analysis of the relative position of the Ser94 Oγ and the carbonyl339

carbon of the side chain of Gln339 showed that it is not ideally placed for the340

nucleophilic attack on the carbonyl (Burgi et al., 1974) possibly explaining the341

inability of BLF1 C94S mutant to deamidate Gln339 of eIF4A (Cruz-Migoni342

et al., 2011). Modeling the Ser94 as cysteine while maintaining the local ge-343

ometry of the surrounding residues and applying the torsion angle change of344

the cysteine as discussed above places the Sγ atom approximately 2.7 Å away345

from the carbonyl carbon making an angle of 88o to the plane of the Gln339346

carboxyamide, a conformation which resembles that of Near-Attack Conform-347

ers (NAC) (Bruice, 2002). In an active BLF1 WT:eIF4A complex, the change in348

torsion angle of Cys94 as described above combined with only small movements349

of the side chain of Gln339 would move the sulphur atom of Cys94 to an appro-350

priate Burgi-Dunitz angle for nucleophilic attack (Burgi et al., 1974). Critically,351

the side chain carbonyl of Gln339 is hydrogen bonded to the backbone amide352

moieties of Ser92 and Ser94 which form an oxyanion hole (Figure 3A). This ar-353
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rangement of an attacking thiolate-imidazolium ion pair in combination with a354

coordinating oxyanion hole in BLF1 is analogous to the layout of the active site355

in the papain family of cysteine proteases albeit that the oxyanion hole in papain356

is formed through hydrogen bonding to the NH2 sidechain group of Gln19 and a357

backbone amide (Cys25) (Figure 3B) (Menard et al., 1991).358

Superposition of the BLF1 C94S:eIF4A∆20 complex with the inactive mu-359

tant C151A, of a chymotrypsin-like cysteine protease from Tobacco Etch Virus360

(TEV), in complex with a peptide substrate (PDB:1LVB) reveals that the δ-361

carboxyamide of Gln339 in eIF4A is located at a position almost identical to362

the position of the target peptide bond of the TEV substrate with respect to the363

Cys-His dyad (Figure 3C). Furthermore, superposition of the papain-like Glu-364

tamine deamidase CHYP (Cif-like homologues in Yersinia pseudotuberculosis)365

in complex with NEDD8 (PDB:4F8C) places the N and the O atoms of the amide366

group of the substrate glutamine Gln40 carboxyamide at an equivalent position367

to that of Gln339 of eIF4A, albeit with the residue approaching from the oppo-368

site direction (Figure 3D). In the structure of the BLF1 C94S:eIF4A∆20 complex,369

the target Gln339 of eIF4A is only some 3.6 Å away from His106 of BLF1, sup-370

porting the suggestion that it can act as an acid and donate the proton required371

for the formation of the acyl-enzyme intermediate which follows the cleavage of372

the C-N bond. This situation is analogous to the proposed mechanism of papain373

(Storer & Ménard, 1994). Following the formation of the tetrahedral intermedi-374

ate in BLF1, the protonated active site imidazolium ion, His106, is then believed375

to initiate the acylation step of the catalytic cycle by transferring its proton to376

the substrate amide nitrogen, triggering the release ammonia. This leads to the377

breakdown of the tetrahedral intermediate, with the cleaved carbonyl group now378
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Figure 3: The relative positions of the oxyanion hole and the substrate in BLF1 C94S:eIF4A com-

pared to other structures. Stereo images of the comparison between the oxyanion hole of A) BLF1

C94S:eIF4A complex and B) the papain-ZFLG inhibitor complex (Purple; PDB: 1KHP). C) Structural

superposition between BLF1 C94S:eIF4A and TEV C151A protease with its substrate (PDB code 1LVB).

The target carboxyamide group of the sidechain of Q339 of eIF4A superposes well with the scissile pep-

tide of the TEV substrate. D) Superposition between BLF1 C94S:eIF4A complex and Cif C117A:Nedd8

(PDB code: 4F8C) showing the papain-like glutamine deamidase orientating Q40 into the active site from

the opposite side while conserving the position of the carboxyamide oxygen and nitrogen atoms close to

the catalytic residues.



bonded to the cysteine sulphur as a covalent acyl-enzyme intermediate (Storer &379

Ménard, 1994).380

Given the above similarities, it is reasonable to propose that the deacyla-381

tion step of the reaction catalysed by BLF1 involves the imidazole group of382

His106 acting as a general base extracting a proton from an attacking water383

molecule resulting in the formation of a second tetrahedral intermediate as in384

papain (Szawelski & Wharton, 1981). The collapse of this intermediate would385

then result in the release of the thiolate ion of Cys94 in BLF1 to regenerate the386

thiolate-imidazolium ion pair with His106 ready for the cycle to restart (Figure387

S5). The hydrogen bond between of the NH2 group of the carboxyamide of the388

Gln339 and the main-chain carbonyl of Tyr90 would clearly be lost upon deami-389

dation. We presume that the conversion of the amide sidechain to a carboxyl390

group would destabilise the interaction of the product with the enzyme stimu-391

lating product release (Figure S4C). The similarities between BLF1 and papain392

represents an interesting example of convergent evolution.393

4. Concluding remarks.394

Current therapeutic strategies for Melioidosis entail upwards of 5 months395

treatment on a cocktail of antibiotics, with 20-50 % of patients not surviving396

the prescribed treatment (Wuthiekanun & Peacock, 2006). This startlingly poor397

prognosis upon infection by B. pseudomallei is predominantly due to antibi-398

otic resistance and high levels of secreted anti-microbial compounds (Mima &399

Schweizer, 2010). Therefore, the development of specific therapeutics against400

melioidosis is critical. A deep understanding of the mechanism of papain/cysteine401

proteases has been important in the development of these protease inhibitors in a402
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Figure S5: Proposed Mechanism for Glutamine Deamidase Toxins. Schematic diagram to

show the mechanism of glutamine deamidation by BLF1. From top left in a clockwise direction;

the thiolate ion from the thiolate-imidazolium ion pair attacks the carbonyl group of the target Gln

forming a tetrahedral intermediate with the oxyanion component stabilised by an oxyanion hole.

This unstable intermediate then collapses into an acyl-enzyme intermediate releasing NH3. The

acyl-enzyme intermediate is then hydrolysed forming a second tetrahedral intermediate, which

collapses releasing the eIF4A now with Glu339. The thiolate-imidazolium ion pair is now fully

restored for the next round of catalysis.
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number of therapeutics, with a wide array of commercial and clinical inhibitors403

either available or in development, particularly against the lysosomal caspases404

(Rozman-Pungerčar et al., 2003). The work described here has highlighted the405

molecular factors which control the specificity of the BLF1 toxin for its eukary-406

otic eIF4A target identifying that the toxin may mimic some elements of the407

binding of eIF4A for its substrates. Mechanistically, the close similarity of the408

active site layout in BLF1 to papain including the orientation of the scissile C-N409

bond, the position of the oxyanion hole and the Cys-His catalytic pair demon-410

strate their global equivalence. Moreover, the identification of a hydrogen bond411

between the catalytic Cys-His residues serves, in part, to unify the cysteine and412

serine protease mechanisms which differ mainly in the charge separation at the413

active site. In the future, it is hoped that these insights may contribute to the414

development of inhibitors for the control of melioidosis.415
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Appendix A

Extended Methodology -

BLF1C94S:eIF4A∆20 complex

This appendix serves as an overview of the body of work done that was omitted from the

analysis and discussion in Paper 1. This includes details on the purification, crystallisation

and subsequent structure determination of BLF1 C94S:eIF4A∆20 in crystal form B. The

corresponding details on crystal form A of this complex are detailed in the thesis of George

Mobbs (Mobbs, 2014). Several aspects on the analysis of the two crystal forms of BLF1

C94S:eIF4A∆20 will also be described here.

A.1 Details of the BLF1 C94S:eIF4A∆20 complex structure

of crystal form B

A.1.1 Purification, crystallisation and data collection of BLF1 C94S in

complex with eIF4A∆20

The purified sample of the BLF1 C94S:eIF4A∆20 complex was obtained as described in

Paper 1, but a 2:1 molar ratio of BLF1 C94S to eIF4A was used during the gel filtration
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(Figure A.1). Subsequent crystallisation trials and optimisation led to the production of

crystals (Figure A.2), which following data collection, produced diffraction spots to 2.2 Å

(Figure A.2) and processing statistics are shown in Figure A.3.

Fig. A.1 Purification of BLF1 C94S:eIF4A∆20 complex. A) Chromatogram trace of gel
filtration of BLF1 C94S:eIF4A∆20 complex showing a good resolution between the complex
and unbound BLF1 proteins. B) SDS-PAGE analysis of the various purification stages in
producing a 1:1 complex of BLF1 C94S:eIF4A∆20 (Frac. 3-5).
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Fig. A.2 Crystals of BLF1 C94S:eIF4A∆20 complex in form B and subsequent X-ray
diffraction analysis. A) Crystals were obtained from an optimised condition and subse-
quently mounted on a loop for analysis. B) A sample of a diffraction image at 0.1o revealing
anisotropy (red dashed-square).
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Fig. A.3 Data processing statistics of BLF1 C94S:eIF4A∆20 complex in form B from
automated Xia2 on ispyb SyncWeb. Initial processing results from automated Xia2 3dii
pipeline showing reasonable values for the majority of quality indicators except for slightly
high Rmerge & Rmeas in the highest resolution shell.
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A.1.2 Structure determination, model building and refinement of BLF1

C94S:eIF4A∆20 complex in crystal form B

Structure determination of the crystal form B of BLF1 C94S:eIF4A∆20 complex at 2.24 Å

was carried out using PhaserMR (McCoy et al., 2007) as described in Paper 1 (Figure A.5).

Preliminary cycles of model building and refinement revealed relatively poor electron density

for some regions of eIF4A (Figure A.5). Subsequent model building and refinement including

TLS (Torsion/Liberation/Screw) refinement did not improve the electron density map, and

the model building process was hampered by inappropriate Rwork and Rfree values. Analysis

of the Rmerge against batches at the last 30o rotation diffraction images showed higher values

relative to that of the first 150o, which could have been the result of radiation damage

(Figure A.4). In addition, investigations on the diffraction pattern displayed some degree of

anisotropy (Figure A.2), which subsequently led to the decision to reprocess the dataset with

a resolution cut-off of 3.0 Å and excluding the last 30o rotation diffraction images, resulting

in better statistics (Figure A.6). The final data reduction statistics, refinement and validation

are detailed in Paper 1. Unfortunately, the low resolution nature of the structure of crystal

form B limits the accuracy of the analysis of interactions formed between BLF1 C94S and

eIF4A. Nevertheless, the crystallisation of the complex in a different crystal form provided a

level of confidence that the formation of the complex was not merely a crystallisation artefact.

Fig. A.4 A graph of Rmerge against batch. Rmerge values following batch 1500 (150o

rotation) are relatively higher than earlier batches.
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Fig. A.5 Structure determination of BLF1 C94S:eIF4A∆20 complex in crystal form B.
A) Preliminary electron density map during molecular replacement using coordinates of
BLF1 and the N-terminal domain of eIF4A revealing information on the location of the
C-terminal domain of eIF4A. B) The subsequent model building and refinement produced
poor electron density maps in certain regions inconsistent with the higher resolution limit of
the data at 2.2 Å, and suggesting an inherent problem with the dataset. The electron density
maps were contoured to 1.0 σ level.
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Fig. A.6 Data processing statistics of BLF1 C94S:eIF4A∆20 complex in form B from
xia2 3dii at 3.0 Å. The Rmerge & Rmeas have improved by a factor of 10 compared to the data
processed at 2.2 Å.
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A.2 Details on the BLF1 C94S:eIF4A∆20 complex structure

of form A

The initial model of the structure of crystal form A provided by George Mobbs, was further

refined and validated as described in Section 2.14.4. The final refinement statistics can be

seen in Paper 1. The structure of form A was then compared to that of form B and analysed

for the interactions formed between BLF1 C94S and eIF4A to shed light on the substrate

specificity and the aspects of mechanism, full details of which, were discussed in Paper 1.

A.3 Crystallisation, structure determination and analysis

of BLF1 WT

Included in the discussion on the mechanism of BLF1 in Paper 1 were issues regarding the

protonation state of the Cys-His pair in the active site. This analysis was difficult due to

the cysteine residue, Cys94, being oxidised in the BLF1 WT structure that was previously

solved (PDB:3TU8) (Cruz-Migoni et al., 2011), possibly due to radiation damage. This led

to a decision to collect a new datasets aiming to minimise radiation damage and to obtain

a crystal structure with the cysteine unoxidised. Production and crystallisation of BLF1

WT was carried out as previously described (Figure A.7) (Cruz-Migoni et al., 2011). Data

were collected at 0.99 Å and the structure was determined by molecular replacement using

PhaserMR (McCoy et al., 2007) with the previous BLF1 WT model (PDB:3TU8) being used

as a search model. The model was then refined and validated, see Paper 1, revealing an

unoxidised cysteine at position 94 (Figure A.8). The distance between the Sγ atom of Cys94

and the Nε2 of His106 was found to be 3.1 Å suggestive of a hydrogen bond (Figure A.8).

Although the resolution precluded the observation of the position of hydrogen atoms, their

position could be inferred based on neighbouring residues. Analysis of the hydrogen bond
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angles between Cys94 and His106 suggests that the hydrogen atom resides on the His106

Nε2 (Figure A.9). Further arguments on the "ion pair" proposal are detailed in Paper 1.

Fig. A.7 Crystals of BLF1 WT and the resulting X-ray diffraction pattern. A) BLF1
WT was crystallised as described previously and crystals were subjected to X-ray diffraction
analysis. B) A diffraction image for 0.1o rotation with resolution rings labelled.
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Fig. A.8 Comparison of the Cys94 residue in the two structures of BLF1 WT. A) Cys94
is oxidised in the previous crystal structure of BLF1 WT (3TU8). B) Clear electron density
confirming the absence of oxidation in the Cys94 in the new crystals with the Sγ of Cys94
located only 3.1 Å away from the Nε2 of His106. The electron density maps were contoured
to 1.0 σ level.
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Fig. A.9 The protonation states of the Cys-His pair. A) The hydrogen bond angle if the
proton resides on the Nε2 of His106. B) The hydrogen bond angle if the proton resides on
the Sγ of Cys94. The electron density maps were contoured to 1.0 σ level.
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A.4 Comparison between crystal structures of form A and

B of BLF1 C94S:eIF4A∆20 and further investigations

on papain, TEV protease and Cif deamidase

Details of the comparison between the two crystal forms of BLF1 C94S:eIF4A∆20 have

been covered in Paper 1. As mentioned previously, the data for crystal form B of BLF1

C94S:eIF4A complex were reprocessed to 3.0 Å. This resulted in a slight improvement

in electron density (Figure A.10) and better correlation between Rwork/Rfree values at this

resolution. Critically, the Gln339 of eIF4A in crystal form B is shifted, presumably as a result

of the binding of a buffer component in the active site, into a conformation not likely to be

appropriate for catalysis (Figure A.10). This switched the focus of the studies on specificity

and mechanism of BLF1 towards eIF4A to the crystal structure of form A. Subsequent

analysis on the conformation of Ser94 in crystal form A revealed that the Burgi-Dunitz angle

between the Sγ of Ser94 towards the plane of the side chain carbonyl group of Gln339 as

shown in Figure A.11, is inappropriate for nucleophilic attack.

Multiple sequence alignment of a range of eukaryotic eIF4A proteins was carried out

via Multalin (Corpet, 1988) and was manually edited with ESPript3.0 (http://espript.ibcp.fr)

(Robert and Gouet, 2014). The schematic diagram for the proposed mechanism of GDT was

made using ChemDraw Prime 16.0.1.4-AV5 (PerkinElmer Informatics).

Superpositions of coordinates were carried out using Superpose (Secondary-Structure

Matching) (Krissinel and Henrick, 2004) or LSKQAB on the CCP4 GUI (Kabsch, 1976)

and manually observed on Coot (Emsley et al., 2010). Figures were generated by PyMOL

(Schrodinger, LLC). Analysis of the interacting surfaces between BLF1 C94S and eIF4A

in crystal form A was carried out using PDBePISA (Krissinel and Henrick, 2007) that

disseminated details such as surface area buried by interactions, interacting residues in the

interface, as well as the type of interactions and the corresponding bond distances (Paper 1).
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Fig. A.10 The refined map at 3.0 Å of BLF1 C94S:eIF4A crystal form B. A) The electron
density map of crystal form B at 3.0 Å contoured at 1.0 σ level, showing minor improvement
than that processed at 2.2 Å. B) Superposition of crystal forms A and B based on the dyad
of BLF1 and the target Gln339 of eIF4A (red:pink and blue:light blue for form A and B,
respectively). The binding of an un-modelled buffer component in the latter shifted the
Gln339 of eIF4A into a non-productive conformation for nucleophilic attack.
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Fig. A.11 Burgi-Dunitz angle for nucleophilic attack. Stereodiagram of the position of the
Ser94 Oγ relative to the C=O of Gln339 (top) indicating a non-ideal Burgi-Dunitz angle for
nucleophilic attack. The generally accepted Burgi-Dunitz angle for a carbonyl is an obtuse
angle (bottom) (Burgi et al., 1974). This suggests that Ser94 is in a Near-Attack conformation
instead (Bruice., 2002).



Chapter 4

Paper 2

4.1 Summary

This manuscript describes the identification of a BLF1 homolog, SSR1, from S. stiibiresistens

as another member of the CNF1-like family of GDTs. This is followed by an interesting

observation of a mutually-exclusive peptide clipping in the monomeric form or dimerisation

of the unclipped variant in solution during purification. Mass spectrometry analysis of SSR1

samples suggests that the clip site lies between residues Ser-191 and Ser-192. The clipped

monomeric form of SSR1 was then shown to deamidate Gln339 of eIF4A, like BLF1. Finally,

the paper describes the crystallisation and data collection of crystals of the monomeric and

dimeric forms of SSR1.
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Abstract

Skermanella stibiiresistens is a gram-negative, antimony-resistant, motile bacterium

isolated from a soil sample in a coal mine in Jixi, China. Analysis of the genome

of S. stibiiresistens has led to the identification of a homolog of the Burkholde-

ria Lethal Factor 1 (BLF1), one of the armoury of effectors of the intracellular

pathogen, Burkholderia pseudomallei that causes the disease melioidosis in human.

BLF1 deamidates a critical glutamine residue, Gln339, in the eukaryotic initiation

factor 4A (eIF4A) blocking initiation-dependent protein translation. This paper

reports the cloning, purification, crystallization and preliminary experiment on SSR1
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demonstrating that it shows identical toxic activity to BLF1 suggesting that S. stibi-

iresistens may be an intracellular eukaryotic pathogen.

1. Introduction

Glutamine deamidase toxins are responsible for the modification of the side chain

of specific glutamine residues in target host proteins, converting them to the cor-

responding glutamic acid and thereby affecting their function. The first glutamine

deamidase toxin to be discovered was the cytotoxic necrotizing factor 1 (CNF1), a

1014 residue protein from uropathogenic strains of Escherichia coli. To carry out its

function, CNF1 is secreted by E. coli and some 700 residues at the N-terminal region

are responsible for binding and translocation of the C-terminal catalytic domain

(C-CNF1) harboring the toxic activity across the eukaryotic cell membrane to the

cytosol (Falbo et al., 1993; Lemichez et al., 1997; Fabbri et al., 1999). C-CNF1

deamidates a critical glutamine residue in the small GTPases including RhoA, Rac,

and cdc42 (Flatau et al., 1997; Schmidt et al., 1997; Lerm et al., 1999), inducing

cytoskeleton reorganisation leading to membrane ruffling, the formation of stress

fibers and multinucleated cells (Caprioli et al., 1983). The crystal structure of C-

CNF1 revealed the conservation of a Cys-His pair in the active site of the catalytic

domain reminiscent of that seen in cysteine proteases, most notably papain, but

with C-CNF1 having a completely novel fold, featuring two β-sheets surrounded by

α-helices (Buetow et al., 2001).

Following the discovery of glutamine deamidation activity as a potent factor in

bacterial pathogenicity, further glutamine deamidase toxins having a fold similar to

papain rather than C-CNF1 were identified leading to their classification as members

of a family of papain-like glutamine deamidase toxins (Washington et al., 2013).

These toxins include but are not limited to Pasteurella multoxida toxin (PMT)
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from P. multocida, Osp1 from S. flexineri and several Cycle-inhibiting factor (Cif)

from a range of pathogenic bacterial strains including E. coli, B. pseudomallei, Y.

pseudotuberculosis and P. luminiscence (Washington et al., 2013).

Burkholderia Lethal Factor 1 (BLF1) is a potent toxin isolated from Burkholderia

pseudomallei, a gram-negative pathogen responsible for causing the disease melioi-

dosis in humans and mammals (Cruz-Migoni et al., 2011) that is endemic in trop-

ical and subtropical regions particularly in northern Australia and Southeast Asia

(Wiersinga et al., 2018). The disease itself is more widespread than previously recog-

nised with reports of sporadic cases elsewhere including India, Bangladesh, and

South America (Currie, 2008). Furthermore, melioidosis is thought to be under-

reported in endemic countries and, more recently, it has been estimated that there

are a total of 165,000 worldwide cases per year, many of which would be fatal

(Limmathurotsakul et al., 2016). Structural studies on BLF1 revealed that despite

sharing only 5% sequence identity to C-CNF1, it has a closely related fold (Cruz-

Migoni et al., 2011), leading to its classification as a member of the CNF1-like family

of glutamine deamidase toxins. Comparison of these two toxins reveals that their

active sites include the conservation of an LSGC motif containing the catalytic cys-

teine residue (Cys866 in CNF1 and Cys94 in BLF1) and the downstream histidine

(His881 in CNF1 and His106 in BLF1) that make up a thiolate-imidazolium ion pair

thought to be involved in the site specific deamidation.

Biochemical studies have identified that the target for BLF1 is the deamida-

tion of Gln339 of human eukaryotic initiation factor 4A (eIF4A), blocking its heli-

case function thus inhibiting initiation-dependant protein translation (Cruz-Migoni

et al., 2011). However, BLF1 is based on a much smaller subunit, with only 211

residues compared to CNF1 with the similarity between them being limited to the

catalytic domain of the latter. Thus, BLF1 lacks the cell binding and membrane
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incorporation domains of CNF1, a difference that can be explained as B. pseudoma-

llei is an intracellular pathogen, and hence there is no requirement for BLF1 toxin

to cross the eukaryotic cell membrane.

S. stibiiresistens is a gram-negative, rod-shaped, motile bacterium that was iso-

lated from a coal mine in Jixi, China (Luo et al., 2012). A particular phenotype of

this bacterium is its resistance to antimony (Sb), a Group 15 element with metalloid

properties similar to those of arsenic (As) that is generally regarded as being toxic

(Luo et al., 2012). The completion of the genome sequence of S. stibiiresistens (Zhu

et al., 2014) revealed that it encodes many proteins involved in cell metabolism and

motility but did not identify any toxins in this organism. In this paper, we describe

the identification of a homolog of BLF1 in S. stibiiresistens, N825 12680, the cloning

of the gene, and overexpression, purification, characterisation and crystallization of

the protein, which will hereinafter be referred to as, SSR1. Since S. stibiiresistens

has not yet been identified as a pathogen, and given the close similarity of SSR1 to

BLF1, including the absence of the cell binding and membrane spanning domains

seen in CNF1, we propose that S. stibiiresistens might be an intracellular eukaryotic

pathogen.

2. Materials and Methods.

2.1. Macromolecule production.

The SSR1 gene was cloned and amplified via PCR from gDNA of S. stibiiresistens

strain SB22T (Luo et al., 2012), using the appropriate primer pairs as shown in

Table 1 to produce an untagged and a C-terminal His6-tagged constructs. The

amplified DNA fragments were ligated into pET24a plasmid encoding a C-terminal

His6 tag, followed by transformation of E.coli DH5α strain. The positive clones were

identified by colony PCR and the sequences of the plasmids were verified against
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Table 1. Construct information.
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the NCBI database.

For protein overexpression, purified plasmids were transformed into E. coli BL21

(DE3) cells, from which a single colony was inoculated into a starter culture con-

taining 5 ml of LB supplemented with 50 µg ml-1 kanamycin and grown overnight

at 310 K with shaking at 250 rev min-1. The starter culture was then inoculated

into 500 ml LB medium with kanamycin as above. The cells were grown in a similar

fashion to reach an OD600 of 0.6, at which they were harvested by centrifugation

at 4000 rpm for 35 min using Beckman J-6B centrifuge and the LB medium was

decanted. The cell pellet was then resuspended and washed in M9 minimal medium

(6 g l-1 Na2HPO4, 3 g l-1 KH2PO4, 0.5 g l-1 NaCl, pH set to 7.4) twice before adding

the suspension to 500 ml of M9 minimal medium supplemented with 325 µl trace

elements stock solution (Table S1), 7.5 ml 20 % (w/v) glucose, 50 µl thiamine (10

mg ml-1), 1 ml NH4Cl (0.3 g ml-1), 0.5 ml of 1 M MgSO4, 500 µl Kanamycin and

50 µl 1 M CaCl2. The cells were grown at 310 K with shaking until OD600 reached

1.0, whereupon, the culture was incubated on ice for 15 minutes with intermittent

shaking. Overexpression was induced by the addition of 1 mM IPTG and the cells

were grown at 285 K for 72 h.

2.2. Purification.

For purification of the untagged SSR1, the cell pellet was resuspended in a buffer

containing 50 mM Tris-HCl pH 8.0 and disrupted by sonication. The cell lysate

was clarified by centrifugation before being applied to DEAE-Sepharose Fast Flow

column (GE Healthcare) equilibrated with the same buffer. Proteins were eluted

with a linear gradient of 0-0.5 M NaCl in the same buffer, and SSR1 eluted at

approximately 0.12 M NaCl. Fractions included in the elution peak of the protein

were combined and concentrated to 2 ml volume using a VivaSpin 20 concentrator
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Table S1. Components for making the stock solution of trace elements. To make

100 ml, the components above were dissolved into 70 ml distilled water. The pH was then

adjusted to pH 8.0 before adding 500 mg EDTA. The pH was then readjusted to pH 8.0

followed by the addition of 375 mg of FeSO4.7H2O. Water was added to make it up to 100

ml after which the stock solution was autoclaved.
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with a MW cutoff of 10 000 Da. The concentrated sample was then applied to the

Superdex 200 size exclusion chromatography column (GE healthcare) equilibrated

with 50 mM Tris pH8, 0.5 M NaCl and eluted with the same buffer. The protein

was buffer exchanged into 10 mM Tris-HCl pH8 and concentrated using a VivaSpin

20 concentrator fitted with a diafiltration cup.

For purification of the C-terminal His6-tagged SSR1, cell pellet was resuspended in

a buffer containing 50 mM Tris-HCl pH 8.0, 0.5 M NaCl and disrupted by sonication.

The cell lysate was clarified by centrifugation before being applied to HisTrap-HP 5

ml (GE Healthcare) equilibrated with the same buffer. Proteins were eluted with a

linear gradient of 0-0.5 M Imidazole in the same buffer, and SSR1 eluted at approx-

imately 0.1 M Imidazole. Fractions containing C-terminal His6-tagged SSR1 were

then combined and subjected to size exclusion chromatography as detailed above.

2.3. Crystallization.

Preliminary crystallization trials were carried out using the sitting-drop vapour

diffusion protocol, using Matrix Hydra II (Thermo Fisher Scientific, USA) and a

variety of 96-well format screens including PACT, PHClear, and MPD. 100 nl of

concentrated protein samples (as detailed above) were added to an equal volume of

the precipitant and the drop was equilibrated against 50 µl of the precipitant at 290

K. Initial crystal hits were then optimized using the hanging-drop vapour-diffusion

technique (Table 2). For data collection, the crystals were cryoprotected in the

same precipitant and flash-cooled at 100 K. Data were collected on beamline I03

at the Diamond Light Source synchrotron with strategies and processing statistics

highlighted in Table 3.
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Table 2. Crystallisation conditions for SSR1 WT crystals.
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Table 3. Data collection and processing statistics.
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2.4. Biochemical assay.

LC ESI MS analysis was performed as previously described (Cruz-Migoni et al.,

2011). In brief following in gel tryptic digestion peptides were analysed using LC

ESI MS analysis using a maXis UHR TOF mass spectrometer (Bruker Daltonics)

using an automated acquisition approach. MS and MS/MS scans (m/z 50-3000)

were acquired in positive ion mode. Lock mass calibration was performed using HP

1221.990364. Line spectra data was then processed into peak list by Data analysis

(Bruker Daltonics) using the following settings. The sum peak finder algorithm was

used for peak detection using a signal to noise (S/N) ratio of 10, a relative to

base peak intensity of 0.1% and an absolute intensity threshold of 100. Extracted

ion chromatograms were generated for both the non deamidated and deamidated

peptide in Data analysis. MS/MS spectra of the peptides identified were manually

verified.

3. Results and Discussion.

3.1. Identification of BLF1 homolog in the genome of S. stibiiresistens.

A BLASTp search of the genome of S. stibiiresistens led to the identification of

a 206 amino-acid protein homologous to BLF1, SSR1, with 55 % sequence identity

including the conservation of the LSGC motif and the associated catalytic histi-

dine that form the critical components of BLF1 activity (Figure 1) (Cruz-Migoni

et al., 2011). The alignment of their sequences indicated that there were 3 positions

of minor insertions or deletions between their sequences in loop regions of BLF1,

together with a major 6 residue insertion in the region spanning β13-14 in BLF1

compared to SSR1 (Figure 1).
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Fig. 1. Sequence alignment between BLF1 and SSR1. Top row indicates the
secondary structure in the fold of BLF1 based on an atomic resolution crystal
structure (PDB:3TU8). SSR1 shares 55 % sequence identity to BLF1 conserving
the LSGC motif containing the catalytic cysteine, Cys94 (blue triangle). The
associated histidine residue in the dyad, His106 (blue triangle), is also conserved
in SSR1.
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3.2. SSR1 over-production produced clipped proteins.

Following purification with a nickel affinity column chromatography of the C-

terminal His6-tagged SSR1, SDS-PAGE analysis indicated that a significant fraction

of the 24 kDa protein (80%) had been clipped into 21 kDa and 3 kDa fragments

which remain associated during purification (Figure 2b). Subsequent purification

via size-exclusion chromatography, resolved the protein into a major peak running

with an apparent MW of 24 kDa consistent with a “monomeric” form of SSR1, and a

minor peak running with an apparent MW of an SSR1 “dimer” (Figure 2a). SDS

PAGE analysis of the major peak indicated that the “monomeric” peak consists

mainly of the cleaved protein, whereas the “dimeric” peak represents the full length

protein (Figure 2b). Similar results were obtained following analysis of untagged

SSR1 (data not shown).

3.3. Mass spectrometry analysis of SSR1 samples.

Mass spectrometry analysis on the “monomeric” sample of C-terminal His6-tagged

SSR1 showed that it was composed of peptides with MW 20578 Da and 2884 Da

compared to the untagged SSR1 protein sample that was composed of peptides with

MW 20578 Da and 1819 Da (Figure 3a & 3b). This is consistent with the larger

fragment representing the N-terminal portion of the protein up to Ser191 but with

the removal of the N-terminal methionine and the shorter fragment representing

residues 192 to the C-terminus.

3.4. Preliminary biochemical assay indicates that SSR1 is a glutamine deamidase
toxin.

5 µl of 0.072 µM “monomeric” SSR1 was incubated at room temperature with

90 µl of 40 µM human eIF4A that had been produced and purified as previously

described (Mobbs et al., 2018, submitted) to give a ratio of 1:10000 of SSR1:eIF4A
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Fig. 2. Purification of SSR1 proteins. (a) Gel filtration chromatogram of the C-
terminal His6-tagged SSR1 showing the UV absorption at 280 nm (A280) against
elution volume. The elution volumes corresponding to the monomer and the dimer
form of SSR1 are shown above the curve. (b) SDS-PAGE gel showing the dimer
and monomer fractions from the gel filtration run of the C-terminal His6 tagged
SSR1. The gel filtration load (gfl) after Nickel affinity column showed the presence
of the full-length and the clipped SSR1.
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Fig. 3. Mass spectrometry analysis of purified samples of untagged and
tagged SSR1 monomer. Mass Spectrometry analysis of (a) the untagged
monomeric SSR1 showing peaks of 20578 and 1819 (inset) Daltons and (b) the
C-terminal His6-tagged SSR1 with peaks of 20578 and 2883 (inset) Daltons.
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and analysed at different time-points with LC-ESI-MS as previously described (Cruz-

Migoni et al., 2011). Analysis of the eIF4A peptides revealed a significant level of

Gln339 deamidation after 5 minutes incubation (60 % complete) and with complete

deamidation after 30 minutes (Figure 4).

3.5. Monomeric SSR1 crystals and diffraction data analysis.

Crystallisation trials on the pooled samples of the untagged SSR1 corresponding

to the “monomeric” peak yielded two morphologically distinct crystal forms. These

were optimised to give final conditions of 0.25 M ZnSO4, and 41 % MPD (Form 1)

and 0.1M HEPES pH 7.5, 65 % MPD (Form 2), producing crystals with maximum

dimensions of up to 0.1 mm (Figure 5a & 5b). Crystals belonging to both form

1 and form 2 were then subjected to X-ray data collection at DLS, resulting in

diffraction to 1.2 Å and 1.6 Å respectively. The autoprocessing pipeline provided

in the ISPyB SynchWeb database (Winter & McAuley, 2011; Fisher et al., 2015)

showed that both crystal forms belong to one of the two enantiomorphic pair of

space groups P3121 or P3221 with different cell dimensions but in each case with

one molecule in the asymmetric unit with Vm values of 3.26 and 3.12 for form 1 and

form 2, respectively (Table 3). Mass Spectrometry analysis of old crystals from

both crystal forms showed that they both contain an identical C-terminal peptide

as seen earlier but suggested that the N-terminal peptide has been modified probably

due to oxidation of the cysteine residue (Figure 6a & 6b).

3.6. Dimeric SSR1 crystals data analysis.

Crystals resulting from the trials on the pooled samples of the “dimeric” form of

SSR1 were found in PACT F6 (0.2 M sodium formate, 0.1 M Bis tris propane pH 6.5,

20 % PEG 3350) (Figure 5c). For data collection, these crystals were cryoprotected
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Fig. 4. LC MS analysis of the Gln339 containing tryptic peptide from
eIF4A. Extracted ion chromatogram of the tryptic peptide GIDVEQVSLVINY-
DLPTNR [M+3H]3+ (top) from (a) eIF4A control at time 0 min, (b) SSR1
monomer+eIF4A following 5 mins incubation, revealing 60 % deamidation, and
(c) SSR1 monomer+eIF4A following 30 mins incubation, revealing complete
deamidation. MS1 spectra are shown underneath.
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Fig. 5. Crystals of SSR1 proteins. Crystals of monomeric untagged SSR1 were
grown in (a) 0.25 M zinc sulfate and 41 % (v/v) MPD and (b) grown in 0.1 M
HEPES pH 7.5 and 65 % (v/v) MPD. (c) Crystals of dimeric C-terminal His6-
tagged SSR1 were grown in 0.2 M sodium formate, 0.1 M bis-tris propane pH 6.5
and 20 % (w/v) PEG 3350.
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Fig. 6. Mass spectrometry analysis on SSR1 WT crystals. Mass spectrometry
analysis showing the MW of the polypeptides in the crystals of the untagged SSR1
of crystal form 1 (a) and crystal form 2 (b). The deviation of the MW of the larger
fragment in both crystal forms could have originated from oxidation of a cysteine
residue either its doubly oxidised (+32 Da) or triply oxidised (+48) in crystal
form 1 and 2 respectively. The corresponding shorter fragment for both crystal
forms are shown inset.
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in the same precipitant with an addition of 25 % (v/v) ethylene glycol and flash-

cooled at 100 K. The crystals of the “dimeric” form of SSR1 diffracted to 2.2 Å and

autoprocessing with xia2-dials showed that they belong to the orthorhombic space

group P212121 with cell dimension 39.2 x 83.3 x 115.8 Å. Consideration of possible

values of the Matthews coefficient indicated that the crystals most likely contain 2

polypeptide chains in the asymmetric unit with a solvent content of 43 % and a Vm

of 2.15.

4. Conclusion.

We have identified that a homolog of BLF1 in the genome of S. stibiiresistens, SSR1,

and shown that it acts as a glutamine deamidase toxin targeting the site-specific

demidation of Gln339 of human eIF4A. Given the similarities in the architecture of

BLF1 and SSR1, namely their lack of the N-terminal region that is responsible for

attachment and transport across host cell membrane compared to that seen in CNF1,

we postulate that S. stibiiresistens, like B. pseudomallei, may be an intracellular

eukaryotic pathogen. We further note that the overexpression of SSR1 results in

the production of clipped and full length variants of the protein that behave quite

differently on gel filtration, suggesting that they represent the “monomeric” and the

“dimeric” forms of the protein that crystallize in distinct crystal forms. Structure

determination of crystal forms 1 and 2 of the “monomeric” SSR1 as well as the

“dimeric” variant is underway to identify the consequences of the cleavage and its

implication for the folding and function of SSR1 and hence to explore the potential

pathogenicity of the microbe.
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4.4 Appendix

The extended method section encompassing the work that are not described in Paper 2 will

be discussed in detail in Appendix B (page 171)





Chapter 5

Paper 3

5.1 Summary

This manuscript describes the structure determination of the monomeric and dimeric SSR1

WT, revealing the clip site on the former between Ser191-Ser192 located on a loop, but an

unclipped domain-swapped dimer in the latter with those residues lying in a linear confor-

mation, suggestive of a strain during folding. The paper then describes the investigations

carried out to understand the reasons underlying the mutually-exclusive events of peptide

clipping and domain-swapping which include crystallisation and structure determination

of various mutants of SSR1. In light of the similarity between glutamine deamidation and

peptide cleavage, a C94S mutation which inactivates the glutamine deamidase activity still

resulted in clipping suggesting that the toxin activity plays no role in clipping. Subsequent

analysis on the behaviour and crystal structures of a series of clip site mutants revealed that

the origin of the clipping and domain-swapping lie in a strain between Ser192 and Pro193 in

the monomeric fold, which would be resolved by either domain swapping or clipping. The

clipping, however, requires a nucleophile at position 192 (serine/cysteine/threonine) which

seems to be related to the mechanism of self-splicing inteins.
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ABSTRACT

We have determined crystal structures of a glutamine deamidase toxin from Skermanella

stiibiresistens, SSR1, that is homologous to the Burkholderia Lethal Factor 1 (BLF1). The

structure reveals that it either folds into a monomer, clipped between residues serine-191

and serine-192 where the two fragments remain associated as a single domain, or folds into

an unclipped domain-swapped dimer. Investigations on the origins of the clipping/domain-

swapping suggest that the peptide bond between the two serine residues is strained during

folding of the monomeric SSR1 facilitating clipping which also demands the presence a

Ser/Cys/Thr residue at position 192, a manner possibly related to self-splicing inteins. A

further consequence of the strain is to stall the folding allowing the formation of unstrained

domain-swapped dimer.
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Introduction

Glutamine deamidase toxins (GDTs) are effectors employed by pathogenic bacteria to cause

damage in host cells by deamidating critical glutamine residues in host target proteins thereby

affecting their normal function which ultimately results in disease. GDTs can be divided into

two families based on their tertiary fold, one of which is like papain and the other being similar

to the Cytotoxic Necrotizing Factor 1 (CNF1) (Washington et al., 2013)1. The papain-like

family of GDTs fold into a globular domain consisting a single core β -sheet surrounded

by α-helices and include toxins such as Osp1 from Shigella flexineri (Sanada et al., 2012)2,

C3 domain of Pmt from Pasteurella multocida (Kitadokoro et al., 2007)3, and Cif from a

number of pathogens including Escherichia coli, Burkholderia pseudomallei, Photorhabdus

luminiscence, and Yersinia pseudotuberculosis (Yao et al., 2012, Crow et al., 2012)4, 5. The

CNF1-like family of GDTs however consists of two β -sheets surrounded by α-helices, but the

family is currently limited to CNF1 and its close homologs in E. coli and Y. pseudotuberculosis

(Lockman et al., 2002, Buetow et al., 2001)6, 7, and to the Burkholderia Lethal Factor 1 (BLF1)

from B. pseudomallei (Cruz-Migoni et al., 2011)8. Catalysis by both of these families appears

to involve a thiolate-imidazolium ion pair in a mechanism that, despite the radical difference

in their folds, has been suggested to be related to the cysteine proteases (Washington et al.,

2013, Mobbs et al., 2018, submitted)1.

BLF1 was identified as a potent toxin in the pathogenicity of B. pseudomallei, a gram-

negative, soil-dwelling, multiple drug resistant bacterium that is the causative agent of melioi-

dosis, a disease which is endemic in northern Australia and southeast Asia (Wiersinga et al.,

2018)9. Recently, melioidosis has been suggested to be under-reported in endemic regions

and it has been estimated that there may be over 150000 cases worldwide each year, nearly

half of which may well be fatal (Limmathurotsakul et al., 2016)10. Furthermore, the disease is

now thought to be more widespread with cases reported in the Indian subcontinent, Europe,
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Africa and South America (Currie et., al 2008)11. Concerns surrounding the difficulties in

diagnosis, the variety of clinical manifestations and the lack of effective treatments have led to

a call for new methods to control infections caused by this pathogen (Wiersinga et al., 2018)9.

Structural and biochemical studies on BLF1 have identified that its molecular target is the

deamidation of a critical glutamine residue, Gln339, in human eukaryotic initiation factor 4A

(eIF4A) (Cruz-Migoni et al., 2011)8. This has recently led to an investigation of the molecular

basis of substrate specificity and the mechanism of action of BLF1 on eIF4A which has been

shown to be closely related to papain utilising a thiolate-imidazolium ion pair (Mobbs et al.,

2018, submitted).

Bioinformatic studies have identified a homolog of BLF1, referred to here as SSR1, in

the genome of S. stibiiresistens, an antimony-resistant, rod-shaped, gram-negative bacterium

isolated from a coal mine in Jixi, China (Luo et al., 2012, Aziz et al., 2018, submitted)12.

SSR1 shares 55 % sequence identity to BLF1, including the conservation of the residues

which, in BLF1, form the Cys-His thiolate imidazolium ion pair, and has been shown to target

the deamidation of Gln339 on eIF4A like BLF1 (Aziz et al., 2018, submitted). However,

unlike BLF1, which appears to be strictly monomeric, purification of recombinant SSR1

indicated a mixture of a full length protein and a clipped variant that behave differently on

gel filtration possibly representing a dimer and a monomer in solution, respectively (Aziz et

al., 2018, submitted). Mass spectrometry analysis has suggested that the clip site in SSR1 is

the peptide bond between residues Ser191 and Ser192 (Aziz et al., 2018, submitted). In this

paper, we report the crystal structures of the full-length SSR1 dimer and the clipped monomer

to understand the molecular basis of the catalytic properties of the SSR1 toxin. This study has

provided insights into the features of the sequence that direct the folding of the protein into a

domain-swapped dimer or a monomer and that control the clipping.

5.3 Paper 3 141



Results and Discussion

Structure determination of monomeric SSR1 in two crystal forms. SSR1 was purified and

crystallised in two distinct crystal forms (form 1 and form 2) as previously described (Aziz

et., al 2018 submitted). Crystals of form 1 of SSR1, which were grown in the presence of

Zn2+, belong to space group P3221 and data were collected to 1.1 Å. The crystals contain

one molecule in the asymmetric unit and the structure was solved by zinc single anomalous

dispersion (Zn-SAD) revealing 11 Zn2+ sites. The structure of crystal form 2 of SSR1,

which belongs to space group P3121, was then determined by Molecular Replacement using

coordinates of crystal form 1 as a search model and refined to 1.6 Å. The form 2 crystals were

grown from conditions without zinc and, consistent with this, no metal ions were seen in the

electron density map supporting the view that the zinc ions play no part in the deamidase

activity of this toxin. Full details of data collection and processing are highlighted in Table 1.

Overall structure of SSR1 monomer. In both crystal forms 1 and 2, SSR1 is a monomer

and the two structures are essentially identical (rmsd 0.40 Å for 202 equivalenced Cα carbons).

The architecture of SSR1 is a single globular domain consisting of two stacks of antiparallel

β -sheets with a total of 13 β -strands surrounded by 6 α-helices (Figure 1). Given the high

sequence similarity to BLF1 (55%), superposition of the coordinates of SSR1 with BLF1

(PDB:3TU8) indicates that their folds are closely related (rmsd 0.92 Å over 198 equivalenced

Cα carbons) (Figure 1). This similarity is particularly strong at their respective active sites

including the LSGC motif containing the nucleophilic cysteine (Cys94) and the associated

histidine (His106) which form the catalytic machinery of the toxin, and the flanking residues

that form important elements of the specificity pocket which targets the deamidation of Gln339

in eIF4A (Figure 2) (Mobbs et al., 2018 submitted, Aziz et al., 2018, submitted).

Consistent with mass spectrometry analysis (Aziz et al., 2018, submitted), the crystal

structure of the monomeric SSR1 in both crystal forms clearly showed that the polypeptide
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Figure 1. Crystal structure of SSR1. A) Overall structure of SSR1 in rainbow colours with
the elements of secondary structure labelled. The position of the clip between Ser191 and
Ser192 is shown as a dotted red line. B) SSR1 (blue) superimposed on BLF1 (PDB:3TU8,
light green) showing their identical fold and the Cys-His pair in the active site (red circle).
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Figure 2. Stereo-diagram of the comparison between the active site of SSR1 and BLF1
C94S in complex with eIF4A (PDB:XXXX). SSR1 is in blue whilst BLF1C94S and eIF4A
are in light and dark green, respectively. The torsion angle change at position 94 between
SSR1 and BLF1C94S is a consequence of the mutation.
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chain had been clipped following Ser191, which lies on the loop connecting β12 and β13

(Figure 3). In the structure of both crystal forms, the electron density for the new C-terminus

at Ser191 is clear but the map of crystal form 1 at 1.1 Å also showed that a low occupancy

zinc ion can be seen to be bound close to Ser192. Comparisons between SSR1 and BLF1 at

the clip site reveals no sequence conservation between them with the connecting loop in BLF1

being longer (Figure 4).

Structure determination of dimeric SSR1 reveals a 3D domain-swapped dimer. Exam-

ination of the gel filtration profile of recombinant SSR1 revealed that, in addition to the

major peak with an apparent MW of 24 kDa corresponding to the clipped monomer, a second

smaller peak with an apparent MW of 45 kDa could be identified (Aziz et al., 2018 submitted).

Crystallisation trials on protein from the second peak yielded a new crystal form in space

group P212121. The structure was determined by Molecular Replacement using the SSR1

monomer as a search model and refined to 2.2 Å revealing two molecules in the asymmetric

unit arranged as a domain-swapped dimer, whereby a central β -hairpin structure consisting

of residues from Tyr165 to Ser192 is swapped between the two symmetry-related subunits

(Figure 5). The 14 residues C-terminal to the swapped region then fold back into the original

polypeptide chain forming the remainder of the chain to the C-terminus as in the structure of

the monomer. Critically, whilst the peptide bond between Ser191 and Ser192 in both crystal

forms of the monomer is clipped, in the dimer, no such clipping is observed and continuous

electron density can be seen with the polypeptide chain between Ser191 and Ser192 lying in

an extended linear conformation (Figure S1).

Following the convention adapted in the review of domain-swapping by Liu and Eisenberg

(Liu and Eisenberg et al., 2002)13, it is convenient to compare the structure of the monomer

and the domain-swapped dimer by regarding the subunit structure in the former as being

"closed" whereas in the latter it is "open". A closed interface then describes those interactions

that exist in both the monomer and the domain-swapped dimer. The open interface represents
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Figure 3. Clipping between Ser191 and Ser192 in monomeric SSR1. A) The electron
density map (2Fobs-Fcalc) of the structure of crystal form 2 of SSR1 at 1.6 Å, contoured at 1.0
σ level showing clear separation between Ser191 and Ser192 revealing the C-terminal
carboxyl group of Ser191. B) A cartoon representation showing the position of the clip site in
the loop between β12 and β13 with the inset box showing the position of residues near the
clip site.
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Figure 4. The corresponding loop in BLF1 is different than that in SSR1. Comparison
between the loop at the clip site in SSR1 (blue) and the corresponding region in BLF1 (light
green) revealing a longer loop and different amino acid sequence in the latter.
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Figure 5. The structure of SSR1 WT dimer revealed a domain swapping event. A)
Cartoon representation of the structure of the SSR1 WT dimer with each subunit coloured
blue and gray, respectively. B) A subunit from the dimer, the so called "open monomer"
superposed on the clipped "closed monomer". The presumed "hinge" regions are coloured red
and the residues at both ends of the hinges are shown as spheres. The region in the closed
monomer that would be replaced by that from the other subunit is coloured gray.
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Figure S1. The conformation of the serine residues 191 and 192 in the clipped
monomer and the two distinct domain-swapped dimers. A stereo-diagram showing the
conformation of the Ser191 and Ser192 in SSR1 WT (gray) and C94S mutant (cyan)
domain-swapped dimers compared to those of the clipped monomer (blue) revealing an
extended linear conformation of the two residues in the former two structures.
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new interactions not seen in the monomer with a flexible hinge describing those residues

whose conformations change substantially to allow domain swapping. Comparison of the

monomer of SSR1 and the domain-swapped dimer shows that 18 residues are involved in the

closed interface, 4 residues in the open interface with the hinges being formed of 10 residues

from two regions of the polypeptide chain between Tyr165 and Gln172 and Ser191-Ser192

(Figure 5, Table 2).

Investigation of the origin of peptide cleavage. Analysis of the behaviour of SSR1

samples of the dimer on storage indicate that it is not in exchange with the monomer form

implying that the formation of the monomer and the dimer represent the outcome of different

events in the folding pathway that are not in equilibrium. We therefore wondered if the

conformation of the open monomer in the domain-swapped dimer of SSR1 represented a

transient species in the folding pathway that stalls long enough to interact with another subunit

of SSR1 in an equivalent conformation to swap domains, whereas in the alternative pathway,

the protein folds into a monomeric state that is subsequently clipped (Figure 6).

The observation of the mutually exclusive clipping or domain swapping in the SSR1

monomer and dimer, respectively, suggest three possible mechanisms for the clipping. These

involve either an extrinsic protease or a side reaction related to the deamidase activity of the

toxin or being a property of the sequence at or near the clip site. Since, an E. coli protease

deficient strain was used for production of SSR1, a role for an extrinsic protease seemed

unlikely. Moreover, the clipping was not reduced by the inclusion of a cocktail of protease

inhibitors during isolation, and, to our knowledge, no proteases have yet been identified that

cleave a Ser-Ser peptide bond. This left open the latter two options which were investigated

by the analysis of a series of mutants.

1) Clipping is not linked to the activity of the toxin. To test the possibility that clipping

might be due to the deamidase activity of the toxin, we created an inactive C94S mutant

of SSR1 and examined its structure. Analysis of SDS-PAGE gel of SSR1 C94S purified
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Table 2. Residues involved in domain swapping and their significance
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Figure 6. A possible model for the domain swapping. During folding of the SSR1 WT
protein, an “open monomer” stalls, allowing time for capture of a second “open monomer”
permitting domain-swapping to occur. In a parallel event, the “open monomer” folds into a
subunit which then becomes clipped. The swapped element in each subunit is coloured light
blue and red, respectively, and the rest of the protein coloured blue. Whilst the “closed
interface" involve interactions similar to that in the monomer, the newly formed “open
interface” is circled orange. Clipping is indicated by a yellow star.
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by gel filtration showed a similar profile to that of the WT indicating that both dimeric and

monomeric forms were produced with the monomer still being clipped and the dimer full-

length. This indicates that the clipping is not related to the deamidation chemistry of the

toxin. The structure of the SSR1 C94S monomer was solved at 2.2 Å from crystals grown in

space group P43212 with one subunit in the asymmetric unit. Superposition of the monomeric

SSR1 C94S structure on SSR1 WT showed that they are very similar (rmsd of 0.44 Å for 202

equivalenced Cα carbons) with an identical clipping pattern. The structure of the dimeric form

of SSR1 C94S was determined at 1.9 Å from crystals belonging to space group I4122 with a

dimer in the asymmetric unit. Intriguingly, analysis of this structure showed that, whilst SSR1

C94S dimer is not clipped, it still exhibits domain swapping, albeit with the pattern of domain

swapping observed being quite different to that seen in the WT toxin. In this instance, residues

Tyr165 to Gln190, that form the flexible hinge and the swapped element in the SSR1 WT

dimer, fold in a similar fashion to the closed monomer but residues following Ser191 to the

C-terminus are swapped between the two subunits, with the hinge only involving Ser191 and

Ser192 rather than the more extensive 10 residues hinge seen in the domain-swapped dimer of

SSR1 WT (Figure 7, Table 2). In contrast, the open interface in the SSR1 C94S dimer is much

larger compared to that of the SSR1 WT dimer, involving 9 residues (Table 2). This distinct

pattern in domain-swapping suggests a presence of an alternative folding pathway where the

outcome is dependent upon whether the C-terminus is associated with its own subunit or

free in solution that also stalls during folding (Figure 8). Interestingly, despite this different

pattern of domain swapping in the C94S mutant compared to the WT SSR1, an extended

linear conformation of residues Ser191-Ser192 is maintained in both domain-swapped dimers.

(Figure S1).

2) The cleavage of SSR1 is sequence-dependent. Analysis of proteins in the adult human

lens, a tissue devoid of proteases, has shown that aging can be associated with autocleavage

involving the hydroxyl group of serine residues attacking the peptide bond on the N-terminal
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Figure 7. The structure of SSR1 C94S dimer revealed a distinct pattern of domain
swapping. A) Cartoon representation of the structure of the SSR1 C94S dimer with each
subunit coloured blue and gray, respectively. B) The "open monomer" superposed on the
clipped "closed monomer". The presumed "hinge" region is coloured red and the residues at
both ends of the hinges are shown as spheres. The region in the closed monomer that would
be replaced by that from the other subunit is coloured gray.
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Figure 8. A possible model for the domain swapping of SSR1 C94S mutant. During
folding of the SSR1 C94S protein, a distinct “open monomer” stalls, permitting a different
domain-swapping pattern. The majority of the “open monomers” then fold into single
subunits which then become clipped. The swapped element in each subunit is coloured light
blue and red, respectively. The newly formed “open interface” is circled orange and clipping
is indicated by a yellow star.
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side of the sidechain (Su et al., 2012)14. Furthermore, serine residues have been identified

as being important in the postulated N-O acyl shift in the first step of self-splicing inteins

whereby the nucleophilic hydroxyl group attacks the peptide bond of the residue immediately

upstream of it, with some inteins having a threonine or cysteine at the equivalent position

and showing the same activity (Noren et al., 2000, Shah & Muir, 2014)15, 16. This raises the

question as to whether either of the serine residues in SSR1 play a direct role in cleavage

and whether other factors, such as the influence of residues close to the loop of the toxin or

possible strain in the structure, could enhance the propensity of domain swapping and/or the

tendency of the peptide bond between the two residues to be clipped.

In an initial study to investigate the roles of residues around the cleavage site, it was

decided to create a series of mutants replacing Ser191 and Ser192 with residues lacking the

hydroxyl group (Ala/Gly/Val) or residues with potentially equivalent chemistry (Cys/Thr).

In addition, given the postulated role of proline residues in influencing the propensity for

domain swapping in proteins by introducing strains in the backbone during folding (Rousseau

et al., 2001)17, we further mutated Pro193 to Gly. These mutants were then characterised and,

where crystals could be obtained the structures were determined, and analysed to identify the

adoption of unusual Ramachandran angles, deviations from standard bond length/angle and/or

unusual pattern of thermal parameters which might indicate instability or the presence of close

contacts.

SDS-PAGE analysis of an S191A mutant of SSR1 showed a similar pattern of cleavage to

WT SSR1 and therefore the sidechain of this residue is clearly not involved in the cleavage

reaction. In contrast, analysis of the S192A mutant, and the S191A-S192A and S191A-S192G

double mutants of SSR1 revealed no sign of clipping suggesting that Ser192 was essential.

However, despite the absence of clipping, the gel filtration run for each of these three mutants

clearly revealed the presence of both monomeric and dimeric forms of the full length proteins

but with the proportion of the dimer being significantly reduced in the S191A-S192G mutant
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(data not shown).

Crystals of monomeric samples of SSR1 S192A, S191A-S192A and S191A-S192G mu-

tants diffracted to 2.0, 1.8, and 1.2 Å, respectively, enabling their structures to be solved

and confirming the absence of clipping between residues 191 and 192 (Figure 9, Table 1).

Superposition of all three mutants on the coordinates of the SSR1 WT monomer showed

their almost identical fold indicating the effects from the mutations were minor (rmsd of

0.35, 0.44 and 0.45 Å for 202 equivalenced Cα carbons for SSR1 S192A, S191A-S192A

and S191A-S192G mutants, respectively). Comparison of these structures revealed that the

β12-β13 loops in the S192A and the S191A-S192A mutant are very similar albeit with a slight

shift of approximately 1 Å (Figure 10). Analysis of the Ramachandran angles for residues at

position 192 in both the S192A and the S191A-S192A mutants shows that they are located

in or close to an outlier region (Figure 11) with the Cβ of Ala192 in both structures lying

adjacent to the Cδ of Pro193 (approximately 3 Å) giving rise to an adverse steric interaction

(Figure 10). Further analysis of the omega angle of the peptide bond between residues 191 and

192 indicates that they are distorted from planarity by approximately 24o and 16o (The average

for the two subunits in the dimer) in the SSR1 S192A and S191A-S192A mutants of SSR1,

respectively, suggesting that this loop in both mutants is in a “strained” state. Consistent with

this, the loop in the S191A-S192G mutant adopts a different conformation with Gly192 located

in a banned region of the Ramachandran plot for residues other than glycine (Figure 10).

Thus, replacing alanine at position 192 with the less sterically hindered glycine, as in the

S191A-S192G mutant, allows a different pattern of Ramachandran angles to be adopted in

which the strain in this region is reduced, with the omega angle deviating from ideality only by

6o (the average for the four subunits in the asymmetric unit). This is also consistent with the

reduced proportion of the dimer for this mutant suggesting that it folds more easily. Analysis

of a mutation of Pro193 to glycine completely abolishes clipping even with the two serine

residues at position 191 and 192 (data not shown), consistent with the suggestion that the

158 Paper 3



Figure 9. The absence of clipping in clip-site mutant structures. Sticks representation in
rainbows with the corresponding electron density map (contoured at 1.0 σ level) surrounding
the residues at the clip site of the A) S192A, B) S191A-S192A and C) S191A-S192G mutants,
respectively, revealing an intact loop.
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Figure 10. Analysis of the region surrounding the clip site in S191A-S192A, S192A
and S191A-S192G mutants of SSR1. A) Stereo-diagram of the sticks representation of the
loop in the SSR1 S191A-S192A mutant (raspberry) superposed on that of the S192A mutant
(green) revealing similar conformation but with a slight shift. The Cβ carbon of Ala192 in
both mutants lie close to the Cδ of Pro193 indicating a strain (red lines). B) Stereo-diagram of
the corresponding loop in S191A-S192G mutant showing a different conformation. C)
Modelling the residue in position 192 as serine in the S191A-S192A mutant (raspberry) (left)
and the S192A mutant (green) (right) showed that the rotamer with the least steric clash
(yellow dashes) with Pro193, g-, points towards the peptide bond upstream of it.
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Figure 11. Ramachandran angles of Ala192 in S191A-S192A and S192A SSR1
mutants. Ala192 in the two subunits of SSR1 S191A-S192A mutant (top) and the S192A
mutant (bottom) lie in or close to the outlier region in the Ramachandran plot.
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origin of the strain lies in the clash between the side chain of Pro193 with the Cβ carbon at

position 192.

The remaining question was to analyse how the side chain at position 192 influences the

clipping. Modeling Ala192 by serine in the structures of SSR1 S192A and S191A-S192A

mutants indicates that the clash with Pro193 restricts the chi1 torsion angle for the serine

Cα -Cβ bond to the g- conformation, which places the hydroxyl group facing the peptide

bond on the N-terminal side possibly assisting nucleophilic attack. In order to further test the

possible involvement of the hydroxyl group at position 192 in the clipping, the behavior of

S192C and S192T mutants of SSR1, which preserve a possible nucleophile at the γ position

of the side chain, was analysed. SDS-PAGE analysis of these mutants following gel-filtration

reveals that both monomer and dimer can be observed, and that clipping can be seen to occur

in the monomer, albeit at approximately 2-fold or 5-fold reduced rates in the S192C and S192T

mutants, respectively. However, unlike the pattern of clipping seen in the WT SSR1 and the

other mutants that are clipped, whereby the monomeric peak consists of completely clipped

molecules whilst the unclipped variants run as dimers, SDS-PAGE gel analysis of S192C

showed a mixture of clipped and unclipped molecules in both the monomeric and dimeric

peaks (Figure S2). Analysis of the structure of crystals obtained from the monomer peak of

S192C at 1.16 Å resolution revealed that each of the four SSR1 molecules in the asymmetric

unit were completely clipped between residues 191-192 but also showed that the cysteine

residue at position 192 formed a disulphide bridge with the equivalent residue in another SSR1

molecule to form a quite different dimer (Figure S3). Given the reducing conditions in the

cell, we presume that the formation of this disulphide bond is an artefact. This behaviour

would explain the different pattern of cleavage that is observed in solution. In contrast to the

above, an S192V mutant which removes the functional group at the γ position of the side

chain of residue 192, showed no clipping confirming the importance of this atom (Sγ and Oγ

of Cys, and Ser/Thr, respectively) in the cleavage reaction in SSR1.
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Figure S2. Purification of SSR1 S192C mutant by gel filtration. A) The chromatogram
trace for the gel filtration of SSR1 S192C mutant B) The corresponding SDS-PAGE analysis
showed a significant amount of unclipped proteins in the monomeric fractions and clipped
proteins in the dimeric fractions unlike the situation seen in other SSR1 proteins with S192
(Aziz et al., 2018, submitted).
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Figure S3. The crystal structure of SSR1 S192C mutant revealing two dimers in the
asymmetric unit. A) Four subunits of the SSR1 S192C mutants arranged as two
disulphide-linked dimers. B) The disulphide-linked dimer rotated to show residues at
positions 191 and 192 as red and yellow spheres, respectively. C) Sticks representation
revealing complete clipping and the disulphide bond formed between equivalent C192
residues from the two subunits.
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Taken together, these observations suggest that the root of the clipping in SSR1 lies in the

strain arising from a clash due to the presence of a Cβ carbon at position 192 combined with

the presence of a proline residue at position 193. We suggest that the strain results in a stall in

the folding leaving the chain in an open, extended “more relaxed" state, in which the residues

at position 191-192 lie in a linear extended conformation, which persists for long enough to

find partners resulting in the formation of a domain-swapped dimer. Subunits that succeed in

folding into a monomeric form are however strained, leading to the distortion of the peptide

omega angle and, presumably, a partial loss of some resonance stabilisation of the peptide

bond. This would then facilitate nucleophilic attack on the peptide by the hydroxyl group

of Ser192 (or equivalent functionality with Cys and Thr). This pattern of clipping, which is

therefore Ser/Cys/Thr-dependent resembles that seen in peptide splicing in the intein family

of proteins although it clearly has different origins, with the splicing in the latter being the

result of enzyme-like catalysis (Noren et al., 2000, Shah & Muir, 2014)15, 16.

The observation in SSR1 of domain-swapping as an alternative folding pathway to over-

come the effects of strain serves to illustrate the plasticity of the structure of proteins which

enables them to maintain the essential elements of their fold, and by implication, their func-

tions, in the face of potentially destabilising random mutations. This is further illustrated by

the different pattern of domain swapping seen in the C94S mutant of SSR1 and other multiple

domain-swapping pattern seen elsewhere, for instance in RNAse A (Liu et al., 1998, Liu et al.,

2001, Liu et al., 2002)18–20. This suggests that the energy difference in the folding landscape

between all these different forms is very small thereby contributing to the ability of proteins to

adopt a stable fold during evolution.

5.3 Paper 3 165



Methods

0.1 SSR1 production, crystallisation and structure determination

All WT and mutants of SSR1 were produced in recombinant E. coli strains and purified in

a similar fashion to that described previously (Aziz et al., 2018, submitted). Sitting-drop

crystallisation trials were carried out using either Matrix Hydra II (Thermo Fisher Scientific,

USA) or mosquito R© LCP (TPP Labtech) and a variety of 96-well format screens. Whilst

some diffraction data were collected from crystals obtained via the sitting-drop technique,

some crystals were optimised via hanging-drop and details on crystallisation conditions are

summarised in Table S1. The structure of SSR1 WT crystal form 1 was determined by

zinc single anomalous dispersion (Zn-SAD) using the ShelXC/D/E suite implemented in the

hkl2map GUI (Pape & Schneider, 2004)21, 22. The initial electron density map revealed 11

Zn2+ ions arising from the precipitant, one of which lies in the active site, whilst some are

located at the protein surface making crystal contacts. Iterative model building and refinement

was carried out using Coot and REFMAC in the CCP4 suite (Elmsley et al., 2010, Murshudov

et al., 2011, Winn et al., 2011)23–25.

0.2 Structure determination of dimeric SSR1 and SSR1 mutants

The refined coordinates of the structure of SSR1 from crystal form 1 were used as a search

model in molecular replacement by Phaser in the CCP4 suite to solve the structures of all

the other crystal forms (McCoy et al., 2007, Winn et al., 2011)25, 26. Data processing and

refinement statistics are summarised in Table 1. All structures were validated via the stand-

alone wwPDB validation server (Gore et al., 2017)27 and Molprobity (Chen et al., 2010)28.

Structural analysis was carried out on Coot (Elmsley et al., 2010)23 and figures were made

using PyMOL (Schrodinger).
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Appendix B

Extended Methodology - SSR1

Several protein constructs of SSR1 were generated as part of this study. This section serves

as an appendix to Paper 2 and Paper 3 to provide a detailed overview on the work that

was carried out from cloning to protein production, purification and crystallisation, and the

subsequent structure determination of all SSR1 constructs.

B.1 Construct design

B.1.1 S. stiibiresistense genomic DNA

The gDNA of S. stiibiresistense SB22T was kindly provided by Prof. Gejiao Wang from State

Key Laboratory of Agricultural Microbiology, College of Life Sciences and Technology,

Huazhong Agricultural University, Wuhan, China. The gDNA was then used to clone

N825_12680, which will be referred to hereinafter as SSR1, DNA into vectors suitable for

tunable expression with the E.coli recombinant system. The vectors containing ssr1 gene

would then be used as the template for the generation of different mutants of SSR1 employing

site-directed mutagenesis (SDM).
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B.1.2 Generation of SSR1 WT constructs

The primers for cloning ssr1 (GenBank:EWY38661.1) were designed using the NEB primer

design tool (https://tmcalculator.neb.com/) to be used with the Q5® High-Fidelity 2X Master

Mix by NEB. The primers used are detailed in Paper 2, Table 1, to produce an untagged

and a C-terminal His6-tagged SSR1 WT constructs and PCR reaction was carried out as

in Section 2.3. The amplified gene products were then purified by DNA Purification Kit

(Qiagen) producing 47 and 40 ng µl-1 DNA amplicon for the untagged and the C-terminal

His6-tagged SSR1 WT constructs, respectively.

The purified PCR products and pET24a vector conferring selectable kanamycin resistance

marker and T7 expression system, were treated separately with the corresponding restriction

enzymes (Paper 2, Table 1) to create sticky ends (Section 2.3.2). The digested pET24a

vector was then subjected to 1% DNA agarose gel electrophoresis to be purified using DNA

Gel Extraction Kit (Section 2.3.3). The digested PCR products were then purified from

traces of restriction enzymes using DNA purification Kit (Qiagen) prior to ligation with

T4 DNA Ligase in the ratio of 5:1 (gene:vector), see Section 2.3.5 for more details. The

ligated constructs were then transformed into chemically-competent E. coli DH5α silver

cells (Section 2.5) and incubated on LB-agar plates treated with 50 µg ml-1 kanamycin.

The successful ligation of ssr1 gene into pET24a vector was initially tested via colony

PCR (Section 2.6) by screening multiple colonies to increase the success rate of obtaining

genes of the correct size. Agarose gel analysis of these PCR products showed potential

candidates (Figure B.1).
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Fig. B.1 An agarose gel for the colony PCR of SSR1 Untagged and C-His constructs.
Agarose gels showing colonies (A) 1-4 and (B) 5-8 of the untagged and the C-His constructs,
respectively. Potential candidates include colonies 3 and 4 of the untagged constructs, and
colonies 1,3,6 and 8 for the C-His variant.



174 Extended Methodology - SSR1

Chosen colonies were then grown for plasmid propagation and purification. The purified

plasmids were subsequently sent for DNA sequencing (GATC Biotech, Germany) to confirm

the correct gene sequence. As an example, the DNA sequence chromatogram obtained from

colony 4 of the untagged SSR1 WT construct was analysed by ExPASy Translate (SIB)

and BLASTp (NCBI) revealing a full length SSR1 protein (Figure B.2). Analysis of the

T7 region of plasmid also revealed similar sequences critical for ensuring successful T7

expression. Similar analysis was done on the other constructs to ensure the accuracy of the

DNA sequence.

B.1.3 Generation of a variety of SSR1 mutant constructs

The work done for the investigations described in Paper 3 involved the generation of a

series of SSR1 mutants via SDM using Q5® Site-Directed Mutagenesis Kit by NEB (pro-

tocols are included with the kit or obtainable online). The primers for the different mu-

tants of SSR1 were designed using an online tool, NEBaseChangerTM provided by NEB

(http://nebasechanger.neb.com/) (Figure B.3), and are listed in Table B.1. For single base mu-

tations, purified plasmids harbouring WT SSR1 sequence were used as a template, whereas,

for double mutation, related SSR1 mutant plasmids were used as templates instead. Follow-

ing PCR runs and KLD incubation (Q5 SDM Kit), the plasmids were transformed into E.

coli NEB5α cells and grown on LB-agar plates supplemented with kanamycin. Colonies

were selected, and their plasmids purified for sequencing in triplicates. The correct mutations

were checked by analysing the quality of the chromatogram traces and the corresponding

translated products using ExPASy Translate and BLASTp online tool as described above.
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Fig. B.2 Analysis of DNA sequencing result of Colony 4 of the untagged SSR1 WT
from the Colony PCR. A) The chromatogram peaks were analysed for quality to ensure
that there were no overlapping peaks. The DNA sequence corresponding to the LSGC motif
is underlined. B) The DNA sequence was analysed by ExPASy Translate to reveal that Frame
3 is the correct reading frame. C) The translated protein sequence was then compared to the
SSR1 sequence in the database by NCBI BLASTp.
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Fig. B.3 The NEBaseChanger online tool allows designing primers for use with the Q5
SDM Kit. Primers for the C94S mutant of SSR1 were designed by inserting SSR1 DNA
sequence and substituting the nucleotides with the desired mutation. The resulting mutant
protein product is shown and the corresponding primers with their properties are highlighted.
The design of the primers for the other constructs was done in a similar fashion.
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Table B.1 Primers for all SSR1 constructs in this study. Bold texts indicate the substitution
of nucleotides to generate the desired mutants
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B.2 Protein production of a variety of SSR1 constructs in

E.coli recombinant system

The incorporation of the ssr1 gene into pET24a allows tightly-controlled expression by the T7

promoter region which is inducible by IPTG. Following transformation of the plasmids into

E. coli BL21 (DE3) strains, test expressions were carried out to obtain an optimal condition

for the production of soluble SSR1 at high expression level which is crucial for crystallisation

studies.

B.2.1 Initial test expression of SSR1 WT in LB-kanamycin media

As an initial trial, BL21 (DE3) E. coli cells harbouring the plasmids of SSR1 WT were grown

in LB media supplemented with kanamycin (50 µg ml-1) and following induction with 1 mM

IPTG, cell cultures were grown at various temperatures and incubation time. The level of

expression and solubility of the proteins were then analysed via SDS-PAGE. Unlike BLF1

that expresses very well at 37 oC (Cruz-Migoni et al., 2011), initial expression trials indicated

that SSR1 proteins were mainly insoluble over a wide range of temperatures and incubation

times (Figure B.4).

B.2.2 Initial test expression of SSR1 WT in M9 minimal media

The growth medium for SSR1 expression was then switched to M9 minimal media and

expression trials were done at different temperatures and incubation times. SDS-PAGE

analysis showed that the optimum condition for SSR1 production is at 12 oC for 64 hours

incubation period (Figure B.4). Subsequent overproduction of the SSR1 proteins were then

fixed to 72 hours incubation time. See Paper 2 for more details on the protocol. In addition,

the initial test expression suggested that the soluble SSR1 proteins were clipped, producing a

mix of full-length SSR1 and another variant approximately 3 kDa shorter (discussed in detail
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Fig. B.4 SDS-PAGE gels of the test expression trials for the production of SSR1 proteins.
A) Expression trials using LB-kan media over a variety of temperatures mainly produced
insoluble proteins. B) M9 minimal media expression produced more soluble SSR1 proteins
but with a significant sign of clipping (red box). Pre: pre-induced, I: insoluble fraction, S:
soluble fraction.
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in Paper 2 & 3). Subsequent analysis including a cocktail of protease inhibitors (cOmplete™,

EDTA-free Protease Inhibitor Cocktail, Merck) in sonication buffer did not affect the level of

cleavage (Figure B.5) which implies that the clipping is not likely to be the result of proteases

supporting the argument in Paper 3.

Fig. B.5 SDS-PAGE gels of the test expression trials including the use of protease in-
hibitors. Clipping persisted (red boxes) even with the inclusion of protease inhibitors in the
buffer compared to the control. Pre: pre-induced, I: insoluble fraction, S: soluble fraction.



B.2 Protein production of a variety of SSR1 constructs in E.coli recombinant system 181

B.2.3 Large-scale production of SSR1 proteins for structural and bio-

chemical studies

Large-scale production of both SSR1 WT constructs was done in M9 minimal media sup-

plemented with kanamycin and cells were grown under the optimum condition described

above in 4 x 500 ml cultures. The results of the over production of the untagged and the

C-terminal His6-tagged constructs of SSR1 WT are shown in Figure B.6. The optimum

condition for the production of the different mutants of SSR1 was shown to be similar in

the initial test expression, hence the subsequent expression of all SSR1 constructs utilised

the same approach producing identical level of soluble proteins. However, as discussed in

Paper 3, the pattern of clipping is distinct and could be observed on the SDS-PAGE gels as

illustrated in Figure B.7 & Figure B.8.
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Fig. B.6 SDS-PAGE gels of the large-scale expression of SSR1 proteins. A) SDS-PAGE
gel of the untagged SSR1 WT proteins showing a high level of soluble protein while still
being clipped (red boxes). B) Similar pattern (red boxes) can be seen in the C-His SSR1 WT
gel. Pre: pre-induced, Post 1,2: post-induced flask 1,2 etc, I: insoluble fraction, S: soluble
fraction.
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Fig. B.7 SDS-PAGE gels of the large-scale expression of SSR1 proteins. SDS-PAGE gels
of A) SSR1 C94S C-His, B) SSR1 S191A C-His and C) SSR1 S191A-S192G C-His mutants,
respectively. The presence of clipping is shown in red box whilst the absence is shown in
green box. Pre: pre-induced, Post 1,2: post-induced flask 1,2 etc, I: insoluble fraction, S:
soluble fraction.
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Fig. B.8 SDS-PAGE gels of the large-scale expression of SSR1 proteins. SDS-PAGE gels
of, from left to right, SSR1 S191A-S192A C-His, SSR1 S192A C-His and SSR1 P193G C-
His mutants, respectively. Clipping appeared to be absent in these mutants (green boxes). Pre:
pre-induced, Post 1,2: post-induced flask 1,2 etc, I: insoluble fraction, S: soluble fraction.
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B.3 Protein purification of the various SSR1 constructs

B.3.1 Purification of the untagged and the C-terminal His6-tagged SSR1

WT proteins

For the purification of untagged SSR1 WT, ion exchange (DEAE Sepharose) followed by

gel-filtration chromatography were carried out as described in Paper 2. The chromatogram

traces and the associated SDS-PAGE are shown in Figure B.9. The SDS-PAGE gel showed

that the peak corresponding to the MW of monomeric SSR1 contained clipped proteins with

>95% purity which were subsequently crystallised. In contrast, the peak corresponding to

the dimer appeared to contain both the unclipped and clipped variants of SSR1, as a result of

contamination from the monomer peak and significant other impurities Figure B.9. Therefore,

given that the sample was only 50 % pure, no crystallisation trials were attempted with this

sample. The C-terminal His6-tagged SSR1 WT was purified as described in Paper 2. Since

there was no need to crystallise the C-terminal His6-tagged monomer, as the structure of the

untagged WT SSR1 had been determined, only the purification and crystallisation of the

tagged dimer was pursued. The chromatogram of the Nickel-affinity purification and the

corresponding SDS-PAGE gel are shown in Figure B.10, whilst details of the gel-filtration

run are discussed in Paper 2. The gel-filtration peak running at the dimeric MW for the C-

terminal His6-tagged SSR1 WT contained proteins with higher levels of purity and therefore

were subjected for crystallisation trials.
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Fig. B.9 Purification of the untagged SSR1 WT protein. A) The chromatogram trace of
the ion exchange column. B) The chromatogram trace of the following gel-filtration column
purification C) SDS-PAGE gel analysis of fractions from A) and B).
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Fig. B.10 Purification of the SSR1 WT C-His protein via Nickel-affinity column. A)
The chromatogram trace of the Nickel-affinity column. SSR1 eluted at approximately 0.13
M Imidazole. B) SDS-PAGE gel analysis of the resulting fractions. Since the 3 kDa C-
terminal clipped fragment co-elutes with the larger 21 kDa fragment, this indicates that
despite clipping, both fragments remain associated.
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B.3.2 General information regarding the purification of other SSR1

constructs

Comparison of the homogeneity level of the dimeric form of SSR1 WT in the untagged and

the C-terminal His6-tagged variant has led to a decision to use only the C-terminal His6-

tagged construct for further mutagenesis studies enabling the production and purification

of homogeneous samples of the dimeric form in addition to the monomeric form of SSR1

proteins. Since all the following constructs are C-terminal His6-tagged, similar purification

approach was used as that used in purifying C-terminal His6-tagged SSR1 WT proteins.

B.3.3 Purification of the C-terminal His6-tagged SSR1 C94S mutant

protein

C-terminal His6-tagged SSR1 C94S proteins were purified in a similar fashion to the C-

terminal His6-tagged SSR1 WT proteins and the results are shown in Figure B.11 & Fig-

ure B.12. From 2 g cell pellet, in 34 ml re-suspension buffer, 3 mg ml-1 CFE was obtained,

and following Nickel-affinity purification, the combined fractions containing the proteins

were concentrated and applied to gel-filtration column. The fractions corresponding to the

monomeric and the dimeric form of the protein were concentrated separately to 22 and 11

mg ml-1 in 10 mM Tris-HCl pH 7.5 and 10 mM Tris-HCl pH 8 buffer, for the monomeric

and dimeric forms, respectively. As discussed in Paper 3, similar clipping profile can be seen

from the SDS-PAGE analysis of the gel-filtration fractions (Figure B.12). The two samples

were then concentrated and subjected to crystallisation trials.
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Fig. B.11 Purification of the SSR1 C94S C-His proteins via Nickel-affinity column. A)
The chromatogram trace of the Nickel-affinity column. B) SDS-PAGE gel analysis of
resulting fractions. Interestingly, the unclipped variant (assumed to be in the dimeric form)
eluted at higher imidazole concentration.
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Fig. B.12 Purification of the SSR1 C94S C-His proteins via gel-filtration column. A)
The chromatogram trace of the gel-filtration chromatography revealing the minor dimer peak
and the major monomer peak. B) SDS-PAGE gel analysis of the resulting fractions.
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B.3.4 Purification of the C-terminal His6-tagged SSR1 S191A-S192G

mutant protein

2 g of cells were lysed in 23 ml re-suspension buffer, and separated from the cell debris,

yielding 2.3 mg ml-1 CFE which was subjected to Nickel-affinity chromatography. The

eluted proteins were then concentrated before being applied to the gel-filtration column.

The chromatograms of both purification steps and their corresponding SDS-PAGE results

are shown in Figure B.13 & Figure B.14. Interestingly, although both the dimeric and the

monomeric peaks could still be seen, the dimeric peak was reduced significantly compared

to that of the SSR1 WT and C94S mutant. As discussed in Paper 3, analysis of an unclipped,

intact monomer, would shed light on the reasons behind the clipping problem, therefore only

the monomeric form of this mutant was used for crystallisation trials. The final sample was

buffer exchanged into 10 mM Tris-HCl pH 7.5 and concentrated to 20 mg ml-1.
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Fig. B.13 Purification of the SSR1 S191A-S192G C-His proteins via Nickel-affinity col-
umn. A) The chromatogram trace of the Nickel-affinity column. B) SDS-PAGE gel analysis
of the resulting fractions.
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Fig. B.14 Purification of the SSR1 S191A-S192G C-His proteins via gel-filtration col-
umn. A) The chromatogram trace of the gel-filtration column. A reduced dimeric peak can
be seen (green arrow). B) SDS-PAGE gel analysis of the resulting fractions.
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B.3.5 Purification of the C-terminal His6-tagged SSR1 S192A mutant

protein

2 g of cells were lysed in 23 ml re-suspension buffer, and clarified to obtain 2.7 mg ml-1

CFE before applying to Nickel-affinity column. The eluted proteins were combined and

concentrated to 2 ml before being applied to gel-filtration column and results are shown in

Figure B.15. The SDS-PAGE analysis clearly showed a complete absence of clipping in both

the dimeric and the monomeric form of the C-terminal His6-tagged SSR1 S192A mutant.

The final sample was concentrated to 20 mg ml-1 in 10 mM Tris pH8, 0.1M NaCl buffer and

subjected to crystallisation trials.

B.3.6 Purification of the C-terminal His6-tagged SSR1 S191A-S192A

mutant protein

2 g of cells were lysed in 23 ml re-suspension buffer yielding 2.5 mg ml-1 CFE which was

applied to the Nickel-affinity column. The fractions containing the protein were combined,

concentrated, and applied to the gel-filtration column. The chromatograms with the accom-

panying SDS-PAGE gels are shown in Figure B.16. Similar to the SSR1 S192A mutant,

clipping was almost certainly absent, and the sample containing the monomeric form was

concentrated to 20 mg ml-1 in 10 mM Tris pH8, 0.1M NaCl buffer for crystallisation trials.
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Fig. B.15 Purification of the SSR1 S192A C-His proteins via Nickel-affinity followed by
a gel-filtration column. A) The chromatogram trace of the Nickel-affinity column. B) The
chromatogram trace of the gel-filtration column revealing the dimer and monomer peaks. C)
SDS-PAGE gel analysis of the resulting fractions.
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Fig. B.16 Purification of the SSR1 S191A-S192A C-His proteins via Nickel-affinity fol-
lowed by a gel-filtration column. A) The chromatogram trace of the Nickel-affinity column.
B) The chromatogram trace of the gel-filtration column. C) SDS-PAGE gel analysis of the
resulting fractions.
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B.3.7 Purification of the C-terminal His6-tagged SSR1 S192C mutant

protein

Initial test expression and the following large scale production of C-terminal His6-tagged

SSR1 S192C mutant proteins indicated a trace level of clipping which raised an interesting

question about the possible role of the cysteine residue in the clipping. This was then

investigated by purifying the protein to analyze clipping and dimerisation patterns. 2 g of cell

paste were lysed in 20 ml re-suspension buffer, and following centrifugation, 3 mg ml-1 of

CFE was obtained and applied to the Nickel-affinity column. The eluted proteins were then

concentrated and applied to the gel-filtration column. The chromatograms with the resultant

SDS-PAGE gel can be seen in Figure B.17 revealing a bigger peak corresponding to the MW

of the dimer. Interestingly, through the course of purification, approximately 50 % of the

proteins had been clipped, but the clipped proteins were resolved in both the monomeric and

dimeric forms as can be seen in the SDS-PAGE gel of the gel-filtration column (Figure B.17).

Fractions containing the monomeric proteins were then combined, and concentrated to 20 mg

ml-1 in 10 mM Tris pH8, 0.1M NaCl buffer for crystallisation trials. The subsequent structure

determination revealed the presence of a disulphide bond linking two clipped monomers

suggesting that the dimer peak in the purification is a mixture of domain-swapped dimer of

intact SSR1 and non-swapped clipped dimer where the subunits are linked by a S-S bond

explaining the pattern of clipping seen during purification. This was not evident at the time.
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B.3.8 Purification of the C-terminal His6-tagged SSR1 S192T mutant

protein

Similar to SSR1 S192C mutant, a small level of cleavage was observed in the initial expres-

sion trials of SSR1 S192T mutant proteins worthy of analysis by gel-filtration. SDS-PAGE

analysis following purification indicated that the clipping persisted in both monomeric and

dimeric form of the S192T mutant but with only approximately 10-20 % clipping (Fig-

ure B.18). The monomeric fractions were then combined and concentrated to 20 mg ml-1 for

crystallisation trials. However, as of yet, no crystals have appeared which prompts further

trials and optimisation.

B.3.9 Purification of the C-terminal His6-tagged SSR1 S192V mutant

protein

SSR1 S192V mutant was generated to test the possible involvement of the hydroxyl functional

group at the γ position (in comparison with S192T) in clipping between residues 191 and

192. SDS-PAGE analysis following purification indicated that the clipping was completely

abolished supporting the argument that the hydroxyl functional group at the γ position in

the S192T mutant is crucial for cleaving the peptide bond (Figure B.19). Unfortunately,

crystallisation trials on this mutant has not been carried out due to time constraint.
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Fig. B.17 Purification of the SSR1 S192C C-His proteins via Nickel-affinity followed by
a gel-filtration column. A) The chromatogram trace of the Nickel-affinity column. B) The
chromatogram trace of the gel-filtration column. Red arrow indicates an increased amount of
proteins eluted at dimeric MW. C) SDS-PAGE gel analysis of the fractions of the gel-filtration
run.
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Fig. B.18 Purification of the SSR1 S192T C-His proteins via Nickel-affinity followed by
a gel-filtration column. A) The chromatogram trace of the Nickel-affinity column. B) The
chromatogram trace of the gel-filtration column. C) SDS-PAGE gel analysis of the fractions
of the gel-filtration run.
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Fig. B.19 Purification of the SSR1 S192V C-His proteins via Nickel-affinity followed by
a gel-filtration column. A) The chromatogram trace of the Nickel-affinity column. B) The
chromatogram trace of the gel-filtration column. C) SDS-PAGE gel analysis of the fractions
of the gel-filtration run showing no obvious signs of clipping.
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B.4 Mass spectrometry analysis on the untagged and C-

terminal His6-tagged SSR1 WT protein samples

Prior to crystallisation, purified samples of the untagged and C-terminal His6-tagged SSR1

WT protein were analysed by mass spectrometry (Simon Thorpe, Chemistry Mass Spectrom-

etry Facility, Department of Chemistry) to identify the accurate MW of each polypeptide

fragments to pinpoint the site of clipping. The resulting MW of the fragments from the

monomeric sample of both variants were discussed in Paper 1. The mass spectrometry

result of the dimeric C-terminal His6-tagged SSR1 WT protein sample is shown in Fig-

ure B.20, revealing the MW of the intact polypeptide chain with some contamination of the

clipped fragments. This had led to the identification of the clip site from MW calculations as

discussed in Paper 1 and is demonstrated in Figure B.21.

B.5 Crystallisation of SSR1 proteins

The purified sample of the various SSR1 constructs were concentrated to the desired concen-

trations and subjected to crystallisation trials as described in Section 2.13. Initial crystals

obtained from sitting drop plates were then analysed by X-ray diffraction, and depending on

the quality of the diffraction, optimisation of the crystallisation conditions were carried out

by hanging drop vapour diffusion. The crystallisation of SSR1 WT constructs were discussed

in detail in Paper 2. Whilst, the details regarding the crystallisation of the SSR1 mutant

constructs were omitted from Paper 3, and hence, will be described below.
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Fig. B.20 Mass spectrometry analysis of the dimeric sample of C-terminal His6-tagged
SSR1 WT. Top) The peaks corresponding to the unclipped SSR1 polypeptide (23444 Da)
and the contaminating clipped fragment (20578 Da). Bottom) The shorter clipped fragment
can also be identified (2883 Da).
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Fig. B.21 MW calculations based on mass spectrometry analysis identified the clipping
site. A) Theoretical MW of SSR1 constructs including the N-terminal methionine residue and
the resulting truncated products. B) Calculated MW following the removal of the N-terminal
methionine residue. Clip site is indicated by arrows. MW of the fragment were calculated
using ExPASy ProtParam online tool (https://web.expasy.org/cgi-bin/protparam/protparam).



B.5 Crystallisation of SSR1 proteins 205

B.5.1 Crystallisation of C-terminal His6-tagged SSR1 C94S mutant

The monomeric sample of C-terminal His6-tagged SSR1 C94S mutant crystallised in PACT

- F12 (Figure B.22). The dimeric sample crystallised in pHClear - C9 and crystals were

successfully optimised (Figure B.23). Crystals were then cryoprotected, mounted in cryo-

condition and subjected to X-ray diffraction analysis as described in Section 2.14. The

resulting diffraction pattern can be seen in Figure B.22 & Figure B.23.

B.5.2 Crystallisation of C-terminal His6-tagged SSR1 clip site mutants

The sample containing the monomeric form of the C-terminal His6-tagged SSR1 clip site

mutants, namely the S191A-S192G, S192A, S191A-S192A, and S192C mutants were crys-

tallised, and in some cases, optimised in the conditions described in Figure B.24, Figure B.25,

Figure B.26, & Figure B.27, respectively. Crystals were then cryo-cooled in cryo-protectant,

mounted and analysed by X-ray diffraction.
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Fig. B.22 Crystals of the monomeric form of SSR1 C94S C-His. A) Crystals were ob-
tained from sitting drop vapour diffusion in the corresponding crystallisation condition.
Snapshots of the crystals mounted on a loop are also shown. B) A sample of diffraction
image at 0.1o rotation with resolution rings labeled.
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Fig. B.23 Crystals of the dimeric form of SSR1 C94S C-His. A) Crystals were obtained
from an optimised crystallisation condition using hanging drop vapour diffusion. Snapshots
of the crystals mounted on a loop are also shown. B) A sample of diffraction image at 0.1o

rotation with resolution rings labelled.
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Fig. B.24 Crystals of the monomeric form of SSR1 S191A-S192G C-His. A) Crystals
were obtained from a sitting drop plate with the crystallisation condition as shown. Snapshots
of the crystals mounted on a loop are also shown. B) A sample of a diffraction image at 0.1o

rotation with resolution rings labelled.
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Fig. B.25 Crystals of the monomeric form of SSR1 S192A C-His. A) Crystals were
obtained from an optimised crystallisation condition using hanging drop vapour diffusion.
Snapshots of the crystals mounted on a loop are also shown. B) A sample of a diffraction
image at 0.1o rotation with resolution rings labelled.
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Fig. B.26 Crystals of the monomeric form of SSR1 S191A-S192A C-His. A) Crystals
were obtained from a sitting drop plate with the crystallisation condition as shown. Snapshots
of the crystals mounted on a loop are also shown. B) A sample of a diffraction image at 0.1o

rotation with resolution rings labelled.
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Fig. B.27 Crystals of the monomeric form of SSR1 S192C C-His. A) Crystals were
obtained from an optimised crystallisation condition using hanging drop vapour diffusion.
Snapshots of the crystals mounted on a loop are also shown. B) A sample of a diffraction
image at 0.1o rotation with resolution rings labelled.
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B.6 X-ray data collection and processing of SSR1 constructs

B.6.1 Data collection of the crystals of the untagged SSR1 WT monomer

in two crystal forms and the C-terminal His6-tagged SSR1 WT

dimer

Details on data collection and processing statistics of the two crystal forms of the monomeric

untagged SSR1 WT and the C-terminal His6-tagged SSR1 WT dimer crystals are discussed

in Paper 3. Crystals of form 1 of the SSR1 WT monomer, grown in the present of zinc ions,

diffracted to atomic resolution with an anomalous mid-slope of 1.208 which allowed the

anomalous scattering to be used for phase calculation. Structure determination of this crystal

form will be discussed below and the final refined structure was then used as a search model

in molecular replacement for the other crystal form of the monomeric SSR1 WT, and the

His6-tagged SSR1 WT dimer.

Calculations of Matthews coefficient and solvent content based on the unit cell param-

eters using an online tool MATTPROB (http://www.ruppweb.org/mattprob/default.html)

(Weichenberger and Rupp, 2014) estimated that the crystals of form 2 most probably contain

one molecule in the asymmetric unit with 60% solvent (Figure B.28). Whereas, the crystals

from the dimeric SSR1 WT were estimated to have two molecules in the asymmetric unit

with 41% solvent (Figure B.28).
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Fig. B.28 MATTPROB calculations based on the unit cell parameters for the SSR1 WT
crystals. A) MATTPROB calculations on the SSR1 WT crystals of form 2 revealing the
probability of the asymmetric unit content with the corresponding Vm and solvent percent-
age, shown in a table (top) and a graphical representation (bottom). B) The MATTPROB
calculations on the crystals of SSR1 WT dimer.
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B.6.2 Data collection of the crystals of the monomeric and the dimeric

C-terminal His6-tagged SSR1 C94S mutant

Details on data collection and reduction of these crystals are highlighted in Paper 3. MATTPROB

estimated the crystals of the monomeric SSR1 C94S mutant to either contain one or two

molecules in the asymmetric unit with 68 and 37 % solvent content, respectively (Fig-

ure B.29). Whereas for the crystals of the dimeric form, two or three molecules in the

asymmetric unit would give a solvent content of 60 and 41 %, respectively (Figure B.29).

B.6.3 Data collection of the crystals of the various C-terminal His6-

tagged SSR1 clip site mutants

The MATTPROB analysis of the S191A-S192G, S191A-S192A, S192A and S192C mutants

of SSR1 are shown in (Figure B.30). Crystals of the S191A-S192G mutant were estimated to

have four molecules in the asymmetric unit resulting in a solvent content of 45 %. Crystals

of the S191A-S192A mutant of SSR1 were evaluated to have either two or three molecules

with solvent content of 58 or 36 %, respectively. Crystals of the S192A mutant of SSR1 most

likely consist of one molecule with 60 % solvent. Finally, crystals of the S192C mutant most

probably contain four molecules with 44 % solvent.
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Fig. B.29 MATTPROB calculations based on the unit cell parameters for the SSR1
C94S crystals. A) MATTPROB calculations on the monomeric SSR1 C94S crystals re-
vealing the probability of the asymmetric unit content with the corresponding Vm and
solvent percentage, shown in a table (top) and a graphical representation (bottom). B) The
MATTPROB calculations on the crystals of SSR1 C94S dimer.
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Fig. B.30 MATTPROB calculations based on the unit cell parameters for the other
SSR1 mutants crystals. MATTPROB calculations on the crystals of A) SSR1 S191A-
S192G, B) SSR1 S191A-S192A, C) SSR1 S192A and D) SSR1 S192C mutant crystals
revealing the probability of the asymmetric unit content with the corresponding Vm and
solvent percentage, shown in a table (top) and a graphical representation (bottom).
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B.7 Structure determination of the untagged SSR1 WT monomer

of crystal form 1

X-ray diffraction data from the crystals of form 1 of the SSR1 WT monomer were collected at

X-ray wavelength 0.9763 Å which yielded diffraction to 1.09 Å resolution. Data processing

statistics indicated an anomalous normal probability mid-slope value of 1.208, suggesting that

the crystals contained anomalous scattering atoms from the precipitant (0.25 M ZnSO4). The

hkl2map GUI with built in SHELXC/D/E package (Sheldrick, 2008) was used to calculate

initial phases. Initial SHELXC analysis indicated a strong anomalous signal with d"/sig > 0.80

across the whole dataset to 1.09 Å. Subsequent SHELXD identified 11 anomalous scatterers

with occupancy ranging from 0.11 to 1.00 (Figure B.31). The heavy atoms sites were then

fed into SHELXE to calculate the initial phases and carry out several rounds of density

modification which was paired with poly-alanine model auto-tracing. Both enantiomorphs

were tested, and due to the atomic resolution nature of the dataset, the inverted hand could

easily be validated to be correct as opposed to the original hand, which clearly showed the

the electron density of side chains that could be sequenced to be compared with that of SSR1.

(Figure B.31).

The final poly-alanine model generated by SHELXE consisted of 8 polypeptide chains

with each chain containing residues in the range of 7 to 45 (Figure B.32). Manual model

building and refinement was carried out using Coot (Emsley et al., 2010) and REFMAC5

(Murshudov et al., 2011) and the resultant model along with the heavy atom sites were

manually observed and validated. Analysis of the positions of the heavy atoms indicated that

they are not located within the side chain atoms, therefore suggesting their origin being the

zinc ions in the precipitant (Figure B.33). Further analysis of the geometry, the identity of

the ligands and the corresponding metal-ligand distances provided clear evidence supporting

the binding of zinc ions.
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Fig. B.31 Structural determination of SSR1 WT crystals of form 1 via SHELXC/D/E.
11 zinc sites were identified with the occupancy of each atom highlighted in red box (top).
The initial electron density of the original hand (middle), and the initial electron density
of the inverted hand showing clear view of the backbone and side chain electron density
(bottom).
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Fig. B.32 Model output from SHELXE of the SSR1 WT crystals of form 1 and sub-
sequent model building. Poly-alanine traces of the initial model built by SHELXE (top)
which were subsequently completed manually on Coot (bottom). The electron density maps
were contoured to 1.0 σ level.
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Fig. B.33 Zinc ions binding sites and the corresponding ligand distances. Zinc ions with
ligands consisting of side chain atoms and water molecules forming tetrahedral geometry.
The ligand distances (Å) are labelled in white boxes. An example of a zinc ion that forms
crystal contact can also be seen (bottom). The electron density maps were contoured to 1.0
σ level.
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B.7.1 Model building, validation and structural analysis of the untagged

SSR1 WT monomer of crystal form 1

Cycles of model building and refinement on the structure of the crystal form 1 of SSR1 WT

yielded the final Rwork and Rfree values of 15 and 16 %, respectively. The structure was then

validated as described in Section 2.14.4. The final model of the crystal form 1 of SSR1 WT

monomer consists of one molecule in the asymmetric unit with 11 zinc ions bound at the

active site, on surface residues as well as bridging crystal contacts between symmetry-related

molecules (Figure B.33). Details of the analysis of the structure and comparison with BLF1,

especially regarding the clipping between residues 191 and 192 are discussed in Paper 3.

B.8 Model building, validation and structural analysis of

a variety of SSR1 mutants

The final refined structure of the SSR1 WT crystals of form 1 was used as the search model

for molecular replacement by PhaserMR (McCoy et al., 2007) for the structure determination

of the rest of SSR1 variants. PhaserMR was run implementing the number of SSR1 chains to

look for, based on the MATTPROB analysis described above. Where a single solution was

found with reasonable scores (Top LLG and Top TFZ scores of >60 and >8, respectively,

indicate a possible solution), the initial model and the electron density map were analysed for

bias, symmetry clashes and crystal packing. When no obvious faults were found, the initial

models were then subjected into iterative cycles of model building and refinement followed

by validation as previously mentioned. Details of the final refined models and validation

scores of all SSR1 structures are included in Paper 3, Table 1. Detailed analysis of these

structures are discussed in Paper 3.
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B.8.1 Model building, validation and structural analysis of SSR1 WT

monomer of crystal form 2 and SSR1 WT dimer

An examination of the electron density map of the structure of SSR1 WT of crystal form

2 following molecular replacement showed that the level of bias was low. For example,

the position of Trp64 in the crystal form 1 of SSR1 WT structure is different than that in

crystal form 2 but the resultant electron density map clearly identified the correct position

Figure B.34. The crystal packing was also checked for bad clashes and these were found to be

very low (Figure B.35). A similar approach was taken during model building and refinement

of the structure of the SSR1 WT dimer, which revealed continuous electron density consistent

of a domain-swapping event (Figure B.36).

B.8.2 Model building, validation and structural analysis of the dimeric

and monomeric SSR1 C94S mutant

A comparison of the initial and the refined model of the SSR1 C94S monomer with their

corresponding electron density maps is shown in Figure B.37. The refined electron density

map showed clipping between Ser191 and Ser192 as seen in the SSR1 WT monomer structure.

The structure of the dimeric SSR1 C94S mutant also revealed an extended conformation

of the S191-S192 residues which are involved in domain-swapping with the 2-fold related

subunit, albeit with a distinct pattern to that of the SSR1 WT dimer as discussed in Paper 3

(Figure B.38).
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Fig. B.34 A typical bias check, exemplified by the model building and refinement of the
structure of crystal form 2 of SSR1 WT. Top) A tryptophan (W64) side chain was in a
different position in crystal form 2 compared to its position in the coordinates of crystal form
1 used for molecular replacement. The Fobs-Fcalc map showed that the electron density is
unbiased towards to model. Bottom) The refined model with its electron density map clearly
reveals the correct side chain position. The electron density maps were contoured to 1.0 σ
level.
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Fig. B.35 A typical crystal packing and clashes analysis, exemplified by the model build-
ing and refinement of the structure of crystal form 2 of SSR1 WT. The crystal packing
within the crystal lattice down the c (top) and a axis (bottom), respectively. The packing of
chains was analysed for obvious gaps in the lattice and checked for extra density unaccounted
for. In this case, SSR1 is clipped producing a major chain (green) and a shorter chain
(yellow).
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Fig. B.36 Model building and refinement of the structure of SSR1 WT dimer. A) The
initial electron density map revealed that the electron density following S191 is not connected
to P193 (S192 was initially omitted). B) The final refined model with the corresponding
electron density map revealing clear position of an extended conformation of the S191-S192
motif which resulted in domain swapping (as discussed in paper 3). Residues marked with
(’) indicate those from a 2-fold symmetry related chain. The electron density maps were
contoured to 1.0 σ level. C) The packing of SSR1 WT domain-swapped dimer along a (left)
and c (right) axis, respectively.
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Fig. B.37 Model building and refinement of the structure of SSR1 C94S monomer. Top)
Examination of the electron density map around W64 showing a low level of bias. Bottom)
Consistent with the SDS-PAGE analysis of this mutant, electron density map confirms the
clipping between residues S191 and S192. The electron density maps were contoured to 1.0
σ level.
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Fig. B.38 Model building and refinement of the structure of SSR1 C94S dimer. Exami-
nation of the electron density map around W64 showing a low level of bias (top). The initial
electron density map revealing a continuous density following S191, not connected to P193
(S192 was initially omitted) (middle). The final refined map revealed the positions of the
S191-S192 residues, lying in an extended conformation (bottom). Residues marked with
(’) indicate those from a 2-fold symmetry related chain. The electron density maps were
contoured to 1.0 σ level.



228 Extended Methodology - SSR1

B.8.3 Model building, validation and structural analysis of the variety

of SSR1 clip site mutants

The initial and final refined models with their corresponding electron density maps of

SSR1 S191A-S192G, S191A-S192A, S192A, and S192C mutants are shown in Figure B.39.

Analysis of the structures identifying the absence of clipping and its implications in the

folding of SSR1 are addressed in Paper 3. The structure of the SSR1 S192C mutant consists

of 4 subunits in the asymmetric unit. The final model revealed that they comprised 2

disulphide-linked dimers with C192 of each subunit linked to that of a neighbouring subunit

with clear indication of clipping between residues 191 and 192 (Figure B.40).
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Fig. B.39 Model building and refinement of the SSR1 clip site mutants. Examination of
the electron density map around W64 showing a low level of bias for A) S191A-S192G, B)
S191A-S192A, C) S192A, and D) S192C mutants, respectively. Initial (left panels) and the
refined models (right panels) with their corresponding electron density map are shown. The
electron density maps were contoured to 1.0 σ level.
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Fig. B.40 Disulphide-linkage between the subunits of SSR1 S192C mutant. SSR1 S192C
crystallised with four subunits in the asymmetric unit consisting of two disulphide-linked
dimers. There is clear evidence of complete clipping between residues 191 and 192, but
C192 formed disulphide bridge to the equivalent residue in another subunit. Disulphide bond
formed between subunits 1 and 2, and between subunits 3 and 4 are shown in the top and
bottom panel, respectively. The electron density maps were contoured to 1.0 σ level.
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Conclusions and future work

6.1 Conclusions

This thesis aimed to expand the CNF1-like family of GDT by exploring and characterising

other members of the family on their own or in complex with their molecular targets. In light

of the discovery of BLF1, the second member of this family, and subsequent identification of

its homologs as described in this thesis, it had become clear that more proteins belong to this

family than initially thought. Unlike the other more established papain-like family of GDTs,

with abundant apo and substrate-complex crystal structures allowing critical analysis on the

aspects of toxin-substrate specificity and mechanism, such information in the CNF1-like

family remains elusive. The conservation of a similar fold and the use of a Cys-His dyad

in the papain-like family of GDTs suggest that they all share a similar mechanism to the

cysteine protease, papain, which had emerged following divergent evolutionary events. The

crystal structure of the C-CNF1 toxin had been solved revealing the involvement of a Cys-His

pair in the active site in a similar relative orientation to that in papain. However, with the fold

of C-CNF1 being completely different from papain, and the absence of crystal structures of

C-CNF1 in complex with any protein target, many questions remain to be answered on their

specificity, mechanism and function, which leaves an opportunity worth exploring.
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6.1.1 Analysis of crystal structures of BLF1 C94S in complex with

eIF4A

This study began with crystallisation trials which aimed to increase the resolution of crystals

of a BLF1 C94S mutant in complex with eIF4A beyond the initial diffraction limit of 2.5

Å. The purification of the complex was straightforward due to a relatively strong binding

between the inactivated C94S mutant of BLF1 to eIF4A making a 1:1 complex during gel

filtration. In contrast, although BLF1 WT forms a complex with eIf4A during purification,

crystallisation of the complex had been difficult presumably due to the complete deamidation

leading to the release of the product and the dissociation of the complex. Whilst obtaining

crystals of the BLF1 C94S:eIF4A complex that diffracted to higher resolution proved not

to be successful, the structure determination of the complex in a distinct crystal form was

possible. Unfortunately, whilst these crystals diffracted to 2.2 Å the structure could only be

solved at 3.0 Å due to problems related to anisotropy.

Superposition of the crystal structures of forms A and B revealed that they have identical

binding modes whereby BLF1 binds in the cleft between the two domains of eIF4A. Minor

differences seen between the structures include the ordering of some residues in eIF4A and a

slight rotation of one of its two domains with respect to the other probably due to distinct

crystal lattice contacts. Both structures preserve a novel orientation of the two domains

of eIF4A burying two relatively large patches, one from each domain, that interact, via

extensive van der Waal’s forces, hydrogen bonds and salt bridges, to the corresponding

surfaces on BLF1. These intricate interactions form the molecular basis of the specificity

of BLF1 towards eIF4A as discussed in Paper 1. Further analysis of the residues in eIF4A

that interact with BLF1, revealed that about 75 % are conserved across many eukaryotes.

In addition to the novel orientation of the two domains of eIF4A in the formation of this

complex, the structure of eIF4A in the complex at 2.5 Å represents the highest resolution

structure of the two domains of human eIF4A in the PDB.
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Critical in the analysis of the structures of the two crystal forms is the position of Gln339

of eIF4A close to the Ser94 and His106, the two residues that would make up the Cys-His

dyad in an active toxin. Due to the presence of an un-modelled solvent close to Gln339 of

eIF4A in crystal form B, which results in a shift of Gln339 to a non-productive conformation,

further analysis on the aspects of the mechanism of BLF1 toxin was carried out on the crystal

form A structure.

Comparison of the coordinates of the BLF1 C94S in complex with eIF4A and those of

BLF1 C94S and WT apo structures indicates that they are almost identical apart from the

torsion angle of the Cys94 in the WT apo structure. This suggests that the interaction seen

in the BLF1 C94S:eIF4A structure closely mimics that in the active complex. As papain

has been generally accepted as utilising a thiolate-imidazolium ion pair for its function, the

question arose as to whether a similar situation can be seen in BLF1 structures. This led to

the structure determination of fresh crystals of BLF1 WT where the radiation damage was

minimised in order to examine the interactions of the Cys94 side chain, which revealed that

the Sγ of Cys94 forms a hydrogen bond to His106, a feature rarely seen in thiol proteases

due to oxidation of the cysteine. Subsequent analysis on the geometry suggests that the

hydrogen resides on His106, thus leading to the proposal that the Cys-His pair in BLF1 is in

the thiolate-imidazolium ion form and is stabilised by hydrogen bonding. This is analogous

to the situation in the serine proteases but where the shared proton lies at the Oγ of the serine

presumably due to its higher pKa.

Further analysis by superposition of the Gln339 of eIF4A and the dyad, on those of the

cysteine protease, TEV:substrate, the papain-like GDT, Cif:Nedd8 and the papain:inhibitor

complex structures, identified that BLF1 contains an oxyanion hole to stabilise the tetrahedral

intermediate during the course of glutamine deamidation. Investigation on the conformation

of Ser94 of BLF1 C94S in the complex structure indicates that it adopts a Burgi-Dunitz angle,

not suitable for the nucleophilic attack on the carbonyl group of the Gln 339 side chain of
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eIF4A. However, as seen in the BLF1 WT apo structure, the change in the torsion angle of

Cys94 might well position the Sγ of Cys94 in an ideal Burgi-Dunitz angle to carry out the

nucleophilic attack. The conformation of the Ser94 in the complex is therefore thought to be

in a Near Attack Conformation. Taken together, the oxyanion hole and the implementation

of a thiolate-imidazolium ion pair for activity in BLF1 lead to a proposal that glutamine

deamidation in this family indeed shares a similar mechanism to that of cysteine protease,

papain. This observation is an interesting example of convergent evolution.

6.1.2 Structure determination and analysis on the crystal structures of

SSR1

Following the discovery of a BLF1 homolog, SSR1, in the genome of S. stiibiresistens, a

programme of structure determination and characterisation of this protein was initiated. The

success of this programme would then be exploited to obtain more information on the BLF1

family of toxins by identifying SSR1’s molecular target and co-crystallisation with the target

protein with the aim of getting higher resolution crystal structures to further analyse the

precise details of intermolecular interactions that form the basis of substrate specificity.

However, the study took an unexpected turn following the setbacks encountered during

protein production and purification, as discussed in Paper 2. In short, over-expression of SSR1

in recombinant E. coli strains required growth at low temperature over a long incubation time,

to produce soluble protein. However, it was then noticed that the purified protein was in a

mixture of full-length SSR1 and a clipped variant, producing two fragments of 21 and 3 kDa,

respectively. Subsequent mass spectrometry analysis suggests that the clip site lies in the

peptide bond between Ser191 and Ser192. Purification of SSR1 WT proteins via gel filtration

yielded a dimeric peak containing mostly the unclipped proteins and a monomeric peak

consisting of the clipped variant. Subsequent structure determination of these two variants of

SSR1 WT revealed a monomeric form with the peptide bond between Ser191 and Ser192
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clipped but the two fragments remained associated, and an unclipped domain-swapped dimer.

Although 3D domain-swapping is not uncommon in protein structures, especially those

determined by X-ray crystallography, the mutually exclusive event of peptide clipping and

domain swapping in SSR1 represented an observation rarely seen before.

Investigations of the factors influencing peptide clipping and the propensity of domain-

swapping were carried out by the generation of several mutants, analysis on their clipping

pattern and behaviour during purification and structure determination. The use of protease

inhibitors and protease deficient E. coli strains ruled out the involvement of extrinsic pro-

teases in the clipping. In light of the proposal that glutamine deamidation shares a similar

mechanism to cysteine proteases, one possibility that could cause the observed clipping

was the toxin activity itself. An SSR1 C94S mutant, whereby the nucleophile, Cys94, was

mutated to serine, a mutation that abolishes deamidase activity in BLF1, still resulted in a

similar pattern of clipping and dimerisation seen in the WT SSR1. Interestingly, the C94S

dimer had a distinct pattern of domain swapping as discussed in Paper 3. The linear extended

conformation of Ser191 and Ser192 in both distinct domain-swapped dimers combined with

the clipping in the monomeric forms suggested the roles played by residues surrounding the

clip site in cleavage.

Structure determination of a variety of clip site mutants has provided insights into the

origins of the clipping and the domain-swapping events, as discussed in great detail in Paper

3. In summary, prior to clipping, partially folded or the so-called open monomers stall due to

a strain during folding that was produced as a result of a clash between the Cβ atom of residue

at position 192 and the Cδ atom of Pro193. Owing to the high concentration of protein in

recombinant expression system, these open monomers would encounter similar subunits to

domain swap into dimers while maintaining a stable monomer-like fold. However, a signifi-

cant proportion of the open monomers then fold into closed monomers which are then clipped

to release the strain but, to do so requires an active nucleophile (Ser/Cys/Thr) at position
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192. The absence of any functional group to assist clipping as seen in the S192A/V mutants

would then leave the loop in a strained state, evident in the unusual Ramachandran angles

and deviations from standard bond angles of the peptide bond. Although the requirement

of Ser/Cys/Thr in allowing peptide clipping mimics the N-O acyl shift in the mechanism of

self-splicing inteins, much remain unknown on the molecular basis underpinning the clipping

event. Nevertheless, these mutually exclusive events of strain-induced clipping and domain

swapping in SSR1 represent a novel post-translational modification in order to maintain a

stable "functional" fold.

6.2 Future work

6.2.1 Optimisation of BLF1 C94S:eIF4A complex crystal structures

Although the current 2.5 Å structure revealed the first information on the molecular basis

of the specificity of BLF1 towards eIF4A, higher resolution structures would permit a more

precise analysis of the intricate details of the interaction which would then be utilised in

a drug development programme to hopefully counter the effects of BLF1 toxin during the

progress of melioidosis. Following the identification and characterisation of BLF1 homologs

in S. stiibiresistens and H. chejuensis, each possessing interesting characteristics, these toxins

could also be used to provide this information. This would then be followed by mutation and

binding studies to investigate the roles played by the residues in the interfaces between these

toxins and eIF4A in virulence. Although the habitat of S. stiibiresistens and H. chejuensis

would exclude humans as their target hosts, the high sequence conservation of eIF4A across

many eukaryotes provides a broad opportunity for this analysis. Whilst the structure of

HCH_03101 in complex with eIF4A is yet to be determined, superposition of the coordinates

of HCH_03101 on BLF1C94S:eIF4A complex places the β -protrusion around the C-terminal
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domain of eIF4A, which might implicate its role in substrate recognition and binding and

thus supporting the role of the toxin as targeting eIF4A or related proteins (Figure 6.1).

Fig. 6.1 Superposition of HCH_03101 structure on BLF1C94S:eIF4A complex. A) The
β -protrusion of HCH_03101 seems to cradle around the C-terminal domain of eIF4A (red
dashes) strongly suggesting the possibility of its involvement in recognition and binding.
The target Gln339 of eIF4A is also placed closed to the active site residues in HCH_03101
(yellow dashed square) which is amplified in panel B.
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6.2.2 Characterisation of S. stiibiresistens as an intracellular pathogen

As the pathogenicity of S. stiibiresistens is still poorly understood, the presence of BLF1

homolog in its genome, lacking the delivery warhead seen in CNF1, suggests that it is an

intracellular pathogen. It is therefore crucial to identify the host organisms targeted by S.

stiibiresistens to deepen our understanding of the involvement of this toxin in pathogenicity

and disease.

6.2.3 The development of inhibitors for BLF1 or the CNF1-like family

of GDTs

The structure of BLF1 C94S:eIF4A complex provided the first insights into the specificity of

any toxin in the CNF1-like family which revealed a similarity to the mechanism of cysteine

protease papain. Given the threats posed by B. pseudomallei and pathogenic E. coli strains,

development of inhibitors becomes an urgent issue that needs to be addressed. Following the

details of the specificity of BLF1 towards eIF4A discussed in Paper 1, and the addition of new

candidates with the discovery of more BLF1 homologs, a more structured drug development

programme can be developed, with the starting molecules being small peptides mimicking

the substrate glutamine residue taking into consideration the successful design of papain

inhibitors due to their similar mechanism.

6.2.4 BLF1-like toxins as anti-cancer or anti-carcinogenic agent

BLF1 deamidates Gln339 of eIF4A, an RNA helicase important in initiation-dependent

protein translation in dividing cells. This provided an interesting scope of using these

toxins as an agent to block or kill rapidly dividing i.e. cancer cells (Rust et al., 2018). The

availability of several BLF1 homologs might provide opportunities to fine-tune the selectivity

of these toxins towards cancerous cells without incurring any harm to normal cells.
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6.2.5 Investigations of the relationship between the folding pathway of

SSR1 and the evolutionary aspects of protein folding

The clipping and domain-swapping events in the folding pathway of SSR1 provide intriguing

insights into the evolution of proteins and the protein folding events. However, many

questions arise following these findings. How important is the role of strain in folding in the

formation and therefore evolution of oligomeric forms of proteins? Is strain in folding a major

force that governs misfolding and the formation of aggregates? Is strain-induced clipping a

more widespread mechanism to ensure folding into a functional monomeric form as a safe

passage to avoid misfolding, and hence loss of function? How much of the occurrence of

domain-swapping observed following X-ray analysis is real and how much is an artefact of

recombinant expression?

The observation of multiple domain-swapped/clipped structures in SSR1 clearly suggests

that proteins are plastic and this could be beneficial in face of random mutations in order

to maintain a stable functional fold. An activity assay as described above on the domain-

swapped dimers would be an interesting avenue to support the view that strain and domain-

swapping play significant roles in the evolution of protein folding. Unfolding of domain-

swapped SSR1 proteins and refolding experiments in a much lower concentration would

presumably prevent further domain-swapping, but due to the strain, it would be interesting to

see if all the proteins would eventually be clipped in order to completely fold into a stable

monomer.

Regardless, this strain-induced clipping event that has clear similarities with the mecha-

nism of self-splicing inteins, provides an interesting relationship that raises many questions.

The studies carried out on SSR1 in this thesis, therefore, provided a fundamental groundwork

for future investigations. A structural sequence motif Ser/Cys/Thr-Pro at a turn on a loop

would be an excellent starting point to search for more similar events in other proteins that

might have been discarded at an early stage due to the clipping being treated as a problem.
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Such studies would help strengthen our understanding of the clipping mechanism and protein

folding in general.
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