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Summary

The emergence of ecological adaptations is a fundamental conundrum in evolutionary biology. A magni-
ficent and astonishing diversity of life forms occupy a myriad of ecological niches, from stable intra-cellular
nutrition-rich environments to harsh ones. How do these forms emerge? The aim of my PhD is to contribute
to unearthing the evolutionary rules of ecological innovation by focusing on particular sets of molecules that
mediate the interaction of organisms with the environment. We focused on the understanding of two questions:
(i) what is the role of secretion systems in the emergence of ecological adaptations in prokaryotes, and in par-
ticular in pathogenic bacteria? and (ii) how does the environment react to these adaptations, particularly how
do hosts counteract the different adaptation mechanisms of pathogens? The interplay between the plasticity of
the environment, be it a chemical environment or an organism with a greater biological complexity, and that of
the occupying organisms has generated a complex dynamic of evolution and counter-evelution responsible for
the great biological diversity we see today on Earth.

To understand the role of secretion systems in the emergence of evolutionary novelties, we hypothesise
that functional diversification of bacterial secretory machineries is an important step for subsequent ecological
innovation, as secreted components establish the link with the environment, therefore playing an essential role
in the localisation of proteins that mediate cell-environment or pathogen-host interaction. Based on the above
assumption, we focused on the understanding of the evolution of secretion systems in bacteria by looking for
signatures of protein functional diversification in the transition to a pathogenic lifestyle. To study functional
diversification at the proteome level, in chapter 2 we developed a novel method that identifies signatures of
functional divergence (FD)-understood as the process by which new genes and functions originate through
the modification of existing ones. Applying this method made it possible to analyse the FD of 750 bacterial
proteomes. This permitted the direct testing of signatures of FD linked to bacterial lifestyle because the set
of bacterial proteomes tested included psychrophiles, thermophiles, pathogens and symbionts. We demon-
strated that proteins that belong to carbohydrate transport and metabolism and cell wall/membrane/envelope
biogenesis were the most functionally divergent, which is in line with our previous hypothesis that secreted
proteins play an important role in mediating ecological adaptation. In contrast to this, proteins that belong
to bacterial secretion systems showed relatively weak FD. To further address the role of secretion systems in
ecological adaptation, in chapter 3 and 4 we analysed, using our previously developed approach, two evolution-
arily conserved secretion systems in prokaryotic and eukaryotic cells: the general secretory (Sec) system and

the twin-arginine translocation (Tat) pathway. We revealed two general patterns of FD that affected the most



important Sec system proteins, the motor protein SecA and the channel of Sec translocase SecY. Our results
suggest that FD has affected SecA in a way related to its ability to utilise adenosine triphosphate (ATP), with
this having dramatic consequences on the transport of a variety of proteins, including short to medium sized
proteins and extremely large cell surface proteins. With regard to the FD patterns in SecY, this mainly affected
the SecY cytoplasmic regions (C1, C4 and C6), that play an important role in SecA-dependent posttranslational
translocation and ribosome-dependent cotranslational translocation. These patterns of FD may also contribute
to translocate particular sets of proteins for lineage-specific niche adaptations. Finally, we demonstrated that in
halophilic and thermophilic archaea the FD of the core components of the Tat pathway, TatC and TatA, respect-
ively, play an essential role in their ecological adaptation, as also evidenced by their Tat-dependent secretome
analysis. Moreover, FD and secretome analysis of pathogenic bacteria revealed novel insights into bacterial
evasion of host immune response.

To address how hosts in particular counteract bacterial invasions, we aimed to identify signatures of re-
ciprocal molecular evolution (also known as coevolution) between hosts and pathogens. To do so, we focused
on the proteins mediating the main host immune response mechanisms: the protein complex formed by the
major histocompatibility complex (that includes two major classes: MHCI and MHCII), antigenic peptides
derived from pathogens (p), T cell receptor (TCR) and co-receptor CD8/CD4 expressed on T cell surface
(TCR/pMHCI/CD8 or TCR/pMHCII/CD4). This complex of proteins plays a central role in host adaptive im-
munity, that performs two types of effector mechanisms of the immune system: one is the cytotoxic T cell
mediated apoptosis of host cells infected with intracellular pathogens, while the other is the antibody mediated
host immunity based on the activation of B cells by helper T cells. In chapter 5 we identified the coevolutionary
patterns within and between human leukocyte antigen class I (HLAIL human MHCI) and class II (HLAII, human
MHCI]I) allele protein groups and we showed that most of the identified coevolving residues are grouped within
the antigen recognition site and have undergone strong positive Darwinian selection. Our results revealed that
there are correlated amino acid changes across the whole HLA proteins, from TCR-antigen binding domain to
CD8 and CD4 coreceptor binding domains to transmembrane and cytoplasmic domains. This demonstrates the
complex coevolutionary dynamics on MHCI and MHCII molecules. Our results suggest that the coevolutionary
patterns operating on HLAI and HLAII molecules are the result of host—pathogen coevolution and cooperative
binding of TCR, antigenic peptides, and CD8 and CD4 to HLA molecules. Moreover, our results point to that
disruption of the optimised interactions between and among coevolving residues could lead to different levels
of disease resistance and susceptibility (e.g., progression to AIDS).

The combined results of this project paves the way for future projects that aim to study the interaction and

coevolution of pathogens and their hosts.
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“Therefore one hundred victories in one hundred battles is not the most skillful. Seizing the enemy without
fighting is the most skillful.”
Sun Tzu, The Art of War




Chapter 1

Introduction

1.1 Symbiosis: The basis of combinatorial evolution

Darwin acknowledged the slow pace at which natural selection acts: “that natural selection will always act
with extreme slowness I fully admit” (Darwin, 1859). This observation was based upon the fact that selection
allows fixing of new living forms in a gradual way. The astonishing diversity of living forms on earth is striking
given the slow speed at which evolution occurs. Darwin recognised that new forms emerge as the result of the
modification of ancestral ones and this established a quasi-linear relationship between diversity and time. How
then do complex forms emerge so subtly in nature?

In 1879, Anton de Bary first used the term “symbiosis™ to refer to different organisms that live together.
This denotation was fundamental to conceive evolution and the emergence of biological complexity as the out-
come of combining living forms with different complexities into one form. Indeed, symbiosis has been a major
player in the emergence of complexity and has been the hallmark of eukaryotic cells” evolution. How does
symbiosis emerge and what kind of interactions can take place between organisms that could drive complex
evolution? The definition of symbiosis by Anton de Bary did not distinguish between the three organismal
relations: parasitism, commensalism and mutualism, in the sense that the three relationships were included as
particularities of symbiosis (Paracer & Ahmadjian, 2000). The three relationships, however, involve different
types of organismal interactions.

Commensalism is established between two organisms when the relationship between them is neither harm-
ful nor beneficial. Mutualistic symbiosis takes place when both of the symbiontic partners get some benefit
of the relationship, in many cases such benefit leads to the metabolic marriage of the two or more involved

organisms (Moya et al., 2008). Finally, parasitism refers to a relation in which one of the symbiotic organisms



1.2. Host-pathogen coevolution

benefits at the cost of the other, although a parasitic organism may not necessarily be pathogenic to its host
(Paracer & Ahmadjian, 2000). Pathogens are disease-causing agents to their hosts including viruses, bacteria,
fungi, protozoa and worms (such as Paragordius tricuspidatus). In this thesis, I will mainly refer to bacterial
pathogens unless otherwise specified. Nonetheless, much attention has been devoted to bacterial mutualistic
symbiosis during the last two decades. For example, symbiosis of bacteria with their insects hosts has received
special attention because of the direct implication of these symbiotic relationships with the ecological diversi-
fication of their hosts. For example, many of the hosts known to harbor symbiotic bacteria feed on diets that
are poor in essential amino acids (Hansen & Moran, 2011) and vitamins (this is the case of tsetse flies) (Wu
et al., 2006; McCutcheon et al., 2009). Several studies have shown that both, the bacterium and the host, have
established an intimate metabolic association such that the bacterium could complement the diet of the host
with the lacking components (Moran, McCutcheon, & Nakabachi, 2008), hence allowing the colonization of
novel unexplored ecological niches.

In the next three sections, I will first introduce the concepts of molecular coevolution and functional
divergence, which play a central role in host-pathogen coevolution and which are the central concepts of this
thesis. Secondly, I will briefly discuss the host immune response and the functioning of the immune system,
a prerequisite to understanding the complex host-pathogen interactions and the underlying patterns of genetic
variation. Thirdly, I will introduce the concepts of bacterial pathogens and elaborate on a group of specialised
molecular systems that bacteria use to interact with their environments. The way such molecular systems can
contribute to environmental adaptation of prokaryotes will be also the focus of my discussion. Finally, I will
summarise current progress in prokaryote genome projects, which are the foundation of the analyses carried

out throughout this thesis and, indeed, in the last decade of research in comparative genomics of prokaryotes.

1.2 Host-pathogen coevolution

In evolutionary biology, the central dogma of species coevolution is that interacting species undergo re-
ciprocal evolutionary changes through natural selection (Thompson, 1982). In this sense, the coevolutionary
process between species is considered to play a fundamental role in shaping Earth’s biodiversity (Thompson
& Cunningham, 2002). Although this may seem a novel concept in ecology, the interaction between species,
both within and between species, and its importance on species’s “struggle for existence” was, however, al-
ready noticed by Charles Darwin in his book “On the Origin of Species” (Darwin, 1859; Thompson, 1994).
For example, Charles Darwin understood that “a corollary of the highest importance may be deduced from the
foregoing remarks, namely, that the structure of every organic being is related, in the most essential yet often

hidden manner, to that of all other organic beings, with which it comes into competition for food or residence,
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or from which it has to escape, or on which it preys.” (Darwin, 1859).

Ever since the acceptance of the evolutionary theory, evolutionary biologists have strived to understand
how interactions between species could result in coevolution (Thompson, 1994). The interaction between
species could lead to specialisation, in which the relationships between species are well established. Spe-
cialisation includes the three types of relationships in symbiosis that were introduced at the beginning of this
chapter: commensalism, mutualism and parasitism (Paracer & Ahmadjian, 2000). These specialised inter-
actions lead inevitably to coevolutionary processes that maintain a selective advantage for one or two of the
partners of the interactions and that shape the diversity of these interacting species. The interaction between
pathogens and their host(s) could lead to antagonistic coevolution, well described in the Red Queen hypoth-
esis. According to the Red Queen hypothesis, first proposed by the evolutionary biologist Leigh Van Valen
in 1973 (Van Valen, 1973), the fitness increase of one species could cause fitness decrease of another species
sharing the same ecological (interacting species) niche and vice versa. For example, in terms of a pathogenic
relationship of a bacterium with its host, the conflict of fitnesses between the pathogen and the host could result
in the adaptation of the pathogen to its host and the consequent counter-adaptation of the host to its pathogen
(Paterson et al., 2010). This process was thought to drive the molecular evolution of the interacting species
through natural selection (Van Valen, 1974). However, the main factors responsible for the interaction between

pathogen and host are those proteins involved in infection and resistance to infection (Paterson et al., 2010).

These proteins determine the virulence of the pathogen and the susceptibility of the host. For instance, in
the case of pathogenic bacteria these proteins are frequently found to be associated with their secretion systems,
whereas in the human host such proteins are key components of the innate and adaptive immune responses.
Therefore, if we want to investigate how host-pathogen interaction can lead to the reciprocal evolutionary
changes in the classic view of coevolutionary theory, then we have to demonstrate how this specilisation results
in molecular coevolution. In the case of host-pathogen interaction, I define specialisation as a condition in
which pathogens undergo functional divergence in genes encoding specialised proteins that specifically interact
with their hosts to improve its biological fitness. As a case in point, in chapter 3 I show how pathogenic bacteria
use two homologous secretion systems to adapt to their hosts. One set of secretion proteins performs the house-
keeping functions important for the bacterium’s viability, while the other is specialised in secreting a particular
set of proteins responsible for the bacterium’s potential to colonize the host. Identifying proteins in pathogens
that have been diverging from their homologous proteins in closely related free-living organisms and that have
specialised their functions in adapting to its host would make it possible to understand the coevolutionary
dynamics between hosts and pathogens. Therein, the process whereby proteins may shift in function as a result
of changes in protein sequence composition after a process of lifestyle change or gene duplication will be

termed functional divergence.
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Functional divergence involves a change in a protein’s function and its departure from the ancestral func-
tion. Functional divergence is most likely to occur after particular processes that shift the selective constraints
(change the strength of natural selection), such as gene duplication or a change in the ecological conditions.
Gene duplication is a much rarer process in bacteria compared to eukaryotes. The metabolic plasticity of bacte-
ria increases their ability to adapt to a wide spectrum of environmental conditions, hence allowing a change in
the ecological conditions and providing opportunity for functional specialisation of pre-existing proteins. The
two main evolutionary forces driving the combinatorial evolution in life is therefore coevolution of molecules
from different organisms and indeed the specialisation of proteins to new ecological conditions by changes in
their original functions. Because of their central role in the emergence of combinatorial organismal interac-
tions, molecular coevolution and functional divergence of protein functions are at the very centre of this thesis

and support my study of the interaction between pathogens and hosts.

1.2.1 Molecular coevoluticn

Amino acid covariation at positions across the same or homologous protein sequences can be attributed
to non-independent evolution. This means changes in the amino acid states at one position may change the
constraints of amino acid changes at other position(s) of the same protein or of biologically or physically in-
teracting protein. The mechanisms that cause such correlated changes are elusive (Chakrabarti & Panchenko,
2009). At the molecular level, we can define such non-independent evolution as molecular coevolution, which
can be further defined at different levels, namely, intramolecular and intermolecular coevolution. Intramolec-
ular coevolution refers to coevolution of amino acids within the protein, whereas intermolecular coevolution
refers to these changes among proteins (Fares & McNally, 2006; Galtier & Dutheil, 2007; Codoner & Fares,
2008). As shown in equation (1) molecular coevolution Cij between two amino acid sites 7 and j can be de-
composed into phylogenetic coevolution (Cppyiogeny)s Structural coevolution (Cy;pycrure), functional coevolution
(Ctunction). coevolution due to structural and/or functional interactions (Ciyeracrion) and stochastic coevolution
(Cstochasiic) (Atchley et al., 2000).

Ci = Cphylogen)‘ 97 Cstructure + Cf unction + Cimeraclion - Cstorha.rri(‘ ( 1)

Thus, at the molecular level coevolution is a very complex process governed by many factors that are not
observable at the species level. Coevolution due to structural and/or functional reasons is known to arise as a
result of the action of natural selection because changes causing structural or functional instabilities are filtered
by natural selection as long as they exert important negative effects on the biological fitness of organisms.
Therefore, our primary goal in coevolutionary analyses would be identifying coevolutionary amino acid sites
that are the result of the structural and/or functional interactions between amino acids, while removing those

coevolutionary relationships that are due to phylogenetic and stochastic processes.
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Many methods have been developed to detect sites under coevolution based on multiple sequence align-
ments (MSA). These methods generally fall into two categories: non-parametric and parametric methods.
Among the non-parametric methods that are extensively used are those relying on the caiculation of the Mutual
Information Content (MIC) of amino acid sites in the MSA, without a priori knowledge of the relationships
between residues. In contrast to these non-parametric methods, parametric methods assume explicit probabilis-
tic models, whereby they estimate parameters that can weight the coevolutionary relationships between amino
acid sites and test their statistical significance (Codoner & Fares, 2008). Fares et al. developed a method that
can identify coevolving amino acid sites after removing phylogenetic and stochastic effects (Fares & Travers,
2006). This method makes use of an empirical amino acid substitution matrix to identify statistically significant
coevolving amino acid sites. It is able to distinguish positively and negatively correlated coevolving sites and
yields highly accurate results when the MSA are allele data from the same species.

It has become increasingly clear that molecular coevolution is instrumental to determine the nature of the
relationships between proteins in the same species or between different species in the biosphere. Coevolution
analyses at the molecular level are particularly interesting for human health and pathogens-caused diseases
because many pathogens are known to be specialised in infecting humans and/or closely related mammals,
with which they present interesting coevolutionary dynamics (Thompson, 1999; Woolhouse et al., 2002; Fares
etal., 2011). In the last decades much attention has been devoted to understanding the dynamics of pathogens,
specially of those with high immune-escape mutation variants and with short generation times (RNA viruses for
instance). Much less attention has been directed towards deciphering how pathogens and their hosts interact
at the molecular level, owing to the inherent complexity of such dynamics. Molecular parameters limiting
or defining the interaction between these two biological systems are, however, of great importance. Many
difficulties arise in such an endeavour, mainly due to the complex population dynamics of the pathogens within
the host and the difficulty inherent to the social networks and treatment dynamics of the host. Identifying
molecular signatures that could define the nature of the interaction between pathogens and host can shed light
on an otherwise obscure problem. For instance, coevolutionary analyses may help us identify the patterns of
correlated variation between immune proteins and proteins involved in bacterial and viral pathogenesis. These
patterns could be paramount to our understanding of the molecular mechanisms of pathogenesis, infectious
diseases and host immunity (Apanius et al., 1997; Borghans et al., 2004; De Boer et al., 2004; Hailing-Brown
et al., 2008; Hedrick, 2002; Vogel et al., 1999).

1.2.2 Functional divergence

The concept of functional divergence has been used to describe how protein functions change after gene

duplication events, which is considered to be a fundamental step in evolution and that could lead to the origin



1.2. Host-pathogen coevolution

of new species (Ohno, 1970; Lynch & Conery, 2000; Conant & Wolfe, 2008; Innan & Kondrashov, 2010).
Although much attention has been given to gene duplication as a source of genetic and functional innovation,
two evolutionary events could drive to their functional diversification (Ohno, 1970; Soskine & Tawfik, 2010):
gene duplication (Ohno, 1970) and speciation (Gu, 2003; Studer & Robinson-Rechavi, 2009, 2010). The
biological phenomena that lead to functional innovation are partially understood, the mechanisms enabling
such functional innovation, however, remain elusive.

Functional innovation is a rather improbable phenomenon because most innovative mutations are destabil-
ising—that is, they compromise ancestral functions or protein stability. Some mechanisms have been proposed
that may be successful at enabling the fixation of innovative, slightly deleterious, mutations. Key among these
mechanisms is whole-genome duplication that results in new genetic material likely to be preserved for long
evolutionary periods owing to the preservation of gene dosage balance. Other mechanisms, such as those
that buffer the deleterious effects of innovative mutations, may result in novel functions, such as the action
of molecular chaperones and chaperonins—folding machines that are ubiquitous and important as sentinels of
the proper cell proteome function. Regardless, the mechanism enabling the fixation of innovative mutations,
it is obvious that this evolutionary phenomenon is a likely outcome for one gene copy after duplication (par-
alogs) and homologous genes from species sharing a common ancestor (orthologs) (Koonin, 2005; Studer &
Robinson-Rechavi, 2009).

It is generally considered that orthologs are functionally similar and paralogs are more functionally di-
vergent (Studer & Robinson-Rechavi, 2009). Because of the potential to offer opportunity for functional di-
versification, gene duplication is considered to be a main source of evolutionary innovation (Lynch & Conery,
2000). Contrary to this, a recent study demonstrated that patterns of functional divergence between orthologs
and paralogs in animal genes are not significantly different (Studer & Robinson-Rechavi, 2010), indicating that
studying functional divergence of a protein family (a group of homologous proteins) is more appropriate since
it includes both orthologs and paralogs (Gu, 2001, 2003).

Only recently have large scale analyses become possible with the increase of genomic data and the de-
velopment of appropriate statistical methods (Gu, 1999, 2001, 2006; Toft et al., 2009). Most of these methods
work under the reasonable assumption that amino acid sites conserved evolutionarily in homologous proteins
are so because of their functional importance (Kimura, 1983). This assumption is based upon the fact that natu-
ral selection operates to preserve protein functions provided these functions optimise organismal fitness, hence
functional amino acid sites are more constrained by natural selection than non-functional sites in a protein. The
conservation pattern of amino acid sites in homologous proteins is used by most functional divergence detec-
tion methods to look for two types of functional divergence of amino acid sites: Type I and Type II functional

divergence (Gu, 1999).
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In Type I functional divergence amino acid sites are compared between two clusters of phylogenetically
close protein sequences. In one cluster of protein sequences amino acids at a particular site are highly con-
served, whereas in the second cluster amino acids at that site have much greater stochasticity, pointing to the
acquisition of a function at these sites in one paralog (the conserved one) or the loss of the function in the other.
Conversely, in Type II functional divergence amino acid sites are conserved in both groups, which implies diver-
gence of the two functionally important clusters of homologous proteins. Recently Fares” group has developed
a fast and simple statistical method to detect functional divergence, which can be applied to analyse genome-
wide or protein family functional divergence (Toft et al., 2009; Williams et al., 2010). Analysing functional
divergence of protein families and proteins at the genome level can reveal patterns of functional diversifica-
tion that contributed to organism ecological adaptations. The main constraints of functional diversification of
these proteins should largely come from the environment in which the organism thrives. Because duplicated
genes were shown to play an important role in the ecological adaptation of prokaryotes (Gevers et al., 2004;
Sanchez-Perez et al., 2008; Rose et al., 2002), this biological phenomenon is considered as a main source of
functional divergence. In the context of bacterial pathogenesis, the main constraints should come from the host
(e.g. human) environment, and mainly from the host immune responses. Consequently, pathogenic bacteria
may be expected to utilise duplicate genes or orthologous genes with slight functional shifts to gain new func-
tions that are crucial in host exploitation as evidenced by previous studies (Braunstein et al., 2003; Hou et al.,

2008; Bensing & Sullam, 2009; Toft & Andersson, 2010).

1.3 Host immune response

Mammalian hosts have a variety of ways to stop the invading pathogens, most of which rely on the physio-
logical barriers (Figure 1.1A) and the immune system of the host. The immune system has evolved specialised
cells and proteins to perform immune effector functions thereby responding to pathogenic invasions. When
pathogens pass the physiological barriers of the host, the immune system must be able to recognise such inva-
sions and then eliminate them through effective immune mechanisms. In most situations, the induced immune
responses successfully recognise and neutralise the invading pathogens and the agents they produce. However,
in some situations the immune system fails to do so due to genetic defects or other complicated factors (Casade-
vall & Pirofski, 2001). For example, a human pathogen can acquire a highly virulent trait and it can increase
the virulence of the pathogen. Consequently, this pathogen could be more lethal to susceptible human popu-
lations. Similarly, an outbreak of Escherichia coli infection has recently occurred in Germany. It has claimed
the lives of 39 people in less than two months. This new E. coli strain (O104:H4) presents virulence character-

istics of both Shiga-toxin-producing E. coli (STEC) and enteroaggregative E. coli (EAEC). This demonstrates




1.3. Host immune response

Cell Primary Function

Macrophage Phagocytosis, bactericidal, antigen
presentation,

Dendritic cell Antigen uptake in peripheral sites,
antigen presentation in lymph
nodes

Neutrophil Phagocytosis, bactericidal

Eosinophil Killing of antibody-coated
parasites

Basophil Antigen presentation (Sokol et al.,
2009)

Mast cell Inflammatory response

Natural killer (NK) cell ~ Killing of infected cells

B cell Generating antibodies

T cell Killing of infected cells, helping

other cells respond to infection
Table 1.1: Typical cells involved in the immune response and their functions.

that a pathogenic E. coli strain can acquire both adhesive and Shiga-toxin-producing genes and this makes it
extremely lethal to susceptible populations (Bielaszewska et al., 2011).

Mammalian hosts rely on two types of immune responses to fight infection, namely, the innate and adap-
tive immune responses (Murphy et al., 2007). The two types of immune responses have different speeds and
specificities (Murphy et al., 2007). In general, the innate immune response is rapidly activated once the im-
mune system detects the invading pathogens. Such a response is very broad and general, and acts by recognis-
ing evolutionary conserved molecular patterns among invading pathogens through germline-encoded receptors
(proteins). If the innate immune response can not eliminate the pathogens, which normally takes hours to days,
then the adaptive immune response will be activated at a later stage after invasion. This activation is highly
specific and orders of magnitude more effective than the innate immune response, particularly if the invading
pathogen has been encountered throughout the history of the host.

As mentioned above, an effective immune response to invading pathogens certainly requires coordinated
action of components of the immune system itself. The mammalian host immune system can be perceived from
two levels, the cellular and molecular level. At the cellular level, all cells of the immune system come from
the bone marrow, they subsequently differentiate into different types of immune cells, which include B cells, T
cells, natural killer (NK) cells, macrophages, dendritic cells and neutrophils. They are collectively called white
blood cells or leukocytes. These cells perform various important functions in the innate and adaptive immune
responses. For instance, macrophages, dendritic and neutrophil cells (Table 1.1), known as antigen presenting
cells, can engulf invading pathogens, such as viruses and bacteria (Murphy et al., 2007). At the molecular level,

there are a plethora of proteins involved in the innate and adaptive immune responses, which perform a vari-
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Figure 1.1: Schematic illustration of host immune response to pathogenic bacteria and bacterial secretion
systems mediated immune evasion. Major processes involved in host immune response to pathogenic bacteria
and pathogenic bacteria host invasion and immune evasion are illustrated and labeled accordingly. (A) Bacteria
use their specialised secretion systems (see Figure 1.3 for details) to transport cytosolically synthesised proteins
to their membranes and surrounding environments to interact with host. (B) Once pass the physiological barrier
of the host, bacterial pathogens will encounter their first wave of defense of the innate immune response. They
will be engulfed and killed by phagocytic cells such as macrophages, B cells, dendritic cells, etc. (C) These cells
(APCs) also present antigenic peptides from the pathogens once they are killed. (D) If bacteria successfully
evade their killing by bacterial secretion systems (BSSs), then they will establish a focus of infection. (E) APCs
present antigenic peptides and form a complex TCR/pMHCI/CDS8 or TCR/pMHCII/CD4 (see Figure 1.2 for
details) with T cells to activate T cells to initiate adaptive immune response. Activated T cells will perform
two major effector functions: (F) killing host cells infected with the intracellular pathogens; and (G) activating
naive B cells to become (H) antibody-secreting plasma cells, which further facilitate adaptive immune response
to kill invading bacteria. (I) The complement system, together with phagocytes (e.g., macrophages), can clear
bacterial pathogens with or without antibody involvement. (J) Bacteria are able to evade antibody-mediated
host immunity by BSSs secreted host protein proteases.
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ety of functions that include, but are not limited to, the recognition of pathogen-associated molecular patterns
(PAMPs, e.g. bacterial lipopolysaccharide) and neutralisation of invading pathogens; and cell-cell communi-
cation and regulation of gene expression. These proteins include toll like receptors (TLR), immunoglobulins,
T cell receptors (TCRs), major histocompatibility complex molecules (MHC), cytokines(e.g. interleukin(IL)),
tumor necrosis factor (TNF), and many other related proteins. Among these proteins, immunoglobulins have
been extensively studied. Immunoglobulins have two forms: the soluble form (antibodies) and the membrane-
bound form (B cell receptors: BCRs), and this is the foundation of humoral immunity. In sum, the immune
system should present two main features: i) Its function should be tightly regulated so that it will not damage
the host; and ii) It should be effective against future invasions by the same pathogen encountered throughout its
existence—that is, keep in memory the characteristics of the pathogens invading it (Kindt et al., 2007; Murphy

et al., 2007).

1.3.1 Innate immune system

The innate immune system is the first line of defence against pathogens that pass the host physiological
barriers. Many cellular and molecular components are involved in the innate immune response and their ac-
tion 1s fine-regulated and tuned to provide an efficient response against non-self agents (Murphy et al., 2007).
Briefly, as shown in Figure 1.1B, the main cellular components of the innate immune system are phagocytic
cells, such as macrophages, dendritic cells and other immune cells. Macrophages as a typical phagocytic cell
can engulf invading pathogens through cell surface receptors, such as Toll-like receptors (TLR), which can
recognise pathogen associated with particular molecules. These molecules include bacterial lipopolysaccha-
ride, bacterial flagellin, bacterial peptidoglycan and viral RNAs.

Once macrophages engulf the pathogen, a series of pathways are activated (Murphy et al., 2007). First,
the pathogen contained phagosome will merge with lysosomes, which kills the pathogen by releasing the con-
tent from the lysosomes. Second, activated macrophages secrete a wide range of cytokines to signal other
immune cells to the site of infection and adjust the physiological state of the host to contain the infection and
subsequently eradicate it. These cells also play an important role as antigen presenting cells (APCs). APCs
are crucial in linking innate immune response and adaptive immune response to fight infection as shown in
Figure 1.1C (Henderson & Oyston, 2003). Third, another important component of innate immune system, the
complement system, is also involved in killing the invading bacterial pathogens before they are engulfed by
macrophages. Complement system includes three major pathways, the classical pathway, the lectin pathway
and the alternative pathway. These pathways have a variety of proteins, which can directly attack the pathogen
surface with or without the aid of antibodies (Figure 1.1I). They also facilitate the pathogen uptake by antigen

presenting cells, which contributes to host adaptive immune response. Finally, one of the important compo-
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nents of innate and adaptive immunity is the mammalian NF-kB pathway. NF-kB is a gene transcription factor
complex formed by three components, inhibitor of NF-kB (IkB), pS0 and p52, which regulates gene expressions
of various pathways involved in immune system once activated. These pathways range from development and
survival of lymphocytes and lymphoid organs to the control of immune responses and malignant transformation

(Vallabhapurapu & Karin, 2009).

1.3.2 Adaptive immune system

The adaptive immune system (AIS) plays a central role in host immunity as many resistant pathogens can
only be cleared by adaptive immune response. The emergence of AIS is a hallmark of vertebrate evolution,
and is the core of the host defence mechanisms against a plethora of dangerous microbial pathogens, thereby
maintaining its self-existence (Litman et al., 2010). The two major players in the AIS are the T cells and B cells.
As shown in Figure 1.1E, the T cells have two major types named and classified according to two particular cell
surface proteins CD8 and CD4: CD4 T cell (helper cell), and CD8 T cell (cytotoxic cell). During infection, T
cells use their cell surface proteins T cell receptors (TCRs) to bind to the antigenic peptides presented by MHC
(major histocompatibility complex) molecules on their antigen presenting cell surface. This interaction between
T cells and antigenic peptides activates the T cells that go from a naive state to an active state. Activated T cells
perform two major effector functions in the adaptive immune response (Murphy et al., 2007). First, activated
cytotoxic T cells can kill host cells which are infected with intracellular pathogens as illustrated in Figure 1.1F.
Second, activated helper T cells can activate B cells to become plasma cells, which secrete highly specific
antibodies that play a fundamental role in humoral immunity as illustrated in Figure 1.1G-I. These antibodies
will effectively attack pathogens and the pathogen produced agents and exert an effective neutralising action.

Both T cells and B cells have unique abilities that contribute to the successful neutralisation of invading
pathogens. TCRs expressed on T cell surface can bind to a countless number of antigenic peptides derived
from pathogens in a MHC restricted way, which allows the host to virtually respond to any pathogen invasion
(Murphy et al., 2007). AIS uses a powerful mechanism to create a substantial amount of diversity of TCRs and
immunoglobulins (antibodies and BCRs), where the diversity is created by the recombination of variable (V),
diversity (D) and joining (J) gene segments: the so-called V(D)J recombination. The diversity of B cell receptor
is further enhanced by class-switch recombination, somatic hypermutation and terminal differentiation. The
total diversity of B cell and T cell receptors can reach an astonishingly high number: ~ 5 x 10'3 and ~ 101,
respectively (Murphy et al., 2007).

Pathogens are constantly evolving, which frequently generates immune-escape mutants (Kawashima et al.,
2009; Tan et al., 2010; van der Woude & Baumler, 2004). For example, bacteria and viruses can change their

molecular patterns of surface proteins, which include allelic versions of the same protein. Such changes would
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preclude antibodies generated from previous infections of the same pathogen to recognise the new allelic pro-
tein (Keck et al., 2009; Tan et al., 2009) leading to the successful colonization of the host by the pathogen.
However, as mentioned above, the astonishing diversity of TCRs and BCRs can minimize the amount of vari-
ant that could escape immune response. Complex coevolutionary dynamics between host and pathogens is

therefore established.

1.3.3 Major histocompatibility complex molecules

The major histocompatibility complex (MHC) plays a vital role in mediating innate and adaptive immune
responses. MHC is a cluster of genes that were first found to be responsible for the strong immune response
to transplanted tissues. MHC genes were first discovered in mouse by Peter A. Gorer and George D. Snell in
1936, and this set of genes was initially named histocompatibility-2 (H-2). Its homologous genes in humans
were first discovered by Jean Dausset in 1950s and were later named human leukocyte antigen (HLA) (Klein,
1986). Sequentially, MHC were discovered in other mammals, such as rat, pig and so on (Klein, 1986). MHC
genes have been extensively studied after their discovery and are regarded as the most variable genes in jawed
vertebrates. Besides the initial discovered role in the rejection of transplanted tissues, MHC was shown to play
a critical role in host immunity for several reasons. First, antigenic peptides from pathogens are constantly
presented by APCs in a MHC restricted way to T cells, thereby playing a central role in initiating host adaptive
immune response. Second, several notorious human infectious diseases are found to be MHC-associated with
strong evidence, including acquired immune deficiency syndrome (AIDS, caused by human immunodeficiency
virus (HIV) infection), chronic viral hepatitis (caused by hepatitis B and C virus infection) and mycobacterial
infections (leprosy caused by Mycobacterium leprosy infection and tuberculosis caused by Mycobacterium
tuberculosis infection) (Blackwell et al., 2009).

In humans, there are generally two main classes of MHC molecules: MHC class I (also known as human
leukocyte antigen (HLA) in humans, HLAI) and MHC class 11 (MHCII, HLAII) molecules. MHC is located
on chromosome 6 in humans and chromosome 15 in mice. MHCI and MHCII are further classified into three
subclasses: MHCI has A, B and C three subgroups; while MHCII is generally classified in the subgroups DP,
DQ and DR. Both MHCI and MHCII proteins share very similar overall structures consisting of two functional
regions: the antigen and TCR binding and coreceptor CD8/CD4 binding regions (Figure 1.2). As introduced
above, antigenic peptides are constantly presented by MHC molecules of antigen presenting cells from the
innate immune system to T cells of the adaptive immune system, and this allows recognition and activation of
two types of crucial immune cells: the CD8 T cell and the CD4 T cell. During antigen presentation to T cells, a
complex is formed by the T cell receptor (TCR), an antigenic peptide bound to a MHC molecule (pMHC) and
coreceptor CD8 and CD4, where CD8/CD4 stabilises the interaction between TCR and pMHC. This complex
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T cell T cell

Figure 1.2: Crystal structures of the two critical complexes (TCR/pMHCI/CD8 and TCR/pMHCII/CD4)
formed between an antigen presenting cell and a T cell. (A) TCR/pMHCI/CD8 complex is formed between T
cell and antigen presenting cell (APC), where the alpha chain and the 8, microglobulin of MHC are colored
blue and cyan, respectively. TCR has an alpha chain (colored green) and a beta chain (colored orange). Ho-
modimer CD8 has two alpha chains (colored green and orange respectively). (B) TCR/pMHCII/CD4 complex
is formed between T cell and APC, where the alpha chain and the beta chain are colored blue and cyan, re-
spectively. CD4 has four domains (D1-D4). D1 and D2 are colored red, while D3 and D4 are colored blue.
This figure is produced with protein crystal structures from TCR/pMHCI-A complex (protein data bank ID:
1BD2), CD8/pMHCI-A complex (protein data bank ID: 1AKJ), TCR/pMHCII-DR complex (protein data bank
ID: IFYT) and CD4 (protein data bank ID: 1WIO).
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allows T cell recognition and activation (Rudolph et al., 2006), which is the prerequisite of initiating subsequent
adaptive immune response. If the antigenic peptide is derived from pathogens in the cytosol of the host cell,
then it is loaded to MHCI molecules and presented to CD8 T cell. Conversely, antigenic peptides derived from

phagosomes are loaded into MHCII molecules and presented to CD4 T cell (Murphy et al., 2007).

Two complexes are formed between APCs and T cells (Figure 1.2): the first complex TCR/pMHCI/CD8
(Figure 1.2A), MHCI molecule comprises a heavy chain alpha (colored blue on pMHCI) and a light chain
beta-2 microglobulin (colored cyan on pMHCI), with the alpha chain being anchored in the cell membrane
(Bjorkman et al., 1987); the second complex TCR/pMHCII/CD4 (Figure 1.2B), MHCII molecule comprises
an alpha chain (colored blue on pMHCII) and a beta chain (colored cyan on pMHCII) (Brown et al., 1993)
and both are anchored in the cell membrane. MHCI molecules are expressed in almost all nucleated cells,
while MHCII are only expressed in cells of the immune system. This complex plays a fundamental role in
host immunity, arguably it has been extensively studied during the last two decades (Rudolph et al., 2006; Gao
et al., 2002). Two key functional regions have been extensively analysed: antigen binding groove, where the
antigenic peptide is loaded and where TCR also binds to (Marrack et al., 2008), and the coreceptor binding
region that, when bound to CD8/CD4, stabilises TCR-pMHC interaction and contributes to successful T cell
activation (Rudolph et al., 2006). TCR has an enormous diversity generated by V(D)J recombination, while
MHC has the most variable genes and this diversity is germ-line encoded (Murphy et al., 2007). Moreover,
antigenic peptides as integral part of MHC molecules are also highly variable (Zhang et al., 1998). The rich
variability of this complex makes it an ideal system to test hypotheses concerning host-pathogen coevolution

owing to the rich evolutionary information that such variability contains.

Coevolutionary analysis of TCR/pMHCI/CDS8 and TCR/pMHCII/CD4 complex would yield invaluable
information for future projects more centred on the understanding of biomedical problems. First, this complex
plays a fundamental role in the adaptive immune response to all kinds of pathogens, which directly links
pathogens and immune systems, as antigenic peptides bound in the MHC antigen binding groove are derived
from pathogens. Impairment of functions of this complex would have a drastic effect on downstream immune
functions, such as T cell mediated cellular immunity (killing of intracellularly infected host cells by CD8(+)
T cells) and antibody mediated humoral immunity (antibody production by B cells) (Figure 1.1). Second,
from a mathematical point of view, this complex is a “battlefield of variation” as extensive evidence from last
three decades indicates that: i) variation in antigenic peptides affects the function of this complex and leads
to all sorts of infectious diseases; and ii) variation in MHC molecules affects the function of this complex,
which all contribute to the evasion of T cell-mediated host immunity and thus adaptive immune response of
the host. Studying the molecular coevolution between antigenic peptides, MHC, TCR and coreceptor CD4 and

CD8 would be unrealistic since antigenic peptides can be derived from literally all pathogens, and TCRs have
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a prohibitive diversity as it could reach ~ 5 x 10'3 different combinations and variants. To circumvent this
issue, we can identify intramolecular coevolutionary patterns in MHC molecules since the diversity of MHC is

limited and current computing resources are capable of handling such an analysis.

1.4 Pathogenic bacteria

Infectious diseases cause serious morbidity and mortality in both developed and developing countries.
One of the causative agents of infectious diseases is bacteria. Bacteria are ubiquitous to all Earth environments.
They live abundantly in soil and water across diverse ecological niches. We can find pathogens among all
bacterial phylogenetic clades but not all clades are equally populated by pathogens, and they live in physical
proximity to their hosts. When a pathogenic bacterium interacts with a host, it can live either outside or inside
the host cell. The ability of bacteria to cause disease is regarded as virulence. Such ability depends on the
genetic background of the host immune system, which also varies from individual to individual (Casadevall &

Pirofski, 2001).

1.4.1 Bacterial pathogenesis

Bacterial pathogenesis involves the recognition of host cells, invasion of the host, evasion of the host im-
mune response, persistence of the infection and several other mechanisms that are responsible for the progress
and emergence of symptoms of the infection in the host (Ohl & Miller, 2001). To go through the different
pathogenic steps, bacteria need at least four groups of effector proteins. First, they need to attach to the sur-
faces of host cells. Second, they need to actively and/or passively invade the cells of the host. Third, once
they encounter the host immune response, they should be able to challenge the effector mechanisms of the host
immune response and survive. For instance, during macrophage phagocytosis, the bacterium is internalised
in the phagosome by macrophages, the subsequent step would involve the merge of phagosome and lysosome
to kill the bacterium (Murphy et al., 2007). It is known that many bacteria can secrete some special proteins
(e.g. superoxide dismutases (Braunstein et al., 2003)) to interfere with this process and avoid destruction suc-
cessfully. These secreted proteins enable the bacteria to establish a focus of infection and colonise the host
(Flannagan et al., 2009). Fourth, after the successful colonisation of the host, pathogenic bacteria could secrete
toxic products to the host. These toxins may benefit the infecting bacterium but cause tissue damage to the
host (Masignani et al., 2006). In spite of being synthesized in the cytosol, all four groups of bacterial effectors
function extracellularly. Therefore, they need to be targeted to their final destinations to perform various func-
tions contributing to the pathogenesis of bacterial infection. How do bacteria target these proteins? This can be

achieved using bacterial secretion systems (Harper & Silhavy, 2001; Lee & Schneewind, 2001).
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Figure 1.3: Schematic illustration of bacterial secretion systems. Two membranes are shown, the cytoplasmic (inner) membrane (IM) and the outer
membrane (OM), which represent membranes in gram-positive and gram-negative bacteria, respectively. The Sec and Tat secretion systems are
shown on the cytoplasmic membrane. Other secretion systems (Type I, Type 11, Type I, Type IV, Type V and Type VI) are shown in a membrane
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from http://www.genome. jp/kegg-bin/show_pathway?map03070
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1.4.2 Bacterial secretion system

Bacterial secretion systems are molecular machines that are specialised in transporting proteins to sub-
cellular locations important to bacterial physiology. Protein secretion is very different between the two major
groups of bacteria: the gram-positive and the gram-negative bacteria. In the former group a bacterium has a
single lipid bilayer membrane, while in the later group a bacterium has two lipid bilayer membranes. Conse-
quently, in gram-positive bacteria secreted proteins need to pass through one lipid bilayer membrane and can
be targeted to at least three subcellular locations by secretion systems: cytoplasmic membrane, cell wall and
extracellular milieu (Figure 1.3). Conversely, in gram-negative bacteria secreted proteins need to pass through
two lipid bilayer membrane and can be targeted to four subcellular locations: cytoplasmic membrane, space
between cytoplasmic membrane and periplasmic membrane,and extracellular milieu (Figure 1.3). Transloca-
tion of secreted proteins in bacteria generally requires a signal peptide at the amino-terminus of the protein.
The signal peptide is secretion system specific, with only those proteins that bear the required signal peptide

being transported (Natale et al., 2008).

The general Secretion (Sec) pathway and the twin-arginine translocation (Tat) pathway are the only two
secretion systems known to translocate proteins across or into the cytoplasmic membrane in all three domains
of life (Yuan et al., 2010). About 25% to 30% of bacterial proteins were thought to be translocated through the
Sec secretion system (Driessen & Nouwen, 2008). However, it is generally considered that a smaller fraction of
bacterial proteins are translocated by the Tat pathway (Lee et al., 2006). Specifically, as shown in Figure 1.3, the
core components of Sec and Tat secretion system are evolutionarily conserved and are found in the cytoplasmic
membrane of bacteria and archaea. In contrast to prokaryotes, the Sec translocon is located in the endoplasmic
reticulum (ER) membrane of eukaryotic cells (Pohlschroder et al., 1997), while the Tat components are located

in the thylakoid membrane of chloroplast and mitochondria of plant cells (Lee et al., 2006).

The core of Sec translocon of the Sec pathway consists of three proteins: SecY, SecE and SecG. SecY,
which forms the peptide conducting channel of the translocon, was shown to play a fundamental role in trans-
porting unfolded proteins across the membrane and integration of membrane proteins. How does the cell target
newly synthesised cytosolic proteins to the membrane through the SecY channel? There are two pathways
used in bacteria: the posttranslational and the cotranslational translocation pathways. In the posttranslational
translocation pathway SecB and/or SecA, through its chaperone activity, binds to the newly synthesised pep-
tide to avoid premature folding and target it to the membrane (Figure 1.3), whereas SecA pushes the peptide
through the SecY channel under ATP hydrolysis. In the cotranslational translocation pathway, SRP (signal
recognition particle, it has subunit Fth) can bind to the signal peptide and guide the ribosome to the membrane,

where SRP binds to its receptor FtsY and the ribosome can then push the emerging peptide into the SecY
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channel during protein synthesis (Figure 1.3). Archaea were shown to use both pathways to translocate their
secreted proteins in the Sec secretion. However, it is not clear how archaea prevent proteins from folding after
their synthesis in the posttranslational translocation pathway since archaea have no SecB and SecA in their Sec

system (Irthimovitch & Eichler, 2003).

The Sec-independent Tat pathway has three components: TatA, TatB and TatC (Figure 1.3). TatA and TatC
comprise the minimum Tat system, which is found in most gram-positive bacteria and archaea. Conversely,
most gram-negative bacteria have all three Tat components. During protein translocation TatC(B) first forms the
complex for substrate protein recognition (secreted proteins), which subsequently recruits TatA to form pore-
like structures with various dimensions on the membrane to allow folded substrate proteins (secreted proteins)

pass through the membrane (Lee et al., 2006).

In addition to the Sec and Tat secretion systems, there are six specialised secretion systems found in gram-
negative bacteria, as shown in Figure 1.3, namely, the Type I, II, III, IV, V and VI secretion systems (denoted
by T1SS, T2SS, T3SS, T4SS, T5SS and T6SS, respectively ) (Boyer et al., 2009; Wooldridge, 2009). These
remarkable systems are preferentially used by gram-negative bacteria to communicate with their surrounding
environments and are instrumental to their ecological adaptation. T1SS is a relatively simple system as only
three proteins are reported to be involved in secretion (TolC, HlyD and HlyB, as shown in Figure 1.3), which can
secrete toxins, proteases and lipases (Jenewein et al., 2009). T2SS is Sec and Tat-dependent, which can secrete
intracellular toxins, cholera toxins, exotoxin A, heat-liable (LT) toxin and cell wall-degrading enzymes in the
host environment (Michel & Voulhoux, 2009). These T2SS-dependent secreted proteins play an important
role in host colonisation. T3SS consists of at least 15 proteins (Figure 1.3) and recent studies have shown
that T3SS performs several important functions in immune evasion. For example, T3SS can directly injects
(secretes) effector proteins into host cells, which allow bacteria to be resistant to phagocytosis (Sorg & Cornelis,
2009). T3SS also inhibits NF-kB, blocking secretion of certain cytokines important to recruit other immune
cells to the site of infection (Sorg & Cornelis, 2009). T4SS is another secretion system that is able to directly
secrete effector proteins into host cells. T4SS transports DNA or DNA-protein complexes across bacterial
membrane to the extracellular milieu or host cells (Figure 1.3) and has at least 12 protein components in model
organism Agrobacterium tumefaciens (Baron, 2009). TSSS is Sec-dependent and allows bacteria to secrete
immunoglobulin A1 (IgA1) proteases to evade antibody-mediated host immunity (Scott-Tucker & Henderson,
2009), which can cleave IgA at the host mucosal surface as illustrated in Figure 1.1J. Besides T3SS, T4SS and
T5SS, T6SS is the third secretion system that is able to directly deliver effector proteins into host cells (Hayes
et al., 2010). Recently, the Type VII secretion system was proposed based on a specialised secretion system
found in Mycobacteria tuberculosis, which is possibly conserved in other gram-positive bacteria (Abdallah

etal., 2007).
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1.4.3 Secretion system and ecological adaptation

Mounting evidence suggests that secretion systems and their substrate proteins (secreted proteins) play an
important role in prokaryotes environmental adaptation (Rigel & Braunstein, 2008; Wooldridge, 2009; Picker-
ing & Oresnik, 2010). Although several mechanisms have been proposed to explain microbe’s environmental
adaptation, no studies have demonstrated how a particular biological system can contribute to ecological adap-
tation in a systematic way across broad phylogenetic lineages. For example, it has been proposed that spe-
cialized paralogs play a role in bacterial adaptation to environmental changes (e.g. salinity and temperature)
(Sanchez-Perez et al., 2008), and large scale studies have also shown that there are biased functional retention
of paralogous genes (e.g. genes related to amino acid transport and metabolism) in bacterial genomes (Gevers

et al., 2004).

Secretion systems mediate the interaction with environment and are universal and ubiquitous among mi-
crobes with different ecological traits, which include adaptation to extreme halophilic environment (salt close to
saturation), extreme hot environment (temperature close to water boiling peint), mammalian hosts (formidable
defense lines including innate and adaptive immune responses), etc. How can the Tat and Sec secretion systems
contribute to the emergence of novel ecological adaptations? One example comes from the extreme halophilic
prokaryotes, which are adapted to an environment where salt concentration is close to saturation. High salt
concentrations in the environment can produce high osmotic pressure in the cell. This can cause serious prob-
lems to the cell because cytosolic water can freely pass the membrane to the surrounding environment due
to high salinity. To counterbalance such pressure, two strategies are used: the “salt in” strategy and the “low
salt-in” strategy (Oren, 2008). The “salt in” strategy is used by extreme halophilic archaea (e.g. Halobacterium
sp. NRC-1) and some extreme halophilic bacteria (e.g. Salinibacter ruber), where the cell accumulates high
inorganic ion concentrations (e.g. K") in the cytoplasm. In contrast, the “low salt-in” strategy prevents inor-
ganic ions from entering the cytoplasm. However, halophiles that use the “low salt-in” strategy still need to
accumulate organic solutes to main osmotic pressure while actively pumping ions out (Oren, 2006). Although
the two strategies are apparently different in halophiles, prokaryotes that use the two mechanisms presumably
both have to invest a lot in inorganic ion (e.g. K "and Na') transport and metabolism. It has been shown that
haloarchaea (Halobacterium sp. NRC-1) extensively use the Tat pathway instead of the Sec secretion system
to transport most of their secreted proteins (Rose et al., 2002). If such shift in protein secretion is due to adap-
tation to extreme halophilic environments, then to what extent this shift in secretion contributes to inorganic
ion transport and metabolism? Do halophilic bacteria show similar patterns? Could functional divergence of
the Tat pathway contribute to adaptation to extreme halophilic environment. If this is true, could functional

divergence of the Tat pathway contribute to the adaptation of other prokaryotes to other environments (e.g.
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hosts)? We address these questions in Chapter 4 of this thesis.

How do secretion systems contribute to mammalian host adaptation of pathogenic bacteria? It is known
that there are many mechanisms that pathogenic bacteria use to invade host and survive host immune response.
For example, it has been observed that many known intracellular bacterial pathogens (e.g. Helicobacter pylori,
Legionella pneumophila and Vibrio cholerae) can survive amoebae ingestion (Casadevall, 2008), and it has
been suggested that this may provide a “training ground” for pathogens to adapt to higher eukaryotes (Toft
& Andersson, 2010). Secretion systems have been shown to play important roles in bacterial adaptation to
particular niches (Wooldridge, 2009). For example, it has been shown that the hallmark of many life-threatening
infections such as endocarditis, (ID) disseminated intravascular coagulation (DIC), immune thrombocytopenic
purpura (ITP) and myocardial infarction (MI) or stroke caused by Staphylococcus and Streptococcus species
is the interaction of bacteria with host cells through the Sec-dependent secretion of adhesins expressed on
bacterial cell surface (Fitzgerald et al., 2006). Knockout of genes that encode the secretion system responsible
for translocating these adhesins was shown to block the bacteria colonization of host cells, which indicates
that these secreted proteins contribute to the pathogenesis of the above diseases (Siboo et al., 2008; Rigel &
Braunstein, 2008).

It is now possible to study microbes with the two secretion systems (Sec and Tat, Figure 1.3) from a wide
range of environments and find patterns that could be associated to ecological adaptations for two reasons. First,
the conservation of the Sec and Tat secretion systems in all three domains of life indicates that the two systems
are ancient and they are shared by many microbes adapted to diverse ecological niches (Albers et al., 2006,
Natale et al., 2008; Bohnsack & Schleiff, 2010; Reynolds et al., 2011). Second, similar to the Tat pathway,
we can identify molecular patterns in the Sec system that may contribute to bacterial pathogenesis from a
host-pathogen coevolution perspective. This can be unraveled by using molecular coevolution and functional
divergence analyses. Moreover, reliable computational tools have been developed and can predict substrate
proteins (secreted proteins) transported by the two secretion systems (Emanuelsson et al., 2007; Bendtsen et al.,
2005b).The study of secretion systems and their secreted proteins from bacteria that directly interact with host
and host immune response will provide insight into the molecular basis responsible for bacterial pathogenesis.
Identification of secretion systems and their secreted proteins is a complicated task and requires interrogating
the proteome through appropriate approaches. One way to achieve this is using comparative genomics.

Comparative genomic studies of prokaryotes with different biological features (e.g., intracellular pathogen
and free-living non-pathogenic bacteria or even pathogens with facultative cellular life) can aid in the identi-
fication of the molecular patterns that are associated with specific prokaryotic lifestyles. Moreover, linking
molecular evolutionary patterns of proteins from the secretion systems and their dependent-substrate proteins

(secretome) can contribute to our understanding of the pathogenic potential of bacteria. To date ( by February
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Figure 1.4: Bar chart from the National Center for Biotechnology Information (NCBI) prokaryotic genome
projects. Initiated prokaryotic genome projects to date (23-02-2011) are plotted. Archaea and bacterial genome
projects are summarized according to their status: assembly, complete and unfinished, respectively.
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Figure 1.5: A summary of currently initiated bacterial genomes (23-02-2011). The summary is presented in
a bar chart from NCBI bacterial genome projects. Right columns denote the frequency (FREQ.) of initiated
genomes, cumulative frequency (CUM. FREQ.), percentage (PCT.) and cumulative percentage (CUM. PCT.)
for corresponding left bar. Genome projects are categorised according to their sequencing status: assembly,
complete and unfinished, respectively, where genome projects are further classified into major phylogenetic
groups as shown at the bottom of the figure.
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Figure 1.7: Bar chart for sequenced bacterial genomes with host information to date. The left column is the
hosts that bacteria are pathogenic in. The right columns denote the frequency (FREQ.), cumulative frequency
(CUM. FREQ.), percentage (PCT.) and cumulative percentage (CUM. PCT.) of sequenced bacterial genomes
for corresponding left bar.
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23,2011), there are 5914 bacterial genome projects initiated (1357 completed, 1734 in assembly and 2823 un-
finished, Figure 1.4) and more are expected to come. There are however less sequenced archaea genomes (98
completed, 28 in assembly and 63 unfinished). Among finished bacterial genomes (Figure 1.5) the proteobac-
teria group has the most sequenced bacterial genomes to date, which includes 143, 91, 42, 90, 323 sequenced
genomes for alpha, beta, gamma, delta and epsilon subgroups, respectively. The majority of sequenced bacte-
rial pathogens are human pathogens (299 genomes, Figure 1.6 and Figure 1.7). In the completed 1375 bacterial
genomes, there are 451 non-pathogenic, 530 pathogenic and 376 pathogenic status unknown bacterial genomes
(Figure 1.7). To this end, the genomes of major bacterial pathogens are sequenced and the diseases they cause
are summarized in the supplementary information of this chapter (Supplementary Table S1.1). This wealth of
information of pathogens offers unprecedented opportunities for conducting detailed research to unearth the

molecular and genetic basis of pathogenesis.
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Chapter 2

Proteome-wide Analysis of Functional
Divergence Reveals the Molecular Basis

of Adaptations in Bacteria

2.1 Related manuscript

Williams, T. A., Caffrey, B. E., Jiang, X., Toft, C., and M. A. Fares. (2009). Phylogenomic inference of
functional divergence. BMC Bioinformatics 10 (Suppl. 13): P4.
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analysis of functional divergence reveals the molecular basis of ecological adaptations in bacteria. Submitted.

* denotes joint first authors.

This is a joint work. FMA conceived the project and designed the original algorithm. WTA, TC and FMA
wrote the original Perl version of the software, which was used in an early published work (see Introduction
for details). CBE wrote the C++ version of the software Clusterfunc (Clusters of functional categories) for this
project. WTA, CBE and JX prepared the data. FMA, TAW, CBE and JX analysed the data. FMA, WTA, CBE,

and JX wrote the manuscript. FMA and HK provided supervision of the project.
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2.2 Abstract

Functional divergence is the process by which new genes and functions originate through the modification
of existing ones. Both genetic and environmental factors influence the evolution of new functions. Novel
functions occur at the expense of ancestral functions and require changes in selective constraints to become
fixed. Detecting shifts in selective forces at constrained protein regions can aid in uncovering changes in
functions. Identification of functional divergence is crucial in the understanding of the interaction between
environmental and genetic factors and the generation of biological innovation. Bacteria are a paradigm of
biological diversification enabled through an astonishing metabolic repertoire of functions. Understanding how
shifts in selection constraints have contributed to the functional divergence in these bacteria may uncover the
rules of their metabolic innovation. Using a novel approach we infer events of functional divergence from gene
trees, and use patterns of divergence across gene functional categories to cluster bacterial species. We apply our
method to 750 complete bacterial proteomes to identify high level patterns of functional divergence and link
these patterns to ecological adaptations. We show that different types of genes have different propensities for
functional change, that the evolution of pathogenic and symbiotic bacteria is constrained by their association
with the host, and also identify unusual events of functional divergence even in well-studied bacteria such as
Escherichia coli. We present a novel approach for comparing the roles of phylogeny and ecology in functional

divergence at the level of entire proteomes.

2.3 Introduction

Most new genes, functions, and activities originate through the modification of existing ones (Ohno, 1970).
The evolutionary process that gives rise to functional differences between related genes is called functional
divergence (Lynch & Conery, 2000; Conant & Wolfe, 2008). At the species level, functional diversification
is primarily associated with adaptive radiations, when a single ancestor differentiates into multiple descendant
species, each adapting by natural selection to one of a new set of ecological niches (Schluter, 2000). Following
this theory, environmental variation triggers divergent natural selection, leading to the emergence of niche
specialists. In many cases, species under the same ecological conditions differ in their ability to adapt to new
niches, even when they stem from the same ancestor (Gillespie, 2004; Pinto et al., 2008). Therefore, other
factors such as genetic constraints also play an important role in the process of functional divergence.

The process of functional divergence, or departure of a gene from its ancestral function, is constrained by
the requirement to maintain the original function: mutations that confer a new function are likely to interfere

with the ancestral function and therefore are eliminated by negative selection. This constraint can be relaxed
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when selection for the ancestral function is weakened, either through gene duplication (and therefore redun-
dancy), or through changes to the environment inhabited by the organism. After gene duplication, one copy
of the gene may be free to evolve in a new direction if the other continues to perform the ancestral function
(neofunctionalization). Alternatively, ancestral functions can be partitioned between the two gene copies, po-
tentially leading to later specialization or subfunctionalization (Ohno, 1970; Lynch & Conery, 2000; Lynch &
Katju, 2004; Conant & Wolfe, 2008; Innan & Kondrashov, 2010). Major changes in the environment or eco-
logical niche can also lead to a relaxation of selective constraint on ancestral functions, although this process
is less well characterized. For example, endosymbiotic bacteria have lost many of the genes their free-living
relatives need to obtain nutrients from the environment (Moran, 2002), but have also experienced functional

divergence in certain genes (Toft et al., 2009).

Prokaryotes are extraordinarily rich in biological diversity, whether measured in terms of number of
species (Dykhuizen, 1998; Gans et al., 2005), habitat range (Pikuta et al., 2007), or the breadth of energy
sources and biochemical pathways they can exploit in order to survive (Pace, 1997). Even photosynthesis and
oxidative phosphorylation-the mainstays of eukaryotic energy metabolism—are bacterial inventions acquired
by endosymbiosis during early eukaryote evolution (Dyall et al., 2004). How did this prokaryotic diversity
evolve, particularly when the fixation of gene duplications appears to be somewhat more frequent in eukary-
otes (Zhang, 2003)? Adaptive evolution in prokaryotes is promoted by at least three main factors: first, a high
strength of selection relative to eukaryotes, on account of their generally large population sizes (Lynch & Con-
ery, 2003); second, their ability to obtain genes by horizontal gene transfer (HGT), which enables the sharing
of niche-relevant functions between distantly-related microbes living in the same environment (Ochman et al.,
2000); and third, their use of stress-induced hypermutation (McKenzie et al., 2000), which may increase the

production of adaptive variants as a “last gasp” response to a challenging environment.

Although we know that these processes can drive ecological adaptation in prokaryotes, identifying the
fraction of genetic variation that is associated with these functional changes remains a challenging problem.
In the case of bacteria, whole genome analyses must take into account widespread HGT, which means that
different genes often disagree on the overall species tree (Dagan & Martin, 2006). This is a considerable
problem for analyses of functional divergence, which require a tree in order to determine the branch upon which
a particular trait arose. The rationale for previous methods, and indeed the new approach described here, derives
from the neutral theory of Kimura (Kimura, 1983), which predicts that residues important for the function of
a protein will be under strong functional constraint and therefore evolve slowly. These considerations have
motivated the development of a number of methods for identifying changes in selective constraints on protein-
coding genes and on single amino acid sites and lineages in a phylogenetic tree (Goldman & Yang, 1994;

Nielsen & Yang, 1998; Suzuki & Gojobori, 1999; Yang & Bielawski, 2000; Fares et al., 2002a; Yang & Nielsen,
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2002; Suzuki, 2004a,b; Zhang, 2004; Berglund et al., 2005; Zhang et al., 2005). At the protein level, Gu (Gu,
1999, 2001, 2006) developed a Bayesian approach to identify functional divergence, which has become the
most widely used. Comparisons of amino acid site-specific evolutionary rate or residue conservation between
two homologous clades can therefore be used to identify amino acid sites at which selective constraints have
changed, potentially indicating functional divergence.

Recently, we have developed a new distance-based method which explores a bifurcating phylogenetic tree,
testing for functional divergence at each node by comparing the two downstream clades to an outgroup in order
to identify sites at which selective constraints have shifted (Toft et al., 2009; Williams et al., 2010). Similar to
other methods, our approach was limited to tests of one gene at a time, unless the phylogeny of all genes could
be fixed in advance. In the present study, we have optimised our method to (i) handle analyses of functional
divergence that include hundreds of complete proteomes, (ii) address the fact that the phylogenies of individual
proteins do not necessarily agree with the true phylogeny, as is often the case with organisms that acquire
genes through HGT, (iii) provide an intuitive probability assignment for each test which takes the underlying
phylogeny of the sequences into account and (iv) explore all levels of each gene tree, testing for functional
divergence at each node. We infer patterns of radical change for each protein individually, and then cluster
species according to the functional categories (derived from COG (Tatusov et al., 2003)) in which they exhibit
significant evidence of functional divergence. We provide a fast, open source implementation of our method
in the C++ program Clusterfunc (Clusters of functional categories). We perform an analysis of functional
divergence on 750 bacterial proteomes. This set includes bacteria from various different ecological niches
and therefore provides a good dataset for identifying ecology-related functional divergence. Our approach (i)
reveals striking patterns of convergent evolution in phylogenetically distinct but ecologically related groups of
bacteria, including pathogens, endosymbionts, and thermophiles, (ii) provides additional support for the view
that bacteria have a conserved set of core functions, with a more variable metabolic layer and (iii) provides a

detailed picture of how individual species of unusual bacteria have diverged from their closest relatives.

2.4 Materials and Methods

Our analysis of functional divergence, the individual steps of which are detailed below, is summarized in

Figure 2.1.

2.4.1 Sequences, homology, and alignment

The first step in a whole-proteome analysis of functional divergence is the grouping of orthologs within

the species of interest. We leave orthology assignment for which a number of tools are already in use (Altenhoff
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Figure 2.1: Clusterfunc program workflow. After alignments have been built for each gene in the analysis, the
alignments are sorted by functional category. In this case, the COG system was used (Tatusov et al., 2003),
but the user is free to pick an ontology of their choice. Trees are built for each gene using BIONJ (Gascuel,
1997) and the JTT substitution model (Jones et al., 1992), and sites are scored for functional divergence on each
branch. Significance is assessed by simulating a distribution of test scores under a model of neutral evolution,
taking the real phylogeny into account and using the False Discovery Rate approach to correct for multiple
testing. For each species and functional category, we use chi-squared tests to evaluate whether the species is
enriched, impoverished, or neither enriched nor impoverished for functional divergence in that category, and
then cluster species according to similarities in their profile across all 19 categories. This approach enables
us to account for HGT while identifying interesting and atypical patterns of functional change in the data, as
discussed in the main text.
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& Dessimoz, 2009), to the users’ choice according to their own needs. For the present analysis, we retrieved
pairwise orthology assignments for 750 completely-sequenced bacterial genomes from the OMA database
(Schneider et al., 2007; Roth et al., 2008), representing all bacterial data in the October 2009 revision of the
database. We chose the OMA project for its very broad phylogenetic coverage, as well as the favourable per-
formance of its algorithm against other current orthology assignment methods (Altenhoff & Dessimoz, 2009).
In addition to providing pairwise orthology calls, the OMA algorithm assembles strict orthologous groups in
which every member is directly orthologous to every other. The rationale for this strict approach to grouping
is the exclusion of paralogs, which is important for a number of potential applications of the OMA database,
such as phylogenetic analysis. Unfortunately, these groups are unsuitable for functional divergence analysis
across large phylogenetic distances because lineage-specific gene duplications tend to break up genuine or-
thologs into multiple, overlapping groups (that is, clustering problems arise because pairwise orthologies are
not necessarily transitive). Using these groups in our analysis would result in multiple testing of the same
clade, each time with overlapping but incomplete sampling of downstream sequences. The inclusion of both
orthologs and lineage-specific paralogs in the same group is, however, of no concern in our per species com-
parison of divergence between different functional categories of genes, because our method relies on individual
gene trees and not a single “species tree” to detect functional divergence (see below). Therefore, we decided
to build our own groups from the pairwise orthology assignments in OMA, with the less stringent requirement
that a chain of pairwise orthologies connect all members of a group. This strategy produces groups containing
all orthologs and paralogs for a given gene, as appropriate for analysis of functional divergence. However, the
approach is vulnerable to erroneous orthology calls in the original database, because a single false call will
cause two unrelated groups of sequences to be merged. To assess the possible effect of false OMA orthology
assignments on our dataset, we used the relevant genomic data at NCBI to assign COG ontology tags to each
sequence (Tatusov et al., 2001, 2003). We then calculated the frequency of the modal COG tag in each group
(see Figure 2.2). The largest group (4,788 alignments) contained only one COG tag each, validating our ap-
proach to grouping homologs (since COG categories are relatively broad, related sequences are expected to be
annotated with the same tag). To avoid ambiguity in the clustering of functional categories, we only analyzed
these single-tag alignments. We then filtered out poorly characterized groups (annotated with the ambiguous
R or S COG categories) and any group containing less than 9 sequences, which we chose as the minimum
number required for analysis. This resulted in a final dataset of 3,813 groups, which were then analyzed with
Clusterfunc. Sequence alignments were built for each group with MUSCLE (Edgar 2004), using the default
parameters. Data on the ecological niches occupied by the species included in the analysis was retrieved from
HAMAP (Lima et al., 2009) and from the Genome database at NCBI. A typical alignment of 78 sequences

takes 2 minutes and 40 seconds to analyze on a standard desktop computer, including NJ tree-building. At the
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other extreme, the large-scale analysis reported below (44,416 tests of functional divergence/3,813 alignments)

took 60 hours on a 40-node cluster.

2.4.2 Building gene trees

When analyzing entire proteomes for functional divergence, the use of a species tree to infer events on
each branch is problematic: extensive horizontal gene transfer (HGT), particularly among prokaryotes, means
that genomes may not be related in a tree-like way (Dagan & Martin, 2006). We therefore calculated a tree for
each gene (set of homologous sequences) in the dataset using BIONJ (Gascuel, 1997), under the JTT model of
protein sequence evolution (Jones et al., 1992). Calculations for that gene were then made exclusively using

the resulting tree.

Scoring functional divergence

We here define functional divergence as the potential departure of the derived protein function from its
ancestral one as a result of amino acid changes at important functional sites. Therefore functional divergence
is detected on the basis of shifts in selective constraints on proteins. This analysis of functional divergence can
be used to provide a list of candidate genes for further experimental testing. Our method identifies statistically
significant changes in the selective constraints on particular amino acid sites of a protein in each of the lineages
of a tree. The method steps through the phylogenetic tree and calculates functional divergence scores at each
of the inner nodes. For each site of the protein, our approach compares the amino acid composition between
two clades to that of an outgroup. This comparison is performed using BLOSUMG62 amino acid substitution
matrix (Henikoff & Henikoff, 1992), indeed any substitution matrix can be used. BLOSUM®62 and related
matrices provide an empirical measure of the likelihood of the transition of one amino acid to any of the other

20 (including its conservation). Scores of functional divergence (FD score) for each column are given by:

FDyeore = 17%2(1)

5%, %

where X |, X, are the mean substitution scores for the transition from clades on either side of the bifurcation

in the phylogenetic tree relative to the outgroup and Sy, —x,, the standard error for unequal sample sizes with
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Significance testing

To test the significance of functional divergence events, we simulated multiple sequence alignments of the
same size as the real alignment but in which proteins were evolved under a neutral evolution model. Because
functional divergence was tested in protein alignments, the seed ancestral sequence was protein based and
this evolved under the JCprot model that assumes equal probability transitions among the 20 amino acids
(Jukes & Cantor, 1969). For our simulations, we used the gene-specific tree topology and branch lengths
calculated above. We built at least 1000 such simulated alignments (more simulations are created if mean and
standard deviation have not converged after 1000), in each of which we searched for functional divergence and
calculated a score according to equation (1). This search resulted in a null distribution of the test score against
which P-values for the real data were calculated. These values were then corrected for multiple testing by the
False Discovery Rate method (Benjamini & Hochberg, 1995) using an alpha value of 5% as the threshold of
significance. Following this procedure, branches on the tree that still possess at least one significant site were

considered to be under functional divergence for the purposes of enrichment and clustering.

2.4.3 Enrichment analysis

Once all alignments were analyzed, we performed three different enrichment tests to ask three different

biological questions. These are based on a chi-squared test:
B g k2
X?_ - .Z] (OIE,»’:I) (3)
4

Where Oi is the observed frequency of genes/alignments under functional divergence, E; is the expected
frequency and n is the number of possible outcomes of each event. We used the enrichment tests to identify (i)
species and (ii) categories of genes that experienced significantly more (enriched: O; — E; > 0) or significantly
less (impoverished: O; — E; < 0) functional divergence when compared to the background level (that is, P <
0.05 in a chi-squared test). We then calculated (iii) the enrichment status of each category within each species,

in order to identify lineage-specific shifts in the pattern of functional divergence.

2.4.4 Hierarchical clustering

We created a heatmap from the enrichment status of functional categories within species to help visualize
the structure in our large dataset. To do this we used the heatmap.2 function from the gplots library in R (R
Development Core Team, 2010). This function performs two-dimensional hierarchical clustering according to

Euclidean distance and outputs a heatmap together with a corresponding dendrogram. Visualizing the results
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Figure 2.2: Different categories of genes experience different levels of functional divergence. Proportion
(FD) is the proportion of tested branches with at least one functionally divergent site across all gene trees in a
particular functional category. Categories are labeled according to the COG ontology system (Tatusov et al.,
2001, 2003). Fourteen of the nineteen categories fall into two groups: significantly enriched or impoverished.
Most information processing genes (K, J, L) fall into the latter group, while metabolic functions (E,F,G,H,P,Q)
and genes involved in defense (V) or found on the cell surface (M) are enriched for radical change. RNA
processing and modification (A) genes are not significantly impoverished, despite a relatively low proportion
of positive tests for functional divergence; this may be due to the small number of tests in this category. Full
table of enrichment for functional divergence in the different categories is provided in Table S2.1.

of the analysis in this way allows identifying unusual patterns of functional divergence in particular functional

categories or convergent functional divergence among phylogenetically unrelated sequences.

2.4.5 Implementation

Clusterfunc was implemented in C++ and is available under the GNU General Public License v.3 for
Linux, Mac and Windows. The code was written using the GNU Scientific Library and the Bio++ libraries
(Dutheil et al., 2006). The program is accompanied by full documentation and enables the user to perform sev-
eral different kinds of analysis, including the identification of lineage-specific functional divergence in a gene-
of-interest (such as that reported by (Williams et al., 2010)) and the kind of multi-proteome investigation re-
ported here. The latest version of the code and documentation is available at http://www.bioinformatics.

org/clusterfunc.
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2.5 Results and Discussion

2.5.1 Cell envelope proteins are the most affected by functional divergence in bacteria

An obvious sign of functional divergence would be a set of homologs that spans multiple COG categories.
In this study we focus only on those alignments where all sequences have the same COG annotation. This rep-
resents the majority of homologs and is a reflection of the relatively broad character of the COG categories. The
kinds of functional shifts that we detect on the basis of conserved, radical amino acid substitutions are therefore
more subtle and not noticeable from simply comparing the COG classifications across homologous sequences.
We used chi-squared tests to evaluate the differences in functional divergence between COG gene categories in
our dataset (see Figure 2.2). We compared the proportion of positive tests for functional divergence within each
of the 19 COG categories to the background expectation, which was calculated by combining all categories. If
genes in different functional categories have similar propensities to undergo functional divergence, we would
expect the proportion of positive tests in each category to be similar to the mean, resulting in few significant
cases of enrichment. However, fourteen of the nineteen categories were either enriched or impoverished for
functional divergence, while only five categories failed to deviate significantly from the background expecta-
tion. To test whether this polarization of our dataset was simply due to an artifact—for instance, the use of a
non-conservative enrichment test-we performed simulations in which the genes in our original dataset were
randomly assigned to one of the 19 COG categories before testing for enrichment. In these simulations, events
of functional divergence were much more evenly distributed among the categories, so that 93% of categories
were neither enriched nor impoverished for divergence relative to the background level. This result indicates
that the probability of functional change is not evenly distributed among the real categories: there is a stark divi-
sion between enriched and impoverished categories. This supports the idea that bacterial proteomes comprise
a relatively unchanging core (that is, genes in impoverished categories) coupled with a set of more variable
functions (enriched categories) (Lake et al., 1999; Makarova et al., 1999; Mushegian & Koonin, 1996).

The impoverished categories are almost exclusively those involved with information storage and process-
ing, including DNA replication, recombination, and repair (L); transcription (K), ribosome biogenesis (J); and
cell division (D). Metabolic genes were among those enriched for functional divergence, including genes in-
volved in the metabolism of coenzymes (H), secondary metabolites (Q), carbohydrates (G), amino acids (E) and
nucleotides (F). Along with these metabolic categories, cell wall and envelope genes (M) and cellular defense
mechanisms (V) were among the most enriched categories in our analysis, highlighting the critical role of the
environment in directing lineage-specific episodes of functional change. Taken together, our results agree with
a number of previous reports indicating that proteins involved in information processing are more conserved

across large evolutionary distances than those involved in metabolism (Azuma & Ota, 2009; Lake et al., 1999;
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Makarova et al., 1999; Mushegian & Koonin, 1996). An additional point bears emphasizing here: since our
method controls for the level of conservation at each node on the tree, the significance of a particular substi-
tution pattern depends on the background evolutionary rate: in slow-evolving proteins, relatively conservative
substitutions can be detected as significant events of functional divergence, whereas only very unusual substi-
tution patterns will attain significance in fast-evolving proteins. Therefore, our results indicate that information
processing genes are not only more conserved than others purely in terms of evolutionary rate, but that they
also experience less functional change even taking this low rate of sequence evolution into account. Why are
informational genes under greater functional constraint than the rest of the proteome? One possibility, which
follows Crick’s concept of the “frozen accident” (Crick, 1968), is that too many other genes depend on the
basic functions of translation, transcription, and repair: functional changes in these genes would disrupt many
other systems in the cell. This hypothesis is supported by the observation that the COG category containing
protein trafficking and chaperones (O) is also impoverished: the core activities of generalist chaperones such as

GroEL and DnaK are required for the proper folding of many different proteins in bacterial cells (Lund, 2009).

2.5.2 Host interactions constrain functional change in pathogenic and symbiotic bac-

teria

Does the ecological niche of an organism influence the pattern of functional change it experiences? To
answer this question, we evaluated the enrichment of functional divergence in each species relative to the
others in our dataset. To calculate the enrichment status of each species, we used the same statistical strategy as
employed for enrichment by functional category: we calculated a background proportion of successful tests for
functional divergence over all species, and then compared this to the proportion for each species individually
using chi-squared tests. We also used chi-squared tests to identify associations between these three enrichment
patterns (enrichment, impoverishment, or neither) and organism lifestyle, as is summarized in Table 2.1. While
there was no statistically significant difference between psychrophiles and mesophiles in terms of functional
divergence (chi-squared = 0.9762, P = 0.6138), thermophilic bacteria were significantly more likely to have
proteomes enriched for functional divergence in comparison to mesophiles (chi-squared = 38.1, P = 1.2 x 10-
7). This enrichment in the set of phylogenetically scattered thermophiles can be explained by the convergent
adaptation of their proteomes to higher temperatures, a process that requires changes in amino acid composition
(Singer & Hickey, 2003; Zeldovich et al., 2007). In support of this, thermophiles present a contrasting pattern
of functional divergence in comparison to the general pattern, with two COG categories being enriched for
functional divergence in thermophiles while being under-enriched in general. These categories are directly

related with the survival of cells under heat stress: category K, which comprises mostly transcription factors,

3



2.5. Results and Discussion

Lifestyle Comparison Enriched Neither Impoverished Significance
Psychrophile Mesophile 2/74 5/393 2/93 N.S.
Thermophile Mesophile 17/74 20/393  0/93 **% (+/over)
Pathogen Non-pathogen 19/101 234/289  80/50 *#% (-/under)
Intracellular pathogen Other pathogen  0/19 26/189  4/72 N.S.
Symbiont Non-symbiont ~ 4/116 34/470  15/111 * (-/under)
Intracellular endosymbiont  All others 1/119 18/486 14/112 *#% (-/under)
All interactors Free-living 34/86 310/194  100/26 *#% (_/under)

Table 2.1: Effect of organism lifestyle on functional divergence. Associations between lifestyle and enrichment for functional divergence: the
numbers of genomes in each category are given in the form Lifestyle/Comparison. Significance was assessed with Yates-corrected chi-squared tests,
or Fisher tests when the expected count was lower than 5 for any one cell in the contingency table. Significance codes: N.S. =P >0.05; * =P <0.05,
#* = P < 0.01, *** = P < 0.001. If an association was significant, “+" or - denote the direction of the shift associated with the lifestyle being tested.
For instance, interactors are significantly impoverished (-) compared to free-living bacteria.
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and category L, which is involved in DNA replication, recombination and repair. Above certain temperature
threshold, molecular pathways undergo dramatic temperature induced alterations that drive to cytotoxicity,
radiosensitization and thermotolerance (Laszlo, 1992; Kampinga et al., 2004). Among all the responses that
take place in the cell under high temperatures, inhibition of DNA, RNA and protein synthesis is the response
that involves a complex and fine-tuning of regulation mechanisms, mainly orchestrated by transcription factors
(Laszlo, 1992). One such important regulated mechanism is the induction of heat-shock proteins, particularly
involved in mitigating the cytotoxic effects due to the non-specific aggregation of unfolded and denatured

proteins (Lepock, 1997; Kregel, 2002).

Interestingly, we found that all bacteria that interact with a host as an integral part of their lifestyle (in-
cluding pathogens, parasites, symbionts and commensals) were significantly impoverished for functional di-
vergence in comparison to their free-living relatives (see Table 2.1). This result is somewhat surprising because
pathogens and symbionts generally experience higher rates of evolution than free-living bacteria, aithough
much of the increase can be attributed to heightened genetic drift (Moran, 2002). Our results suggest that
once the overall conservation level of proteins is accounted for, these bacteria have undergone less functional
change than their free-living relatives. This result can be explained by greater ecological constraints on host-
associated bacteria, which must adapt to the highly specific environment of their host. In particular, pathogenic
and symbiotic bacteria preferentially lose metabolic genes as they no longer require the capacity to exploit as
wide a range of nutrient sources as free-living bacteria (Moran, 2002). Since these are precisely the kind of
genes that are most amenable to functional change (Figure 2.2), their loss from host-associated bacteria ex-
plains the relative impoverishment of functional divergence in these proteomes. Also, the remaining genes are
under strong constrains imposed by the specialized environment they are in, limiting therefore any opportunity
for functional divergence (Toft et al., 2009). However, variability in genome size is a complicating factor in
this analysis because host-associated bacteria tend to have smaller genomes than their free-living relatives (For
instance, endosymbiotic bacteria of insects underwent substantial reduction in the gene content, with genomes
sizes ranging between 144 kb and 792 kb depending on the host (in comparison, E. coli K12 has a genome
size of 4.639Mb) (See for example (Degnan et al., 2005; Gil et al., 2002; Nakabachi et al., 2006; Perez-Brocal
et al., 2006; Shigenobu et al., 2000; Tamas et al., 2002; van Ham et al., 2003). Since functional divergence often
follows gene duplication (Conant & Wolfe, 2008), it might be expected that larger genomes would be enriched
for new functions in comparison to smaller ones. Does genome size alone account for the observed differences
between host-associated and free-living bacteria? To test this possibility, we modeled genome enrichment and
impoverishment for functional divergence as a function of lifestyle (host-associated vs. free-living) and genome
size (in nucleotides) using a generalized linear model (see Supplementary Table S2.3). Both terms were signifi-

cant, with host-associated bacteria significantly more likely to be impoverished (P = 1.28 x 10-13) and, perhaps
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surprisingly, a modest tendency towards impoverishment in larger genomes (P = 0.0212). Therefore, variation
in genome size does not account for the observed differences in functional divergence between host-associated
and free-living bacteria.

To better define the effect of lifestyle on functional divergence, we identified the functional categories
with the greatest consistent differences in enrichment status between host-associated and free-living bacteria.
Interestingly, genes involved in vesicular transport and secretion systems (U) were enriched for functional
divergence in host-associated bacteria but neither enriched nor impoverished in free-living bacteria, while signal
transduction genes (T) were impoverished in host-associated bacteria but enriched in their free-living relatives.
This pattern can be readily understood in terms of the lifestyles of host-associated bacteria, as pathogens use
elaborate secretion systems for delivering toxins and other virulence factors to their host (Baron, 2010), while
symbionts provision their hosts with nutrients as part of their mutually beneficial relationship (Douglas, 1998;
Sandstrom et al., 2000). In addition, the impoverishment in host-associated signal transduction genes may
reflect their adaptation to a relatively constant host environment, which is considerably more stable than the

fluctuating conditions experienced by their free-living relatives.

2.5.3 Two-dimensional clustering reveals the general patterns of functional divergence

in bacteria

In order to visualize the results of our functional divergence analysis, we performed two-dimensional hi-
erarchical clustering on the enrichment status (enriched, impoverished, or neither) associated with each species
and functional category—-that is, we clustered species according to similarities in their enrichment status across
the 19 functional categories, resulting in the heatmap and dendrogram in Figure 2.3 and Figure 2.4. This is a
powerful and intuitive way to represent our results because it reveals the overall patterns in the data—such as
the extreme conservation among informational genes, particularly those involved in ribosome biogenesis (J) -
while also highlighting individual, lineage-specific exceptions to the general trends. In this section, we demon-
strate the utility of this approach by using the heatmap to identify species that have undergone major functional
shifts.

Although top-level bacterial groups (such as the divisions of the proteobacteria, the Firmicutes, Acti-
nobacteria, and so on) are not resolved in our dendrogram of functional divergence (Figure 2.4), family and
genus-level relationships often are, presumably because of close phylogenetic relatedness, shared gene content,
and similarity of ecological niche. This allows us to identify individual species with atypical patterns of func-
tional divergence. A particularly striking case is that of the Bartonella genus (Figure 2.4b), which are a group

of intracellular parasites that infect and replicate in erythrocytes (Anderson & Neuman, 1997). Of the four
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Figure 2.3: Hierarchical clustering of enrichment status of 19 functional categories across 750 bacterial pro-
teomes. The complete heatmap, with a dendrogram corresponding to functional category clustering across the
top, and species clustering on the left hand side (not shown here, a larger version of the complete heatmap is
available as Supplementary Figure S2.1). 19 functional categories are clustered into three groups, which can be
clearly distinguished by their colors (Blue: Enriched; Yellow: Impoverished; Grey: Neither). The first group
(cluster 1) contains only protein sets associated with ribosome biogenesis (J), which is evident as they are all
yellow across 750 bacteria. The second group (cluster 2) have 12 functional categories (KNADITQUVLFO),
which seems to have a mix of all three enrichment status (Mostly grey and blue). The third group (cluster
3) have 6 functional categories (HCPEMG), which seems to be predominately represented by blue color (En-
riched for functional divergence). In particular, proteins for cell wall/membrane/envelope biogenesis (M) and
carbohydrate transport and metabolism (G) are extremely enriched for functional divergence.
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Figure 2.4: Visualizing high-level patterns of functional divergence. We used hierarchical clustering to reveal
the main patterns of functional divergence in our dataset of 750 bacterial proteomes. (a) The complete heatmap,
with a dendrogram corresponding to category clustering across the top (see Figure 2.3 for details), and species
clustering on the left hand side. (b) Lineage-specific events of functional divergence picked out from the
heatmap (dendrogram colors denote the regions expanded upon-a larger version of the complete heatmap is
available as Supplementary Figure S2.1). Unlike other Bartonella species, B. bacilliformus is impoverished
for divergence in cell motility genes (N), and is unique among Bartonella species in using a flagellum to infect
erythrocytes. (c) Two strains of E. coli-SMS 3-5 and UMNO26-have phylogenetically atypical patterns of
functional divergence: the constraints on cell motility (N) and chaperone (O) genes are among those that have
relaxed relative to the other strains in SMS 3-5, while UMNO026 is uniquely enriched for secretion system (U)

genes.
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Bartonella species in our dataset, only one—Bartonella bacilliformus—is enriched for functional divergence in
cell motility genes (N), with the others being impoverished (2 species) or neither enriched nor impoverished (1
species). Remarkably, this is the only member of the genus that possesses flagella (Brenner et al., 1991). Since
erythrocytes lack an active cytoskeleton, they cannot be induced to take up external bacteria by invagination
(Dramsi & Cossart, 1998). Instead, erythrocyte invasion by Bartonella species is an active process (Dehio,
2001). The mechanism employed by Bartonella bacilliformus involves the use of its flagella (Scherer et al.,
1993) and is more efficient than that of other Bartonella species, with up to 80% of erythrocytes infected
(Dehio, 2001; Ihler, 1996). This appears to be a clear case where our approach has identified an interesting,

lineage-specific case of adaptation to a specialized ecological niche.

Our heatmap turns up surprises even among relatively well-characterized species (Figure 2.4¢). As ex-
pected, closely related F. coli and Shigella strains cluster together at the bottom of the dendrogram (Figure
2.4a), with one exception: E. coli SMS 3-5, a multi-drug-resistant, heavy-metal tolerant strain isolated from a
polluted industrial environment (Fricke et al., 2008). This bacterium is distinguished from other E. coli strains
on the basis of an overall relaxed functional constraint, particularly in the categories of cell motility (N) and
protein modification, turnover and chaperones (O): most others are impoverished for functional divergence,
while SMS 3-5 is not. This profile correlates well with what is known about the biology of this strain, which is
unique among sequenced E. coli genomes in possessing a second, intact lateral flagellar system called Flag-2,
in addition to the normal peritrichous flagella found in other E. coli strains (Fricke et al., 2008; Ren et al., 2005).
This system was originally characterized in a different strain, 042, where it has been rendered nonfunctional by
a frame shift mutation in one of the component genes (Ren et al., 2005), although it appears to be complete in
SMS 3-5 (Fricke et al., 2008). Interestingly, the Flag-2 gene cluster also contains flagellum-specific chaperones
and proteins involved in posttranslational modification, providing an explanation for the functional shift in the
O category.

Another E. coli proteome with an unusual pattern of functional divergence is O17:K52:H18 (strain UMNO026),
a multi-drug-resistant strain that causes urinary tract infections (Manges et al., 2001). Unique among E. coli
and Shigella species, this strain is enriched for functional divergence among genes involved in secretion (U).
Investigation of the genes underlying this enrichment revealed functional divergence in the VirB8 and VirB9
genes, which encode core proteins in a Type IV secretion system found only in two E. coli strains—UMNO026
and 018 (ED1a), although the latter species is not enriched in this category. In other bacteria, Type IV systems
are involved in the exchange of DNA with the environment, as well as the delivery of effector proteins to host
cells (Cascales & Christie, 2003). Since these two proteins are important components of the Type IV secretion
systems of other bacteria, functional divergence in these genes may be involved in adapting the system to an

UMNO26-specific role (see Figure 2.5). To gain further insight into the possible implications of the UMNO026-
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Figure 2.5: Amino acid residues under functional divergence in E. coli UMNO26 VirB8. Right: the structure
of a Type IV secretion system found only in two strains of E. coli. CM = cytoplasmic membrane, OM = outer
membrane. The complex structure is based on that of Baron (2006). In UMNO26, the central complex proteins
VirB8 and VirB9 are under functional divergence. Left: Of the six sites detected by Clusterfunc that could be
mapped to the VirB8 crystal structure (Bailey et al, 2006), there is evidence that five are involved in forming
the VirB8 homodimer, so that functional divergence at these positions might alter the quaternary structure of
the complex.



Chapter 2. Proteome-wide Analysis of Functional Divergence Reveals the Molecular Basis of Adaptations in
Bacteria

specific changes in these proteins, we mapped the specific residues under functional divergence in VirB8 (also
output by Clusterfunc) onto the Agrobacterium tumefaciens crystal structure (Bailey et al., 2006). Of the 15
sites under functional divergence (see Supplementary Table S2.5), 6 could be mapped onto the crystallized
region of the protein. Of these 6, 5 are at or close to positions previously shown to be of functional importance.
Thr-194 (residues numbered according to the A. rumefaciens sequence), detected as being under functional
divergence, is 3.8 Angstroms from Thr-192. Mutating Thr-192 to Met results in a variant that is stable, but
cannot complement a VirB8 deletion mutant (Kumar & Das, 2001), indicating that the function of the protein
is sensitive to changes at this site. In addition, Thr-194, itself moderately conserved among VirB8 homologs,
is directly adjacent to two highly conserved sites, Ala-195 and Thr-196. Thr-196, which Clusterfunc also de-
tected as being under functional divergence in UMNO26, is directly involved in the stabilization of the VirB8
homodimer (Bailey et al., 2006), as is Leu-211, another functionally divergent site. Finally, two additional sites
identified by Clusterfunc are at positions that suggest they may have an indirect role in dimerization. Val-218 is
located between two other residues (Leu-217 and Val-219) that are involved in dimer formation, while Phe-127
is adjacent to Ser-128, a conserved residue that stabilizes the interaction surface on VirB8. The function of the
other site detected under functional divergence, Val-183, is currently unknown. Taken together, these results
indicate that functional divergence in E. coli UMNO26 VirB8 has occurred at residues important in forming
the homodimer, which may have important implications for the overall structure and function of the complex.
With no crystal structure available for VirB9, it is more difficult to evaluate the functional significance of the
sites detected there. Further, we detected functional divergence on branches of the VirB9 tree, suggesting that

this protein experiences a more general pattern of radical change.

2.6 Conclusion

The identification of functional divergence and ecological adaptation from sequence data is an interesting
and important goal in evolutionary biology, with the potential to deepen our understanding of the evolution of
individual traits and species, as well as the processes of evolution as a whole. Bacteria display an astonishing
capacity for adaptation to different lifestyles and ecological niches, but investigating the evolution of these traits
is problematic because their phylogenetic context is often unclear. Here, we have circumvented this problem
by evaluating functional divergence on gene trees and then clustering species by gene functional category.
Our approach revealed the overall patterns that have characterized functional change during the evolution of
bacteria, including strong constraint on information storage and processing genes and also constraints induced
by the host on pathogenic and symbiotic bacteria. It also identified lineage-specific events of atypical functional

divergence, such as the use of flagella by Bartonella bacilliformus to invade host erythrocytes and residue-level
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changes in the VirB8 protein of E. coli UMNO26. This is, to our knowledge, the first method that can be used
to identify functional divergence at the level of entire proteomes. Although used here to perform a large-scale
analysis on bacteria, our Clusterfunc software is extremely flexible and can be applied to individual genes,
complexes, lineages, or groups of proteomes using any ontology system in order to investigate functional

divergence at every level of biological organization.
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Chapter 3

Two Bacterial SecA/SecY Systems with

Distinct Roles in Adaptations

3.1 Related manuscript

Jiang, X.W., & M.A. Fares (2011). Two bacterial SecA/SecY systems with distinct roles in adaptations.

[n preparation

3.2 Abstract

Bacteria present an astonishing metabolic diversity, which enables them occupy a wide spectrum of unre-
lated environments. This metabolic capacity is due to the potential of bacteria to interact with a diverse set of
environments mediated by a set of bacterial secreted proteins, which are translocated across the cell membrane.
For example, translocation of virulence effector proteins is key for the interaction of pathogenic bacteria with
their host. The general secretion (Sec) pathway is responsible for the translocation of a substantial fraction of
these bacterial proteins from the cytosol to the cell membrane and beyond. Sec pathway is therefore central
to bacterial metabolism and ecology. In bacteria, the core of Sec system is formed by a complex of proteins
(SecA-SecYEG) key among which are the motor ATPase SecA and the membrane channel SecY. We sought
to investigate whether evolutionary differences in proteins from the Sec system could be associated to differ-
ences in protein secretion and bacterial lifestyles. To identify changes in the evolutionary constraints among
bacterial groups, we conducted an analysis of functional divergence (FD)-the process by which new genes and

functions originate through the modification of existing ones—of Sec proteins from different groups of bacteria,
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archaea and plant chloroplasts. Importantly, we find the strongest signature of evolutionary change to have
occurred in lineages leading to pathogenic bacteria. Amino acid regions affected by FD in SecA and SecY
are involved in ATP binding and hydrolysis activity and in the translocation of proteins across the membrane,
respectively. Furthermore, functional analysis of secreted proteins from 207 bacterial proteomes suggests dif-
ferential protein secretion in those bacterial lineages that present strong functional divergence. We show that
FD of key Sec components has played a fundamental role in the adaptations of bacteria and archaea and in

bacterial pathogenesis in particular.

3.3 Introduction

Bacteria use two major secretion systems to translocate proteins across or into the plasma membrane: the
general secretion (Sec) pathway and the Sec-independent Twin-arginine translocation (Tat) pathway. In the
Sec pathway proteins are translocated in an unfolded state (preproteins), while in the Tat pathway preproteins
can be translocated in a partially or fully folded state. Approximately one quarter to one third of bacterial
proteins are initially synthesized in the cytosol and subsequently targeted either to the cell membrane or to the
extra-cellular space of the cell (Driessen & Nouwen, 2008). Most of these translocated proteins possess a Sec
signal peptide at their amino terminals, which plays a central role in targeting the substrate preprotein to its
final destination by the Sec pathway. Due to the fundamental role these substrate proteins play in bacterial
environmental adaptation, Sec system is central to bacterial metabolism and ecology (Silhavy et al., 2010).

In bacteria, Sec system has two independent pathways directing synthesized proteins to their final desti-
nation: the post-translational and the co-translational pathways. The substrates (preproteins) of both translo-
cation pathways converge at the cytoplasmic membrane, across which they are subsequently translocated by
an evolutionarily conserved heterotrimeric protein complex channel: the SecYEG complex. Generally, in the
post-translational pathway, the exported preprotein is first synthesized by ribosomes in the cytosol of the bac-
terium and, then targeted by SecB and/or SecA to the plasma membrane. SecB does not perform this role in all
bacteria because this protein is absent in most gram-positive bacteria .

SecB is a secretion-dedicated chaperone that binds to preprotein and prevents it from undergoing prema-
ture folding (Bechtluft et al., 2010). SecB interacts with SecA thereby passing its substrate preprotein to SecA.
SecA was also shown to have chaperone activity and some evidence suggests that it can complement SecB
function (McFarland et al., 1993; Eser & Ehrmann, 2003). The main role of SecA, however, has been shown
to push the preprotein across the translocation channel SecY in an ATP-dependent manner (Yuan et al., 2010)
using a “clamp” (Zimmer et al., 2008).

In the co-translational pathway of bacteria, SRP (signal recognition particle) binds to the polypeptide
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emerging from the ribosome and then directs the ribosome-nascent chain complex to the plasma membrane,
where the complex binds to the SRP receptor FtsY. Subsequent to this, the emerging polypeptide passes through
the SecY translocation channel (Yuan et al., 2010). Both pathways exist in archaea. However, archaea lack
chaperone SecB and ATPase SecA. So it is not clear how post-translational translocation is achieved in archaea
(Irthimovitch & Eichler, 2003).

Of all the proteins forming the SecYEG-SecA complex, SecA and SecY have been extensively studies be-
cause they are directly responsible for the translocation of a large fraction of preproteins through the membrane
(Bieker et al., 1990; Bost & Belin, 1997). SecA has been proposed to mediate the translocation of preproteins
by coordinating ATP (adenosine triphosphate) binding and hydrolysis (Rapoport, 2007). This protein is con-
served among bacteria and some plants (possibly located on the thylakoid membrane of chloroplast (Aldridge
et al., 2009)), and plays a critical role in the protein export pathway, being therefore essential to cell viabil-
ity (Bieker et al., 1990). SecA is about 100kDa and consists of six protein domains (Figure 3.1), namely the
nucleotide-binding domain 1 (NBD1) and 2 (NBD?2), the polypeptide-cross-linking domain (PPXD), the helical
scaffold domain (HSD), the helical wing domain (HWD) and C-terminal domain (CTL, it is partially shown
in Figure 3.2A and colored white because the structure CTL domain hasn’t been completely soived.). The
conformational changes that SecA requires to translocate preproteins are suggested to be modulated by ATP
binding and hydrolysis in the NBD domain (Hunt et al., 2002), whereas PPXD, NBD2 and part of HSD are
thought to form a “clamp” (Figure 3.2C, G and H) for preprotein peptide binding and translocation (Zimmer
etal., 2008). Interestingly, SecA dramatically increases its ATPase activity only when it binds to SecY (Robson
et al., 2009).

SecY presents a clam shell-like symmetrical arrangement and consists of ten transmembrane (TM) seg-
ments (TM1-TM10) (Figure 3.3B), which form a gate at the front side and are clamped together at the back
by SecE (Zimmer et al., 2008). The role of SecG has been deemed not essential (Smith et al., 2005), although
early studies demonstrated that it may be involved in mediating the interaction of SecA and SecY translocon
and may have a role in the SecA-dependent secretion in some bacteria (Hanada et al., 1994; Douville et al.,
1995; Nishiyama et al., 1996; Sugai et al., 2007).

Two SecY/SecA systems are found in bacteria, one is termed SecA1/SecY1 (canonical SecA/SecY, inter-
changeably used in this paper), which has a higher degree of sequence similarity to that of Escherichia coli
and Bacillus subtilis, and the other is called (accessory) SecA2/SecY?2, which has a lower degree of sequence
similarity to that of E. coli and B. subrtilis (Rigel & Braunstein, 2008). SecAl and/or SecY 1 has been shown
to perform “housekeeping” functions in bacterial physiology, whereas SecA2 and/or SecY?2 is indispensable
in many cases for species specific virulence traits (Rigel & Braunstein, 2008). Some gram-positive bacteria

and mycobacteria are known to have an accessory SecA2 system, such as Staphylococcus aureus, Strepto-

49



3.3. Introduction

coccus gordonii and Mycobacterium tuberculosis. How does the accessory SecA2/SecY2 system contribute
to the overall bacterial physiology, transcription and secretion? This fundamental problem has only been re-
cently addressed by lan Siboo and colleagues (Siboo et al., 2008) and they showed that the accessory Sec
system in Staphylococcus aureus might solely secrete one serine-rich glycoprotein SraP (serine-rich adhesin
for platelets). Disruption of SecA2, SecY2 and other members of the accessory Sec system resulted in almost
complete abolishment of cell surface expression of SraP. They also showed that disruption of the accessory Sec
system had no effect on the mutants’ growth in vitro compared with the parent strains or on the canonical Sec
system. Moreover, by comparing the mutants and parent strains using microarray, SDS-PAGE and 2D-DIGE
experiments, these authors observed that the disruption resulted in no perturbation of the major regulatory
systems, no significant changes of bacterial physiological state, and no stress response.

Bacteria that possess an accessory SecA2/SecY 2 system include highly pathogenic and antibiotic resistant
bacteria such as Staphylococcus aureus (meticillin-resistant, vancomycin-susceptible, vancomycin-intermediate
resistance strains) and Streptococcus pneumoniae etc. Although not essential for pathogens survival (Bensing
& Sullam, 2002; Rigel & Braunstein, 2008) this system has been found to be solely responsible for secreting
a set of virulence factors (Rigel & Braunstein, 2008). It has been shown that SecA2/SecY2 system is involved
in the secretion of posttranslationally modified glycoproteins in pathogenic Streptococcus and Staphylococcus
species (Chen et al., 2004; Takamatsu et al., 2004a,b; Bensing et al., 2005; Siboo et al., 2005; Takamatsu et al.,
2005; Wu et al., 2007; Siboo et al., 2008; Mistou et al., 2009; Zhou et al., 2010). Given that these heavily
glycosylated preproteins are exceptionally long (with thousands of amino acid residues) we hypothesise that
in these pathogens SecA2 and SecY2 have undergone functional divergence in comparison with the canonical
proteins that enabled two important changes: greater conformational changes in SecA2 through an optimiza-
tion of the regulation of ATP binding and hydrolysis that would allow interacting with bigger proteins and
interaction with SecY?2 channel (Chen et al., 2004; Takamatsu et al., 2004a,b; Bensing et al., 2005; Siboo et al.,
2005; Takamatsu et al., 2005; Wu et al., 2007; Siboo et al., 2008; Mistou et al., 2009; Zhou et al., 2010), while
SecY2 channel had to cope with the translocation of preproteins with heavily glycosylated amino acid residues.

All these evidence point to that the two SecA/SecY systems have distinct functional roles in different mi-
croorganisms, hinting speculation that these proteins may have undergone dramatic functional shifts to enable
microorganisms adapt to the various ecological requirements. These functional shifts and the consequences
associated to the molecular changes along the evolutionary history of bacterial natural diversification remain
largely elusive .

Previous studies support the functional divergence in molecules from the secretion systems (Gevers et al.,
2004; Sanchez-Perez et al., 2008; Das & Oliver, 2011). To identify molecular changes in Sec proteins and

understand how these changes relate to bacterial lifestyle, we conducted an analysis of the molecular changes
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to explain the divergence of functions of key Sec proteins across the bacterial phylogeny. We performed a
thorough functional analysis of all secreted proteins within those bacterial clades with strong evidence for
functional divergence. Our results suggest that strong functional divergence in bacterial Sec secretion system

could indeed be associate with their various ecological adaptations.

3.4 Materials and Methods

3.4.1 Sequence selection and alignments

For functional divergence analysis, homologous protein sequences for SecA, SecB, SecE, SecG and SecY
were retrieved from KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway database (updated Decem-
ber 1, 2009) using KEGG API (Application Programming Interface) function with Perl programming (Kanehisa
et al., 2008). These homologous protein sequences come from 944 bacteria, 68 archaea and 10 plants (Supple-
mentary Table S3.1, S3.2, S3.3, S3.4 and S3.5). Pathogenic bacterial strains and their hosts are also identified
from KEGG (http://www.genome. jp/files/org2key.xl).

To identify protein sequences of SecA1/SecY1 and SecA2/SecY2, we followed a strategy used by a
previous study (Rigel & Braunstein, 2008). Briefly, in bacteria with two SecA/SecY homologs, SecA/SecY
with a slightly higher sequence similarity to the canonical SecA/SecY of E. coli and B. subtilis are termed
SecA1/SecY 1, while the other SecA/SecY with a lower sequence similarity to SecA and SecY of E. coli and
B. subtilis are termed SecA2/SecY?2. This strategy was used to identify SecA1/SecY1 and SecA2 And SecY2
in functional divergence analysis and intermolecular coevolutionary analyses.

To analyse intermolecular coevolution of the SecA2 and SecY?2 of Staphylococcus and Streptococcus
species, protein sequences for SecA2/SecY2 were retrieved from KEGG database by FASTA search service
following the aforementioned strategy, where 15 bacterial strains were found to have both SecA2 and SecY2.
We then retrieved the 15 protein sequences for SecA2 and SecY?2, respectively. Similarly, to analyse inter-
molecular coevolution between SecA and SecY of bacteria that have SecB, we retrieved 91 protein sequences,
respectively. To analyse intermolecular coevolution between SecAl and SecB, we retrieved 83 protein se-
quences, respectively. All protein sequences were aligned by Muscle 3.7 (Edgar, 2004). Alignments were

manually checked using Jalview (Clamp et al., 2004).

3.4.2 Phylogenetic reconstruction

RaxML Pthreads version 7.2.4 (Stamatakis, 2006) was used to build the Maximum likelihood (ML) phylo-

genetic trees after estimation of the appropriate amino acid substitution model by Prottest version 2.4 (Abascal
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et al., 2005). Then, the best ML trees for SecA, SecB, SecE, SecG and SecY were computed based on the LG
substitution model (Le & Gascuel, 2008) with GAMMA model of rate heterogeneity among sites and empirical

amino acid frequencies.

3.4.3 Identifying functional divergence

Functional divergence is a term used to refer to the divergence in protein function in a group of organisms
as a result of mutations at particular amino acid sites. This functional divergence can take place at different
degrees, going from slight changes of the ancestral function to complete acquisition of novel functions. Func-
tional divergence can be classified in two groups (Gu, 1999, 2006) i) FD type I: refers to the acquisition of a
functional role of an amino acid site in a group of bacteria that are phylogenetically close and therefore that
amino acid site will be highly conserved within this group but variable among groups. This site will evolve
neutrally outside the group: and ii) FD type II in which the amino acid site is highly conserved in two different
groups of bacteria but have different functional roles. Details of the method to identify functional divergence
and its application have been recently published in two case studies (Toft et al., 2009; Williams et al., 2010).
Briefly, the method uses a protein sequence alignment and a phylogenetic tree including paralogs and orthologs.
The method then compares a pair of clades in the tree sharing a common ancestral origin to their closest phy-
logenetic outgroup. The comparison is performed for each amino acid site in the protein and the strength or
likelihood of the amino acid state is evaluated using the appropriate BLOSUM matrix (BLOcks of Amino Acid
SUbstitution Matrix) (Henikoff & Henikoff, 1992). BLOSUM matrices comprise the scores for the transition
between the 20 amino acids, with positive scores meaning the transition is more frequent than expected, neg-
ative means that the transition is less frequent than expected and 0 means that these transitions are as frequent
as expected. Using BLOSUM as a score matrix for the transitions between amino acids allows scoring both
variable sites and conserved sites: one clade may seem variable yet the amino acid transitions between orthol-
ogous sequences within the clade may have taken place between biochemically close amino acids (positive
scores). In the comparison between two clades to an outgroup (clade 1 and clade 2), functional divergence in
clade 1 would be detected if the BLOSUM scores were positive within clade 1, negative between clade 1 and
the outgroup and positive between clade 2 and the same outgroup. To test the significance of the variances of
these score , we calculated the mean and standard error of the scores for clade 1 ( C; and SE; ) and clade 2 (C»
and SE» ) (Toft et al., 2009). The significance of the difference in the means was obtained by calculating the

Z-score for the comparison of samples with unequal sizes as:

61 — 62
Z —
SEc,,
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Where C| , are the mean substitution scores for the transition from clades on either side of the bifurcation
in the phylogenetic tree relative to the outgroup and SE¢, , is the combined standard error of clade 1 and clade
2.

In order to identify the patterns of sites under FD among protein domains in SecA/SecYEG proteins, we
first ranked each of the clades according to the number of sites under FD in comparison with the rest of clades.
We then counted the number of sites under FD within each protein domain for that particular protein. Third,
we used these numbers to build a data matrix for each protein, with each row representing the FD enrichment
profile for the top 10% clades most enriched for FD, while columns referred to the FD profiles within each of
the protein domains. Finally, we used this data matrix as input for the clustering of the rows and columns in
order to search for similarities in the FD profiles of protein domains and/or clades, which was performed using
heatmap.2 function in R (http://www.r-project.org/). The heatmap.2 function scales each element in a

row in the data matrix based on a normalised Z-score, which is calculated as follows:

Xij — Xi
Gi

=

Here, z;; is the Z-score calculated for element x;; in the matrix, X; is the mean of the row i , o; is the

standard deviation of all the elements in the row i .

3.4.4 Prediction of potential Sec and Tat substrate proteins

To identify potential SecA1/SecY 1 dependent substrate proteins, we follow three steps. First, we use
SignalP (Bendtsen et al., 2004) to screen a proteome for potential Sec-dependent secreted proteins (secretome).
Second, we use TatP (Bendtsen et al., 2005a) to screen that proteome for potential Tat-dependent secreted
proteins. Finally, we remove those protein predicted by TatP in the SignalP results to minimize false positives.
To identify potential SecA2/SecY?2 dependent substrate proteins, the reciprocal best-best FASTA hits from
sequenced Staphylococcus and Streptococcus strains are retrieved from KEGG database using the SraP protein,
an experimentally verified SecA2-dependent substrate (and it is the only protein that was found to be SecA2
dependent), of Staphylococcus aureus N315 (Siboo et al., 2008). We then use SignalP (Bendtsen et al., 2004) to
predict if these proteins have potential signal peptides. These proteins will be further analysed by SecretomeP
if they don’t have any signal peptides. SecretomeP can predict if these proteins are secreted even if they don’t
have an obvious signal peptide. The final set that is predicted to be non-secretory was analysed further by
TatP (Bendtsen et al., 2005b), which can predict if these proteins can be secreted through the Twin-arginine
secretion pathway. We also analyze the original dataset by TatP to see if they have conflicting results predicted

by SignalP. In all cases, the length of truncated sequences for prediction is set to 200, as indicated by functional
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studies of GspB protein of Streptococcus gordonii (Bensing et al., 2007).

Predicted Sec and Tat substrates were grouped according to their COG functional categories. To determine
if the numbers of substrates for the Tat-dependent secretion in each of the categories were significantly higher
(enriched category for secreted substrates) or lower (impoverished category) than expected by chance, a x>
test was performed on each COG functional category with one degree of freedom. The statistical test was

performed according to the following equation:

o8 (0i—E;)*
1 E[

el Npredicted
" Ncog

O; is the observed number of predicted substrate proteins in COG category i. while E; is the expected
number of such proteins in that category i. The total number of proteins in category i is indicated by n;.
Np

the proteome. Only proteins assigned within single COG functional categories were analysed (ambiguous

redicted 15 the total number of predicted substrate proteins, while Ncog is the total number of proteins in

categories R and S were not included).

3.4.5 Intermolecular coevolutionary analysis

Intermolecular (protein-protein) coevolution analyses were performed using the software CAPS version
1.0 (Fares & McNally, 2006) based on a published method (Fares & Travers, 2006). CAPS has been compared
with other methods in a previous study to identify coevolution between membrane proteins and was placed
on the top ranking, indicating the validity and power of this method to identify true coevolution cases under
stringent statistical conditions (Fuchs et al., 2007). CAPS algorithm uses a normalization strategy for correcting
heterogeneity in the data, which uses Poisson distance between protein sequences as a correction parameter.
This correction method is reasonable and fast, and performs well when the analyzed data are polymorphic
protein sequences (allelic proteins) from the same species (e.g. human immunodeficiency virus env gene
protein products gp120 and gp41 (Travers et al., 2007), human leukocyte antigen molecules (Jiang & Fares,
2010)). The working flow chart of this method has been discussed (Travers & Fares, 2007). CAPS can classify
pairs of coevolving amino acid sites that share the same site into groups. Therefore, a group of coevolving sites
for protein-protein coevolution analyses means that all the amino acid sites in one protein coevolve with all
sites in the other protein and vice versa. These coevolving sites may imply allosteric long distance interactions
as well as close interactions between coevolving amino acid sites from two interacting proteins. In this way,

we can identify structurally and/or functionally coevolving sites and link these sites to relevant functional or
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structural roles provided that structural and functional data are available the (Travers & Fares, 2007). We set
the alpha-value to 0.05 when performing the statistical test, and the random sampling size to 100 million. To
ensure convergence in the results (e.g. that the same amino acid sites are consistently identified as coevolving)

the analysis were performed three times with the same parameters, and all three results were consistent.

3.4.6 Structural analysis of SecYEG translocon and SecA ATPase

To define protein domains of SecA, E.coli SecA domain regions (Sharma et al., 2003; Driessen & Nouwen,
2008) were mapped to SecA alignment. Domain information obtained here was also used for other purposes,
such as mapping sites under FD and coevolving sites to protein domains. To define protein domains of SecY,
the transmembrane domain (T1-T10) and cytoplasmic domains (C1-C6) and periplasmic domains (P1-P5) were
obtained using SMART (Simple Modular Architecture Research Tool) service (Schultz et al., 1998; Letunic
et al., 2009) with E.coli SecY protein sequence.

To understand structural and functional interactions between amino acid sites under FD and coevolu-
tion, protein X-ray crystallographic structures for SecA, SecYEG-SecA complex were retrieved from Protein
Data Bank (PDB, http://www.pdb.org) using keyword SecA. Only structures which were solved by X-ray
diffraction method and had complete NBD1, NBD2, PPXD, HWD and HSD domains were kept for further
analysis. The PDB codes of these structures are IM6N (Hunt et al., 2002), INKT (Sharma et al., 2003), 1TF2
(Osborne et al., 2004), 2IBM (Zimmer et al., 2006), 2IPC (Vassylyev et al., 2006), 3JUX (Zimmer & Rapoport,
2009), 3JV2 (Zimmer & Rapoport, 2009) and 3DIN (Zimmer et al., 2008). SecA from SecYEG-SecA (3DIN,
Figure 3.2H) was used as the comparison base when performing the structure based alignments through CEalign
in PyMOL (Figure 3.2A-H). PyMOL Version 1.3 (http://pymol.sourceforge.net/) was used to visu-
alize X-ray crystallographic structures, and the structure alignment was performed using CEalign plug-in
(http://pymolwiki.org/index.php/Cealign) in PyMOL (Shindyalov & Bourne, 1998). The distance
in the protein structure between two amino acids under FD was calculated by their shortest Euclidean atomic
distance. For example, the distance between the two atoms with three-dimensional coordinates (A, 24 ) and
(xB,y8,z8 ) from amino acid “A” and amino acid “B” respectively in the X-ray crystallographic structure was

calculated as:

d =1/ (A —x8)* + (A —yB)* + (22 — 2B)°

We did the same for every pair of atoms in both proteins, and then we took the shortest atomic distance
as the amino acid distance between both of the amino acids. We followed the same procedure to calculate the

shortest amino acid distances between domains and the distance between drug target amino acid sites identified
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Figure 3.1: Two-way clustering of the top ten percent branches under functional divergence of SecA. (A)
Protein domains are clustered according to the number of sites under functional divergence after Z-score stan-
dardisation, group number represents the rank of number of sites under functional divergence in each analysed
branch, and groups are also clustered. (B) Protein domains are shown in SecA. * denotes functional divergence
results for SecA2, representative phylogenetic group in each group is also shown.

in (Chen et al., 2010) and amino acid sites under FD identified in this study.

3.5 Results

3.5.1 Evidence of functional divergence of the motor and translocon pore of pathogenic
bacteria
In this study we identified 298, 87, 191, 199 and 268 clades that have at least one amino acid site under
FD (Supplementary Table S3.1, S3.2, S3.3, S3.4 and S3.5 for SecA, SecB, SecE, SecG and SecY, respectively).

In our results, we found 271 (35% of all species under FD), 89 (31% of all species under FD), 189 (29% of all
species under FD), 199 (30% of all species under FD), 219 (29% of all species under FD) pathogenic bacterial

56



Chapter 3. Two Bacterial SecA/SecY Systems with Distinct Roles in Adaptations

PaIoUaP ST (IXdd JO JuawaAow urewop Jo puan aqqissod ay [, (6007 ©

“Te 12 AdA1AsseA) DIT (3) (900 I8 1@ 1owwrz) WHIT () ‘(00T I8 12 2u10qsQ) ZALI (D) *

"MOLIR )M S9UI] ydIe AqQ

uododey 29 wwz) ZAre (9) ((600z ‘Hododey % sowwrz) Xn[g (4) (900T

“Ie 19 BwIRyS) LN (9) (T00T T8 19 unH)

NOINT (V) 10] (8007 “'Te 10 Iowwry) (H) U0 paseq pouSIfe aIe SaINonas [RISAI0 YIS PaA[oS surajoid yoas jo juowudife [einjonns :g'¢ aandig

H 9
. apnadad
1 ZagN M
s)eys
paso|D ; uado
e - ——
dwelo : dwen

GMH

apndad
noyiim
2Jels
uadQ

———

dwe|D




3.5. Results

SecY

ﬁ ﬁ?ﬁf* ﬁ—m

14 Streptococcus”
11.Methanococcus
25 Proch&Synec
8.Xanthomonadaceae
| 18 Wolbachia

1.8 agalactiae® B

17 Rickettsiales

6 Francisella To
16.Sulfolobus

15 Chlamydia

. 19 Eubacterium

9 Rickettsia

26 Acinetobacter

12 Coriobacteriaceae

13 Borrelia

B 3 Staph&sStrep®
4.5 aureus”

7.S. pneumoniae”
22 Thermococcus
5 Cyanobacteria
23 Mycoplasma

2 e-proteobacteria
20 Neisseria

24 Bartonella T

P1(Plug)

—T6

Protein Domain

Staph:Staphylococcus
A Strep:Streptococcus

Synec:Synechococcus

Proch:Prochlorococcus

Figure 3.3: Two-way clustering of the top ten percent branches under functional divergence of SecY. (A)
Protein domains are clustered according to the number of sites under functional divergence after Z-score stan-
dardisation, group number represents the rank of number of sites under functional divergence in each analysed
branch, and groups are also clustered. (B) Cytoplasmic (C1-C6) and periplasmic (P1-P5) domains are shown
in SecY. (C) Transmembrane (T1-T10) domains are shown in SecY. The so-called “plug” domain is also shown
(P1) in the centre. * denotes functional divergence results for SecY?2, representative phylogenetic group in each
group is also shown.
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strains to have at least one amino acid site under FD for SecA, SecB, SecE, SecG and SecY, respectively.
Moreover, all pathogenic bacterial strains in the original data were identified to have at least one site under FD
in the results. We focused on those top 10% clades with the strongest signal of FD (clades are ranked by the
number of sites within the proteins identified to be under FD). Interestingly, we found that there are clinically
important bacterial pathogens in the top 5 most functionally divergent clades (Supplementary Table S3.1, S3.2,

S3.3, S3.4 and S3.5), such as Chlamydia, Listeria, Staphylococcus and Streptococcus.

We asked how protein domains are affected by functional divergence within SecA/SecY across large
phylogeny. To identify sites under FD in protein domains, we followed the steps desribed in Materials and
Methods and visualised the results in the heatmaps shown in Figure 3.1A and Figure 3.3A. As shown in Figure
3.1A, SecA, it is striking that the most affected domain by FD is NBD1 domain, which is consistent with our
previous hypothesis that claimed that functional divergence of ATP binding domain may play a significant role
in SecA evolution. However, NBD1 and PPXD domains present similar heatmap patterns for FD compared to
other domains. HSD and NBD2 domains of SecA were clustered within the same group due to their similarities
in site numbers under FD, as did CTL and HWD domains, which were the two domains most impoverished for
FD (Figure 3.1A), indicating that their functions have been conserved during SecA evolution. Taking all clades
into account instead of the 10% most enriched ones made no difference to our results (Supplementary Figure
S3.1). NBD2 and HSD domains shared similar profiles of FD, probably due to the possible modulation of HSD
domain function or structure by NBD2. A recent study showed that PPXD, NBD1 and HSD also interact with
signal peptide of the preprotein during the translocation process (Auclair et al., 2010). As shown in Table 3.1,
amino acid sites under FD between the PPXD domains and the remaining domains (NBD2, NBD1 and HWD)
deviates the most in terms of mean atomic distance, with the distance to the sites from the NBD2 being the
largest. The conformational changes between PPXD and other protein domains in SecA here are consistent
with previous in vivo experiments (Keramisanou et al., 2006; Erlandson et al., 2008b; Zimmer & Rapoport,

2009).

In SecY (SecY1 and SecY?2) we observed a strong and similar enrichment of domains C4 and C6 for FD,
being consequently joined in the same cluster (Figure 3.3A), which is in support of previous studies highlighting
their equally important functional role (Baba et al., 1994; Smith et al., 2005). Like in SecA, SecY showed
similar clustering patterns when the full set of bacterial lineages was considered (Supplementary Figure S3.2).
Domains C1, T8, CS5, P1, T7 and T6 form the second cluster, and P3, P4, T9, TS, T3, C2, T4, T1, PS5, P2,
T10, C3 and T2 form the third cluster. These clustering may indicate possible functional dependencies during
the evolution of SecY in these bacterial lineages. For example, studies have shown that T8, T7 and T6 play
roles in the plug domain P1 displacement for subsequent peptide translocation upon ribosome (Gumbart et al.,

2009) or SecA (Zimmer et al., 2008) binding to C1 (C-terminal tail) and C5 domains of SecY. Next, we aimed
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Figure 3.4: Pathogenic bacteria and archaea that have strong functional divergence in their Sec components.
Protein components SecA (A), SecE (B), SecG (D) and SecY (E) under functional divergence of the SecA-
SecYEG complex (C) and their corresponding phylogenetic trees, where the top 10% most functionally diver-
gent branches (see Supplementary Table S3.1, Table S3.3, Table S3.4 and Table S3.5 for details) are color coded
on their corresponding phylogenetic trees. Moreover, clinically interesting pathogenic bacteria are labelled.
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at identifying unique patterns pertaining to the FD of canonical and accessory Sec systems.

3.5.2 Functional divergence of SecAl and SecY1

What are the FD pattern profiles on the canonical SecA/SecY ? We found that not two rows in the heat map
of Figures 3.1A and 3.3A showed the same FD profile for SecA and SecY protein domains. Nonetheless, the
clustering of non-sister bacterial lineages within the same group according to the similarity in their FD profile
hints the possibility that they present similar ecological traits. For instance, the pathogenic Chlamydia form a
monophyletic group (group 1, Figure 3.1A and 3.4E) that showed the strongest signal of FD. This group also
presented a unique FD profile for the different protein domains with the greatest proportion of sites under FD
being located in the PPXD domain, a slightly lower proportion of sites located at the NBD1 domain, a medium
proportion of sites located at the HSD domain and a low proportion of sites located at the NBD2 domain. The
fifth most functionally divergent group comprises five strains of Coxiella burnetii, which is clustered together
with group seven (group five and seven for SecA, Figure 3.1A) including Mesoplasma florum, Mycoplasma

capricolum and Mycoplasma mycoides.

&—proteobacteria presents a particular functional divergence profile in the translocon core protein SecY. We
identified 40 sites under FD between &- (group 2 in Figure 3.3A) and other proteobacteria groups (¢, 3, v, 6),
11 sites between -, -, y- (group 102 in Supplementary Table S3.5) and d-proteobacteria groups, eight sites
between ¢~ (group 101 in Supplementary Table S3.5) and f3-, y-proteobacteria groups, and six sites between f3-
(group 185 in Supplementary Table S3.5) and y- proteobacteria group (Figure 3.5). Sequenced bacteria from
Epsilonproteobacteria (€) represent the second most functionally divergent group for SecY protein compared
with other major sequenced proteobacteria (&, 3, ¥, §) groups. As shown in Figure 3.3A, Epsilonproteobacteria
(group 2) showed a distinctive molecular pattern of domain FD compared with other branches, where group
2 did not cluster with any of the other groups (Figure 3.3A). To understand the relative functional importance
of this pattern, we mapped sites under FD of Epsilonproteobacteria to the C4 loop formed between T7 and T8
(Figure 3.6). The tip of C4 domain is embedded in the “clamp” formed by PPXD, NBD2, NBD1 and part of
the HSD (Figure 3.6A). 250Gly, 243GIn and 248Val have been identified under FD in this bacterial group and
due to their position in C4 (Figure 3.6B) they are likely to interact with the preproteins and participate in their
translocation. Also, residues 255GIn, 256Gly and 257Ala of SecY interact with PPXD domain (Figure 3.6C

and 3.6D) and may therefore contribute to the movement of C4 loop.
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09

Figure 3.5: Maximum likelihood phylogenetic tree of SecY. Proteobacteria groups are mapped to tree, which
are epsilonproteobacteria, alphaproteobacteria, betaproteobacteriam gammaproteobacteria and deltaproteobac-
teria.
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SecA SecA
Side view c4

Top view

C4

NBD2

Figure 3.6: Amino acid sites under functional divergence mapped to the C4 domain of the SecY structure.
Amino acid sites under functional divergence from e—proteobacteria were mapped to the three-dimensional
crystal structure of the SecYEG-SecA complex. (A) Three-dimensional crystal structure of SecA from B.
subtilis (PDB: 3JV2) was superimposed to the SecYEG-SecA structure using CEalign in PyMOL, the original
SecA structure was then removed from the SecYEG-SecA complex, where left figure top view and right side
view clearly showed the C4 region in the polypeptide binding clamp. (B) A zoomed in figure of the C4 region
clearly showed that mapped amino acid residues are in the clamp and also interact with the PPXD domain. (C)
The same figure as shown in (B) without the SecA region, all sites from the C4 domain can be clearly observed
from the top of the SecY structure. (D) The same sites are viewed from the SecY side.
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3.5.3 Functional specialization of SecA2 and SecY2

In contrast with the canonical Sec system, here we found that all SecA2 proteins showed greater FD
compared with the canonical SecAl proteins in bacteria that have both SecAl and SecA2 proteins, with the
only exception of Corynebacterium spp., in which the trend was the inverse to the previous one (group 14,
Figure 3.1A). This is striking as a recent study has shown that both SecA1 and SecA2 proteins are essential in
Corynebacterium glutamicum (Caspers & Freudl, 2008). As shown in Figure 3.1A and 3.3A, the SecA2/Y2
system of Streptococcus spp. and Staphylococcus spp. (group numbers 10, 11, 16, 19 and 1, 3, 4, 7, 14 for
SecA2 (Figure 3.1A, Figure 3.4A) and SecY?2 (Figure 3.3A, Figure 3.4E), respectively) are among the top 10%
most functionally divergent bacterial lineages. This significant FD may have been required for the secretion
of large serine-rich glycoproteins, which are heavily glycosylated in the cytosol after protein synthesis. These
proteins include SraP and its homologs in Staphylococcus and Streptococcus species (Siboo et al., 2008) (Table

3.2).

In order to examine the functional locations of amino acid sites under FD in the protein structure, we
mapped the corresponding amino acid sites of SecA2 and SecY?2 from Staphylococcus spp. (group 10 in Figure
3.1A and group 4 in Figure 3.3A, respectively) to the recently solved SecYEG-SecA crystal structure (Zimmer
et al., 2008). As shown in Figure 3.7, there are 14, 8, 16, 14, 3 and 0 sites mapped to the NBD 1, PPXD, NBD2,
HSD, HWD and CTL domains of SecA, respectively (gaps are not shown). Moreover, domains NBD2, HSD
and NBD1 are specially enriched for sites under FD (Figure 3.1A), and some of these sites in SecA2 are located
in two regions recently identified as functionally important. First, amino acids 774Glu, 775Ala, 786Pro and
793Glu are located in the two helix finger of the HSD domain (Figure 3.7D), and these four sites have been sug-
gested to play an important role in moving polypeptide chains into the SecY channel (Erlandson et al., 2008b).
Second, amino acid site 77Phe was identified in NBD1 (Figure 3.7E) and has been previously suggested to be a
major target for SecA ATPase inhibitor (Li et al., 2008; Chen et al., 2010). Among the sites under FD, 35 were
mapped to the C1-C6, T1-T10 and P1-P5 domains of SecY (sites located on unsolved structure regions are not
shown), (Figure 3.8). Domains C4, C6, T8, C5, P1, T6 and TS5 may play more important functions for niche
adaptation as compared to other domains owing to their striking enrichment for FD (group 4 in Figure 3.3A).
Among the bacteria with evidence for FD, 11 Mycobacteria without SecY?2 (group number 22 in SecA2, Fig-
ure 3.1A) were clustered with group 28 consisting of seven plant species (Physcomitrella patens subsp. patens,
Sorghum bicolor, Vitis vinifera, Arabidopsis thaliana, Populus trichocarpa, Oryza sativa japonica and Ricinus

communis).
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P 468Glu

Figure 3.7: Amino acid sites under functional divergence of Sraphylococcus spp. (group 10 in Figure 3.1)
mapped to the SecA structure. (A) Sites are mapped to PPXD, NBD2, HSD, HWD and NBD1 of SecA. (B)
Detailed view of the sites on PPXD. (C) Detailed view of the sites on NBD2. (D) Detailed view of the sites on
HSD and HWD. (E) Detailed view of the sites on NBDI.
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Figure 3.8: Amino acid sites under functional divergence of Staphylococcus spp. (group 4 in Figure 3.3
mapped to the SecY structure. (A) Sites are mapped to the SecYEG complex. (B) Detailed view of the site
from the SecY side. (C) Detailed view of the sites from the SecY front. (D) Detailed view of the sites from th
SecY bottom.
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3.5.4 Intermolecular coevolutionary patterns in the accessory SecA2/SecY2 system

Due to the importance of the interaction between SecA2 and SecY?2 in the secretion of heavily glycosy-
lated large serine-rich proteins, we aimed at identifying amino acids from both these proteins involved in such
interactions using coevolutionary analyses. We define here coevolution as the correlated variation of two amino
acids from the same protein or from two different proteins. It is based on the rationale that the coevolution of
two amino acids is the result of the selective pressures that one amino acid imposes on the other amino acid
so that breaking their correlated variation would result in a deleterious phenotype. To distinguish this type of
coevolution from historical and stochastic covariation, we used a well-tested method to identify inter-protein
coevolution that corrects for such phenomena (Fares & Travers, 2006), and that is implemented in the program

CAPS (Fares & McNally, 2006) (see Materials and Methods for details).

It has long been of great interest to know how SecA and SecY translocon interact at the molecular level
(Ito & Mori, 2009; Robson et al., 2009; Mori et al., 2010), and this has recently been advanced by the publi-
cation of the first X-ray crystallographic structure of the SecYEG-SecA translocon complex (Erlandson et al.,
2008b; Zimmer et al., 2008; du Plessis et al., 2009; Zimmer & Rapoport, 2009; Auclair et al., 2010; Mori
et al., 2010). However, to the best of our knowledge, no experimental studies have been performed so far to
address this problem in the SecA2/SecY?2 system, and therefore, it is not clear how SecA2 and SecY?2 interact
during the preprotein translocating process. An alternative way to characterize interactions between proteins
and identify the involved amino acids is applying methods that identify common patterns of evolution among

functionally/structurally linked residues.

Coevolution analysis identified two groups of intermolecular coevolving residues from the motor protein
SecA2 and the core protein of the translocon SecY 2, respectively, from 15 Staphylococcus species (see Materi-
als and Methods section for details). As shown in Table 3.3 and Figure 3.9, group 1 has 8 coevolving residues,
while group 2 has 19 coevolving residues (Figure 3.9B, Table 3.3). The two groups of coevolving residues
share residues on T3, T8 and T10 of SecY?2 (Table 3.3), which is in line with previous experimental studies
conducted on the canonical SecA/SecY system demonstrating that these domains play an important role in the
change of channel open and close states and in the displacement of the channel plug (P1 region). From Table
3.3 it is interesting to see that coevolving residues (465Glu and 5931le) and 44Trp in group 2 are located in the
NBD2 domain of the motor protein SecA2 and P1 domain (the plug domain) of SecY?2, respectively (Figure
3.9B), where the plug domain is believed to play a role in sealing and opening the transiocation channel SecY
(Bostina et al., 2005; Tam et al., 2005; Li et al., 2007; Maillard et al., 2007; Saparov et al., 2007; Erlandson
et al., 2008a; Gumbart & Schulten, 2008; Zimmer et al., 2008; Lycklama et al., 2010). Further analysis of

coevolving residues identified that one amino acid site (396Thr) located on the PPXD domain has the high-
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128Gly

Figure 3.9: Coevolving residues of the accessory SecA2/SecY?2 system mapped to the SecYEG-SecA complex.
(A) Coevolving amino acid residues of group one (Table 3.3) are mapped to SecA (blue balls) and SecY (blue
balls), respectively. (B) Coevolving amino acid residues of group two (Table 3.3) are mapped to SecA (blue
balls) and SecY (red balls), respectively.
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Group AA Site Domain  Protein
1&2 465Glu NBD2 SecA2

2 593Ile NBD2 SecA2
1 236Ala C4 SecY2
1 235GIn  C4 SecY?2
1 413Met  C6 SecY2
1 128Gly T3 SecY?2
1 199Tyr TS SecY?2
1 311Gly T8 SecY2
1 396Leu TI10 SecY?2
2 4Ala* Cl SecY2
2 114Lys C2 SecY2
2 346Arg C5 SecY2
2 329Arg CS5 SecY2
2 343Pro C5 SecY2
2 44Leu* Pl(Plug) SecY2
2 210Gly P3 SecY?2
2 393Thr TI0 SecY2
2 399val TI10 SecY2
2 124Thr T3 SecY?2
2 122Arg T3 SecY?2
2 233val T6 SecY2
2 285Ala  T7 SecY?2
2 326Phe T8 SecY2
2 308Leu T8 SecY2
2 3731le T9 SecY2
2 370Leu T9 SecY2

Table 3.3: Functionally or structurally coevolving amino acid sites from the accessory SecA2/SecY2 system.
Sites are mapped to domains and proteins and they are classified into two groups by CAPS analysis. *Amino
acid sites are not available in the SecYEG-SecA crystal structure.
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Figure 3.10: Amino acid sites under functional divergence (group 1 in Supplementary Table S3.3 and Table
S3.4) of SecE and SecG mapped to the SecA-SecYEG structure. (A) Sites are mapped to SecE. (B) Sites are
mapped to SecG.

est coevolving partners (326 amino acid sites), which indicate PPXD domain may play an important role in

translocating SecA2-dependent substrate proteins.

3.5.5 Functional divergence in SecB

We identified a clade with the strongest FD that contains mostly pathogenic Rickettsia spp. (group 1
in Supplementary Table S3.2). In this clade 20 amino acid sites are identified to be under strong functional
divergence. To further address the functions of these sites, we mapped these sites to E. coli SecB structure
(Dekker et al., 2003). This SecB structure is structurally aligned to the Haemophilus influenzae SecB structure
in which SecB is bound to the C-terminal 27 amino acids of H. influenzae SecA. This alignment is successful
as the RMSD (root mean square deviation) is 3.2 angstroms, which indicates that the over-all protein structure
of SecB may be highly conserved. Structural analysis shows that most of these FD sites are distributed among
two SecA-binding regions on SecB (Figure 3.11). One is close to the C-terminal linker on SecA (Zhou & Xu,
2005) (Figure 3.11A). The other is close to SecB-binding site on SecA (Figure 3.11B). This SecB-binding site

is highly conserved and located in the C-terminus of SecA. These functionally divergent sites on SecB may play
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a role in regulating SecA by binding to the conserved C-terminus region of SecA. This is consistent with our
FD analysis of SecA, where we show that the CTL domain is impoverished for functional divergence (Figure
3.1). This suggests that the CTL domain may function in a different way in SecA’s ATPase activity.

To address the relations between CTL and other protein domains in SecA, SecB and SecY, we performed
two coevolutionary analyses between SecA and SecY and SecA and SecB, respectively. In the combined
coevolutionary networks between SecA, SecB and SecY, we found that three amino acid sites have the high-
est number of coevolving partners that come from the CTL domain of SecA. These coevolving partners are
distributed among all protein domains (except C2 and T2) in SecY and two regions mentioned above in SecB
(Figure 3.11A and Figure 3.11B), which suggests that CTL domain may structurally/functionally regulate other

protein domains during SecB, SecA and SecY interaction (Supplementary Figure S3.3).

3.5.6 Functional divergence in SecE and SecG

One clade containing two pathogenic Acinetobacter sp. is the most functionally divergent group of SecE
(Figure 3.4B). Interestingly, we observed that SecG proteins of plant pathogens from Xanthomonas sp. and
Xylella fastidiosa have accumulated the most radical changes (Figure 3.4C) indicating SecG may play a role
in the pathogenesis of bacteria in plants. We mapped the sites under FD to SecE (Figure 3.10A) and SecG
(Figure 3.10B) in the SecYEG-SecA structure. In SecE, sites 49Phe, 32Val and 24Lys are in the vicinity of
the transmembrane domains of SecY, and they may consequently contribute to the proper function of SecY
channel. Similarly, in SecG, sites 29Glu, 26Lys, 65Val, 66Ser and 73Val may contribute to the proper function

of SecY and possible interaction with SecA.

3.5.7 Functional divergence of translocon core protein SecY in archaeal clades

There are 24 archaeal branches identified with at least one site under FD (Supplementary Table S3.5).
Among the top 10% groups of archaeal species with FD, there are three archaeal groups (group number 11, 16
and 22, Figure 3.3A). These groups have accumulated the most radical amino acid changes compared with the
rest of the 21 archaeal groups. The top three archaeal groups are Methanococcus and Methanocaldococcus sp.
(group number 11), Sulfolobus sp. (group number 16), Thermococcus sp. and Pyrococcus sp. (group number
22). Interestingly, group 11 and 22 were not clustered with any other bacterial groups (Figure 3.3A), indicating
a unique pattern of protein domains under FD. Thermococcus sp. and Pyrococcus sp. are hyperthermophilic
archaea and they belong to the order Thermococcales. Thermococcales can be found in terrestrial, submarine
hot vents and deep subsurface environments. Importantly, Pyrococcus sp. can only be found in marine en-

vironments and belong to a particular niche (Bertoldo & Antranikian, 2006). It is tempting to speculate that
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C

Solved C-terminus

region of SecA

Figure 3.11: Amino acid sites under functional divergence of Rickettsia spp. mapped to the SecB structure.
SecA structure is shown to demonstrate the possible interactions between the SecA CTL domain and the SecB
dimer (two SecBs formed a dimer: the left one is colored green, and the right one is colored cyan. Sites are
only mapped to the left one). (A) SecA-binding site close to the C-terminal linker (colored black on the SecA
structure, PDB ID: 1M6N). Note that the unsolved CTL region is colored red, and it is manually linked to
the solved C-terminus region. (B) SecA-binding site close to the highly conserved C-terminus region (colored
magenta, the solved structure comes from PDB ID: IQYN, 10ZB).
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the above clustering pattern for group 11 and 22 may be a consequence of adaptation to their specific living
environments. It is known that SecY is key in the translocation of most of their membrane proteins in these ar-
chaeal species (Yuan et al., 2010), and due to their unique living environments, preproteins translocated through

archaeal SecY might be substantially different compared with bacterial preproteins.

3.5.8 Deferential protein secretion in functionally divergent bacteria

To find possible correlations between functional divergence and ecological adaptation, we identified the
Sec- and Tat-dependent secreted proteins of the top 5 most functionally divergent clades for SecA, SecB, SecE,
SecG and SecY, respectively (we analysed 207 secretomes, for complete analysis results, see Supplementary
Table S3.6). To characterize the functions of these secreted proteins, we grouped these proteins into COG
functional categories and statistically tested their significance. In this way, we can identify statistically enriched
functional categories of secreted proteins. Next, we report representative COG functional categories that are
significantly over-enriched (P<0.001) across all the secretomes we analysed. First, most secretomes were
enriched in COG category M (Cell wall/membrane/envelope biogenesis).This is expected as the Sec system is
amajor secretion pathway for secreting membrane related proteins. Second, to our surprise, we found that COG
category P (Inorganic ion transport and metabolism) is almost over-enriched in all the secretomes of pathogenic
as well as non-pathogenic bacteria under functional divergence. This indicates the proteins responsible for
inorganic ion transport and metabolism may play an important role in bacterial niche adaptation. Finally, COG
category U (Intracellular trafficking, secretion, and vesicular transport) is enriched in most pathogenic bacteria,
this is consistent with the conclusion from many previous studies that secretion systems play a central role in
bacteria host adaptation (Wooldridge, 2009).

To illustrate how secretomes are analysed for their enrichment status, we showed the enrichment status of
COG functional categories of secreted proteins of 5 representative species from clades that have the greatest
number of sites under FD for SecA, SecB, SecE, SecG and SecY, respectively. In Figure 3.12, we ranked
all the COG functional categories according to their numbers of secreted proteins, and then we labeled their
enrichment status based on their statistical test. Interestingly, in Figure 3.12B, we identified that the obli-
gate intracellular pathogen Rickettsia prowazekii has COG category O (Posttranslational modification, protein
turnover, chaperones) over-enriched in its secretome (P<0.01). Chaperones are known to buffer the deleteri-
ous mutations in bacteria and therefore this can help Rickertsia prowazekii adapt to an obligate intracellular
life style (Fares et al., 2002b). To demonstrate how strong functional divergence in SecA/SecY system of
gram-positive bacteria Streptococcus and Staphylococcus affects their secretion, we showed three species from
Streptococcus and Staphylococcus, respectively. As shown in Figure 3.13, all three Streptococcus spp. are

over-enriched in COG category M, P, T and U. Strikingly, all three Staphylococcus species are over-enriched
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in COG category P (P<0.001) and they have the highest number of secreted proteins in category P compared to
other categories. How secreted proteins in inorganic ion transport and metabolism contribute to Staphylococcus
spp. niche adaptation? Surprisingly, Staphylococcus species was found to survive in high salt concentrations,
and it was reported that these species can grow well at NaCl concentrations as high as 10-15% and even higher
(Oren, 2006). To survive high salt concentrations, the cell must be able to counterbalance the osmotic pressure
produced by this environment. Inorganic ions such as Na* and K* must be processed to maintain appropri-
ate osmotic pressure in the cell. It was also known the pathogenic bacteria use inorganic ion concentrations
to sense their location. This is important for Streptococcus and Staphylococcus species because they are fre-
quently found to be part of the microbiota of the human skin, mucosal surface and so on (Cleary & Cheng,
2006; Goetz et al., 2006). And more importantly, many crucial ions that pathogenic bacteria require are located
in the host cell and bound to host proteins. Therefore, these pathogens need to actively acquire these ions

(Guiney, 1997).

3.6 Discussion

In this study we demonstrated that the SecYEG-SecA system of pathogenic bacteria is the most func-
tionally divergent among the bacterial lineages. We also presented evidence supporting that bacteria lineages
with the accessory SecA2/SecY?2 system, which are mostly pathogenic, share largest proportion of sites under
FD. Importantly, most of the amino acid sites affected by FD are located in the two-helix finger of the HSD
domain as well as in the NBD1 ATP binding domain. This indicates that pathogenic bacteria with accessory
SecA2/SecY?2 system may have evolved new functions to secrete substrates specialised in mediating their in-
teraction with hosts, as suggested by previous studies (Bensing & Sullam, 2002; Braunstein et al., 2003; Lenz
et al., 2003; Bensing et al., 2004; Chen et al., 2004, Takamatsu et al., 2004a; Chen et al., 2006; Kurtz et al.,
2006; Seifert et al., 2006; Bensing et al., 2007; Chen et al., 2007; Gibbons et al., 2007; Muraille et al., 2007; Wu
et al., 2007, Caspers & Freudl, 2008; Hou et al., 2008; Rigel & Braunstein, 2008; Siboo et al., 2008; Bensing &
Sullam, 2009; Hou et al., 2009; Mistou et al., 2009; Rigel et al., 2009). As a case in point, many life-threatening
infections are caused by Staphylococcus spp. and Streptococcus spp. when they interact with their host cells

through the SecA2-dependent secretion of adhesins expressed on bacterial cell surface (Fitzgerald et al., 2006).
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Figure 3.12: Analysis of Sec-dependent secreted proteins (secretome) of representative bacteria from clades
with the strongest functional divergence. These clades are from SecA, SecB, SecE, SecG and SecY, respec-
tively. Secreted proteins are grouped functionally according to the classification of proteins into the Cluster of
Orhtologous Groups (COG). These functional categories were ranked and plotted according to the numbers of
their secreted proteins. (A) Chlamydia trachomatis, (B) Rickettsia prowazekii, (C) Acinetobacter baumannii,
(D) Xylella fastidiosa, (E) Streptococcus agalactiae. COG functional categories showing significant enrich-
ment (black stars) or impoverishment (grey stars) of predicted substrate proteins are labelled by (* P<0.05, **
P<0.01, *** P<0.001).
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Figure 3.13: Analysis of Sec-dependent secreted proteins (secretome) from Streptococcus and Staphylococ-
cus. Three species are chosen for Streptococcus and Staphylococcus from the clades with strong functional
divergence, respectively. Secreted proteins are grouped functionally according to the classification of proteins
into the Cluster of Orhtologous Groups (COG). These functional categories were ranked and plotted accord-
ing to the numbers of their secreted proteins. (A) Streptococcus gordonii, (B) Streptococcus pneumoniae,
(C) Streptococcus sanguinis, (D) Staphylococcus aureus, (E) Staphylococcus epidermidis, (F) Staphylococ-
cus haemolyticus. COG functional categories showing significant enrichment (black stars) or impoverishment
(grey stars) of predicted substrate proteins are labelled by (* P<0.05, ** P<0.01, *** P<0.001).
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3.6.1 Functional divergence in the ATP binding domain (NBD1) of motor protein AT-
Pase SecA

We revealed the main mechanisms that drive the evolution of the motor protein SecA. We show that NBD1
and PPXD are the most enriched domains for sites under FD. NBD1 contains the ATPase activity, which is
required for the right conformational changes in SecA to take place. These conformational changes are crucial
in the transfer of the preprotein into the transmembrane SecYEG complex. PPXD domain of SecA seems to be
involved in protein substrates intake and release and is believed to be the most dynamic domain, as supported by
structural alignments and distance measurements of the different states of all solved SecA structures (Figure 3.2
and Table 3.1). Because of the fundamental role of these two domains in the interaction with SecA substrates,
their high enrichment for FD may be directly related to the ability of SecA to interact with substrates specific to
the ecological niche of the cell. This conclusion would require, however, further investigation to directly link

the functionally divergent amino acid replacements to protein secretion.

The first low micromolar inhibitors of bacterial SecA were recently synthesized following a preliminary
in silico screening and have proven effective in vitro and in vivo against E. coli strains (Li et al., 2008; Chen
et al., 2010). Authors of the two studies showed that the parent compound of the synthesized inhibitors form
hydrogen bond specifically with a region located in the NBD1 domain of SecA (Figure 3.7E). They also showed
that such a compound interacts with a residue (417Gly) located in the PPXD domain and a residue (534Arg)
located in the NBD2 domain. The amino acid sites identified to have undergone FD in our study are in the
vicinity of these regions ( Supplementary Table S3.5) and hence they are promising targets for novel inhibitory
compounds. Moreover, NBD2 and HSD domains shared similar profiles of FD, probably due to the possible
modulation of HSD domain function or structure by NBD2, possibly through the two-helix finger, proposed
previously to participate in moving the substrate polypeptide chain into the SecY channel (Erlandson et al.,
2008b). It is worth mentioning that most studies on the development of therapeutic drugs examine highly
conserved regions of proteins. We show here that variable regions may also have important roles in more
profound protein functions and may indeed be directly responsible for the action of key molecules in bacteria

responsible for their pathogenesis.

Evidence from a variety of literature sources and our own data on functional divergence support the the
conclusion that NBD1 is the most functionally divergent domain in SecA from pathogenic bacteria. Similar
molecular patterns of FD in the SecYEG-SecA protein complex were observed among major human and animal
bacterial pathogens such as Chlamydia, Streptococci, Staphylococci, Mycobacteria, Listeria, Legionnella and
Mycoplasma. Chlamydial species are obligate intracellular bacterial pathogens and have a unique lifestyle,

requiring a special set of membrane proteins to interact with the host (Heinz et al., 2009). The secretion of
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these proteins may have been possible through the FD changes in SecA of Chlamydia.

Coxiella burnetti was amongst the most affected bacterial branches for FD. The range of hosts that Cox-
iella and Mycoplasma can infect is very wide and includes arthropods, fish, birds, and a variety of mammals
(Heinzen & Samuel, 2006; Razin, 2006). The generalist capacity of these bacteria might have required spe-
cific protein sets to invade a variety of ecological niches (hosts), although the virulence factors involved in
the host-pathogen interaction are poorly defined. We also found that the sequences of SecYEG-SecA of all
the Mycobacteria tuberculosis strains so far sequenced are identical both at the protein and nucleotide levels
and probably present similar pathogenic potential for Sec-dependent virulence. Interestingly, these bacteria
have been proposed to be prone to acquire virulence factors by horizontal gene transfer (Smith et al., 2009),
sparking speculation that gain and loss of Sec-dependent host colonization factors may have contributed to host

specificity in bacteria such as in Mycobacterium bovis (host : cattle) and M. tuberculosis (host: human).

Some of the most affected pathogenic bacteria with FD are those that possess an accessory SecA2/SecY?2
system and include highly pathogenic and antibiotic resistant bacteria such as Staphylococcus aureus (meticiilin-
resistant, vancomycin-susceptible, vancomycin-intermediate resistance strains) and Streptococcus pneumoniae
etc. Although not essential for pathogens survival (Bensing & Sullam, 2002; Rigel & Braunstein, 2008) this
system has been found to be responsible for secreting a set of virulence factors (Rigel & Braunstein, 2008).
It has been demonstrated that some gram-positive bacteria have an accessory SecA2/SecY?2 system (Rigel &
Braunstein, 2008), suggested to be involved in translocation of posttranslationally modified (for example glyco-
sylated) proteins in pathogenic Streptococcus and Staphylococcus species (Chen et al., 2004; Takamatsu et al.,
2004a,b; Bensing et al., 2005; Siboo et al., 2005; Takamatsu et al., 2005; Wu et al., 2007; Siboo et al., 2008;
Mistou et al., 2009; Zhou et al., 2010). The enrichment of secreted proteins sets in these bacteria for glycosy-
lated large cell surface glycoproteins (about 2000-5000 amino acids) may have required larger conformational
SecA changes than usual, hence optimised ATP binding and hydrolysis. Such changes may have been possible
through the duplication of SecA and SecY, yielding SecA2 and SecY 2, and the functional specialisation (func-
tional divergence) of both these proteins to secrete large proteins (Chen et al., 2006; Hou et al., 2008; Rigel
et al., 2009).

Clustering of bacteria according to FD has also brought some interesting results, among which we high-
light the clustering of some Mycobacteria that lack SecY?2 with a group consisting of seven plant species. Re-
cent studies have shown that the secretion of superoxide dismutase A (SodA) is SecA2 dependent, and SodA
may help M. tuberculosis survive the oxidative attack of macrophages and thus plays a role in M. wberculosis
pathogenesis (Zhang et al., 1991; Braunstein et al., 2003; Rigel et al., 2009). M. tuberculosis SodA belongs to
the iron Sod (FeSOD) group, which has five homologs in Arabidopsis thaliana. 1t has been shown that two of

the five homologs are FeSOD (fsd2 and fsd3) and located in the chloroplast, where they play essential roles in
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early chloroplast development (Myouga et al., 2008). Although it is not established whether the secretion of
chloroplast FeSOD is SecA dependent (to the best of our knowledge), it is tempting to speculate that this might
be the case. Such a remarkable convergent evolution between bacterial SecA2 and chloroplast SecA may have

been the result of an adaptation to lifestyles that require the secretion of similar set of proteins.

3.6.2 Radical functional divergence in SecA ATPase may compensate for the lack of

SecB chaperone

Gram-positive pathogens seem to lack the molecular chaperone SecB (for example using E. coli SecB as
query against KEGG SSDB database returns no significant hits in these bacteria). This is surprising since SecB
mediates the posttranslational translocation. Other proteins may therefore substitute SecB function, although
these proteins remain to be identified. The identification of a chaperone activity for SecA raises the possibility
that this protein has a SecB like role in posttranslational translocation (Eser & Ehrmann, 2003). We show
that SecA protein from gram-positive bacteria has accumulated the most radical changes compared with other
bacterial lineages supporting a different role of this protein in these bacteria. The fact that a mutation of E. coli
SecA can partially compensate for the absence of SecB chaperone (McFarland et al., 1993), which hints that
radical amino acid substitutions in SecA are likely to confer this protein the ability to directly bind preproteins

and perform a chaperone-like activity.

3.6.3 Functional divergence and intermolecular coevolution of prokaryotic translocon

channel and motor protein mediates ecological adaptation

The translocon core protein SecY (Sec61 in eukaryotes) is conserved within all three domains of life,
supporting strong selective constraints on this protein within each of the domains. In addition, coevolution-
ary analysis on the accessory SecA2/SecY?2 system indicates that there may be common mechanisms shared
between the accessory and canonical SecA/SecY systems. For instance, the ATPase activity (NBD2 domain)
of SecA2 seems to be coupled with the channel opening and sealing of SecY?2, which was also evident in the
canonical SecA/SecY system (Robson et al., 2009). Thus, these coevolving sites may play an important role in
maintaining the stability of the plug displacement upon SecA2 binding to SecY?2 as suggested in the canonical
SecA1/SecY1 system (Zimmer et al., 2008), which would support that ATP hydrolysis (NBD2 domain) is im-
portant in the opening of the sealed accessory translocation channel SecY2. Given our results we propose four
conditions to be met for the translocation of proteins through this complex. First, amino acid changes in the
ATPase SecA2 may be required to help the PPXD domain to effectively interact with the highly glycosylated

substrates. Second, a wider channel opening state may also be required to cope with the glycosylated amino
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acid residues. Third, the NBD2 domain on SecA2 may play an important role in tuning a “translocation com-
petent” state of SecY?2 protein for translocating these large glycosylated cell surface proteins. Lastly, sites on
the plug domain (P1), together with others located on other SecY2 protein domains (e.g. T7) may cope with
the binding of the long N-terminal signal peptide of large glycosylated preprotein in a coordinated way and

therefore their coevolution is essential.

3.6.4 Functional divergence of the translocon channel core SecY contributes to the

diversification of major proteobacteria groups

There are three main reasons that justify describing the evolution of the conserved SecY protein to under-
stand the diversification of major proteobacteria groups (€, o, 3, ¥, 8). First, SecY is evolutionarily conserved
across all domains of life. Second, SecY plays a fundamental role in the biogenesis of membrane proteins and
cell surface proteins of prokaryotes. Third, membrane proteins and cell surface proteins directly determine the
lifestyle that a prokaryotic species can adopt, because these proteins are at the frontier of environment-bacteria
interaction (Tjalsma & van Dijl, 2005; Zanen et al., 2006; Marques et al., 2008; Poetsch & Wolters, 2008).
Therefore, diversification of membrane and cell surface proteins may contribute to the diversification of major
proteobacteria groups, which may be reflected on the evolutionarily conserved SecY protein. Indeed, we show
that the levels of FD differ greatly with the diversification of the major proteobacterial groups and link tightly

with their ecological contexts.

3.7 Conclusion

In this study, we revealed the main evolutionary forces that drive the evolution of the SecA-SecYEG com-
plex. In addition to this, we show that these proteins have diverged the most in pathogenic bacteria compared
to non-pathogenic ones. We also show that SecA2 and SecY?2 have coevolved possibly to drive the secretion
of a more specialised set of proteins involved in pathogenesis. Finally, we unveil the molecular evolutionary
mechanisms in these secretion proteins and their potential roles in niche specific adaptations, and we propose

these proteins as possible drug targets for future therapeutic drugs.
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Chapter 4

Functional Diversification of the
Twin-Arginine Translocation Pathway
Mediates the Emergence of Novel

Ecological Adaptations

4.1 Related manuscript

Jiang, X., & Fares, M. A. (2010). Functional diversification of the twin-arginine translocation pathway

mediates the emergence of novel ecological adaptations. Molecular Biology and Evolution, 28(11), 3183-3193.

4.2 Abstract

Microorganisms occupy a myriad of ecological niches that show an astonishing diversity. The molecular
mechanisms underlying microbes’ ecological diversity remain a fundamental conundrum in evolutionary biol-
ogy. Evidence points to that the secretion of a particular set of proteins mediates microbes’ interaction with
the environment. Several systems are involved in this secretion, including the Sec secretion system and the Tat
pathway. Shifts in the functions of proteins from the secretion systems may condition the set of secreted pro-
teins and can, therefore, mediate adaptations to new ecological niches. In this manuscript we have investigated

processes of functional divergence—a term used here to refer to the emergence of novel functions by the mod-
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ification of ancestral ones—of Tat pathway proteins using a large set of microbes with different lifestyles. The
application of a novel approach to identify functional divergence allowed us to distinguish molecular changes
in the three Tat proteins among different groups of archaea and bacteria. We found these changes as well as the
composition of secreted proteins to be correlated with differences in microbe’s lifestyles. We identified major
signatures of functional divergence in halophilic and thermophilic archaea as well as in pathogenic bacteria.
The location of amino acids affected by functional divergence in functionally important domains of Tat pro-
teins made it possible to find the link between the molecular changes in Tat, the set of secreted proteins and the
environmental features of the microbes. We present evidence that links specific molecular changes in secretion

mediating proteins of microbes to their ecological adaptations.

4.3 Introduction

Bacterial, archaeal and eukaryotic cells use two major secretion systems to transport proteins that are
synthesised in the cytosol, namely the general secretion (Sec) pathway and the twin-arginine translocation
(Tat) pathway. The Sec pathway transports proteins in an unfolded state, whereas the Sec-independent Tat
pathway transports proteins that are partially or fully folded. The N-terminal signal peptide, as part of the
substrate protein, plays a significant role in targeting proteins to the cytoplasmic membrane, where they can be
integrated or alternatively transported across. This N-terminal peptide presents a tripartite configuration that
includes an N-terminal region at the beginning, a hydrophobic region in the middle and a C-terminal region in
the end. A typical Tat signal peptide has an arginine-arginine (twin-arginine) consensus motif in its N-terminal
region (Yuan et al., 2010).

Two major differences exist in the mechanism of protein secretion of Sec-dependent and Tat systems. The
Sec-dependent translocation pathway uses two modes of protein secretion: the cotranslational translocation
and the posttranslational translocation. In the cotranslational translocation pathway, which is conserved in both
archaea and bacteria, proteins are translocated across or into the plasma membrane during protein synthesis. In
contrast to this, in the posttranslational translocation, proteins are first synthesized in the cytosol and stabilised
in an unfolded state through the chaperone activity of SecB and/or SecA for their subsequent translocation
across the membrane (McFarland et al., 1993; Eser & Ehrmann, 2003). The translocation of proteins occurs
through the pore formed by SecY protein and favoured by the ATPase activity of SecA. Importantly, SecB
and/or SecA mediated translocation pathway is only found in bacteria but not in archaea. The mechanism that
archaea use to solve the problem of posttranslational translocation—that is stabilising proteins in an unfolded
or partially folded states for their subsequent translocation across the membrane, remains elusive (Irithimovitch

& Eichler, 2003).
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The Sec-independent Tat pathway is conserved in bacteria, archaea, chloroplasts and plant mitochondria
(Lee et al., 2006), pointing to its essentiality in the viability of these organisms. It consists of three major
components, TatA, TatB and TatC, all of which are present in most gram-negative bacteria. In contrast, most
gram-positive bacteria and archaea have only two Tat components, TatA and TatC (Eijlander et al., 2009a).
Most of our knowledge regarding the mechanisms of substrate recognition and translocation by the Tat system
is based on studies of the two model organisms, Escherichia coli and Bacillus subtilis (Panahandeh et al., 2009).
These studies show that Tat translocase uses Tat(B)C complex as a receptor site for binding Tat substrate
proteins. After substrate binding, Tat(B)C recruits multiple TatA proteins to form a pore-containing protein
complex that allows passing substrates through the pore driven by a proton motive force (Lee et al., 2006;
Tarry et al., 2009; Yuan et al., 2010). TatC was shown to determine the substrate specificity and thus plays a
critical role in Tat-dependent protein secretion (Strauch & Georgiou, 2007; Eijlander et al., 2009a). What is the
mechanism whereby the Tat pathway monitors the folding fidelity of proteins for their correct translocation? In
one study, authors showed that indeed TatA presents a proofreading function of its substrate FeS proteins NrfC
and NapC, so that when such substrates are incorrectly folded they undergo rapid degradation (Matos et al.,

2008).

Although the mechanism is not entirely clear, the Tat pathway seems to mediate the emergence of new
ecological adaptations in many bacteria and archaea. For example, recently an association between ecological
adaptation and the Tat secretion pathway has been established in halophilic archaea Halobacterium sp. NRC-1
(Rose et al., 2002). Studies showed that this group of archaea uses the Tat translocation pathway extensively
to transport most of their secreted proteins (Dilks et al., 2005). Haloarchaea live in an environment with
“near-saturation” salt concentrations, a harsh condition for the proper function and secretion of proteins whose
functions are important in later stages outside the cytosol. Interestingly, this correlates with the fact that most
sequenced haloarchaea have two TatC homologs (TatCo and TatCt). In contrast, therefore, to many bacteria in
which Tat transports a small fraction of proteins and are not essential for cell viability (Lee et al., 2006), TatC

may be essential to haloarchaea in buffering the environmental conditions.

Not only is the Tat pathway a major route for protein secretion in haloarchaea, but also it is essential for
cell viability (Dilks et al., 2005; Thomas & Bolhuis, 2006). Some other prokaryotes are known to use the Tat
pathway extensively, such as Strepromyces species (e.g. S. coelicolor) (Widdick et al., 2006). This difference in
Tat essentiality between microbes seeks an explanation and can be crucial to understand ecological adaptation.
What makes Tat essential and what molecular bases contribute to the different essentiality of Tat in different
groups of organisms? Could we find molecular changes that are associated with environmental adaptations?
Are there any other prokaryotes that present similar patterns in their Tat translocase? These questions remain

largely unexplored.
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Secretion systems play a significant role in prokaryotes environmental adaptation (Wooldridge, 2009) and,
as such, understanding the evolution of these systems is a crucial aim in evolutionary biology. Unfortunately,
however, contrary to cytosolic proteins, a large amount of secreted proteins are not structurally characterised,
posing difficulties to perform detailed evolutionary analyses (Elofsson & von Heijne, 2007; Popot, 2010).
Alternative approaches are therefore required to circumvent the limitations to studying the evolution of these
systems.

Here we hypothesise that the Tat pathway has diverged its function from the ancestral ones in microbes
with particular ecological traits. As a case in point, we focus in two main types of microbes: halophilic
archaea, that live in environments saturated with salt, and pathogenic bacteria, that may require the secretion
of proteins to interfere with the immune response of the host. We use prokaryotic genome sequences, together
with abundant secondary structure data, a new computational tool to identify divergence in protein functions

and a wide range of experimental studies reporting crucial information to test this hypothesis.

4.4 Materials and Methods

4.4.1 Sequences and genomes

Homologous protein sequences for TatA, TatB and TatC were retrieved using API (Application Program
Interface) (http://www.genome. jp/kegg/soap/) service from KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway database (Kanehisa et al., 2008). Genomes and protein table files were retrieved from NCBI
(National Center for Biotechnology Information) Genome database (ftp://ftp.ncbi.nih.gov/genomes/
Bacteria/all.ptt.tar.gz). Protein table files were later used for functionally annotating Tat-dependent
substrates proteins with COG (Clusters of Orthologous Groups) (Tatusov et al., 2003). We also annotated all
pathogenic species with their host (human, animal and plant) and the diseases they cause (ICD-10, International
Statistical Classification of Diseases and Related Health Problems 10th Revision, http://apps.who.int/
classifications/apps/icd/icd10online) wherever possible as this allowed us to classify bacteria as
being pathogenic when appropriate. Amino acid sequences of all homologs were aligned using MUSCLE
3.7 (Edgar, 2004) and alignments were manually checked using Jalview (Waterhouse et al., 2009). Gaps are

removed in the functional divergence analysis.

4.4.2 Phylogeny reconstruction

Amino acid substitution model and model parameters were chosen using Prottest (Abascal et al., 2005)

for each of the Tat proteins: TatA, TatB and TatC. These parameters were then used by RaxML program
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(Stamatakis, 2006) to estimate the best Maximum likelihood phylogenetic trees for the three proteins. The
phylogenetic trees of TatA, TatB and TatC with their corresponding protein sequence alignments were used as

starting data for the analyses of functional divergence.

4.4.3 Analysis of functional divergence in Tat proteins

Functional divergence (FD) is a term that refers to a change in function as a result of an amino acid
substitution event within a protein. Here we used a relaxed definition of FD to describe shifts in the ancestral
function of a protein as a result of important amino acid substitutions in that protein—these shifts might not
involve the emergence of a completely novel function but the modification of an existing one. FD can therefore
refer to complete change in function after gene duplication or slight shifts in the function of a protein after
speciation.

Previous studies have used the term FD to exclusively refer to shifts in the function of a protein after gene
duplication—that is to say, FD between paralogs. Under this view, they classified FD into two main categories,
type I and type Il FD (Gu, 1999). In type I FD amino acids are highly conserved at particular sites in one paralog
while being highly stochastic in the other, indicating the acquisition of a function at these sites in one paralog
(the conserved one) or the loss of the function in the other. In type II FD, amino acids are highly conserved in
both paralogs at the same positions of the protein, indicating the divergence of two highly important functions
between the paralogs.

Recently, a new method was implemented to identify type I FD at the genome level between orthologs
(Toft et al., 2009) and was proved efficient in identifying conserved amino acid sites with FD in a large phylo-
genetic tree including orthologous as well as paralogous sequences (Williams et al., 2010). Briefly, the method
uses a protein sequence alignment and a phylogenetic tree including paralogs and orthologs. The method then
compares a pair of clades in the tree sharing a common ancestral origin to their closest phylogenetic outgroup.
The comparison is performed for each amino acid site in the protein and the strength or likelihood of the amino
acid state is evaluated using the appropriate BLOSUM matrix (BLOcks of Amino Acid SUbstitution Matrix)
(Henikoff & Henikoff, 1992). BLOSUM matrices comprise the scores for the transition between the 20 amino
acids, with positive scores meaning the transition is more frequent than expected, negative means the transition
is less frequent than expected and 0 means these transitions are as frequent as expected. Using BLOSUM as a
score matrix for the transitions between amino acids allows scoring both variable sites and conserved sites: one
clade may seem variable yet the amino acid transitions between orthologous sequences within the clade may
have taken place between biochemically close amino acids (positive scores). In the comparison between two
clades to an outgroup (clade 1 and clade 2), functional divergence in clade 1 would be detected if the BLOSUM

scores were positive within clade 1, negative between clade 1 and the outgroup and positive between clade 2
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and the same outgroup. To test the significance of these score variances, we calculated the mean and standard
error of the scores for clade 1 ( C; and SE; ) and clade 2 (C, and SE; ) (Toft et al., 2009). The significance of
the difference in the means was obtained by calculating the Z-score for the comparison of samples with unequal

sizes as:

7 61 -G,
SECLZ

Where C| , are the mean substitution scores for the transition from clades on either side of the bifurcation
in the phylogenetic tree relative to the outgroup and SE¢, , is the combined standard error of clade 1 and clade

2.

4.4.4 Protein secondary structure prediction

Two approaches were used to predict protein secondary structures for TatC, TatA and TatB, respectively.
We first used the SMART database to predict protein domains in TatC (Letunic et al., 2009). We then used
the Psipred to predict protein structures of TatA and TatB (Bryson et al., 2005). The latter method is based
on artificial neural network approaches and can reach accurate protein secondary structure predictions (http:
//bioinf.cs.ucl.ac.uk/index.php?id=779). Protein domains of E. coli TatC were predicted first and
then mapped back to the protein sequence alignment to define protein domains for all the proteins in the
alignment. These domains included three cytoplasmic domains (C1-C3), six transmembrane domains (T1-T6)
and three periplasmic domains (P1-P3). Similarly, protein sequences of TatA and TatB from E. coli were used
as reference sequences. N-terminal region, transmembrane domain, hinge region, the amphipathic helix and
C-terminal domain were predicted for E. coli TatA and TatB, respectively. We then used the E. coli TatA
and TatB as reference and mapped these structural regions in their multiple sequence alignments to define the
protein domains for TatA and TatB. After FD analysis, we mapped amino acid sites under FD to these protein
domains. To understand the relevance of the results of FD analyses, we built a two dimensional matrix, with
the rows representing clades under FD and the columns representing the number of sites under FD in each
protein domain. Three such data matrices were made, one per protein: TatC, TatA and TatB, respectively. We
then used the heatmap.2 function in R (http://www.r-project.org) to cluster the rows and columns to find
common patterns of FD among protein domains and clades in the matrix. The heatmap.2 function scales each

element in a row in the data matrix based on a normalised Z-score, which is calculated as follows:

Xij —Xi
i

Zij =
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Here, z;; is the Z-score calculated for element x;; in the matrix, X; is the mean of the row i, o; is the

standard deviation of all the elements in the row i .

4.4.5 Prediction of potential Sec and Tat substrate proteins

We used Tatp to predict potential Tat-dependent secreted proteins (secretome) (Bendtsen et al., 2005b)
and SignalP to predict Sec-dependent secretome (Emanuelsson et al., 2007). In predicting Sec-dependent
substrates, we first used SignalP and then removed those predicted also by TatP to minimise false positives.
Predicted substrates from the Sec and the Tat pathways were used to assess how different the two secretion
systems, Tat and Sec, were and how much they explained about ecological adaptations in our organisms. We
preferred using TatP instead of Tatfind (Rose et al., 2002) for the prediction of Tat-dependent secretome as
the former approach is based on artificial neural networks that largely outperforms other approaches in pattern
recognition tasks pertaining variant Tat signal peptides. In contrast, Tatfind is a regular expression based

approach, which does not allow recognition of variant Tat signal peptides (Bendtsen et al., 2005b).

Predicted Sec and Tat substrates were grouped according to their COG functional categories. To determine
if the numbers of substrates for Tat-dependent secretion in each of the categories were significantly higher
(enriched category for secreted substrates) or lower (impoverished category) than expected by chance, a x>
test was performed on each COG functional category with one degree of freedom. The statistical test was

performed according to the following equation:

Xz x (Oi W E1)7
1 El

= n.NprediCted
" Neog

O; is the observed number of predicted substrate proteins in COG category i. while E; is the expected
number of such proteins in that category i. The total number of proteins in category i is indicated by n;.

N,

predicred 15 the total number of predicted substrate proteins, while Ncog is the total number of proteins in

the proteome. Only proteins assigned within single COG functional categories were analysed (ambiguous

categories R and S were not included).
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4.5 Results and Discussion

4.5.1 Evidence for functional divergence in the Tat translocation system

In this study we analysed Tat homologs (orthologs and paralogs) retrieved from 944 bacterial genomes,
68 archaeal genomes and 11 chloroplasts. We estimated the amount of functional divergence in each of the Tat
proteins in the different lineages of the phylogenetic tree (see Materials and Methods for details). Functional
divergence (FD) refers here to the divergence of protein’s function from its ancestral function by amino acid
replacements in functionally important amino acid sites. We applied a method to identify functional divergence
previously developed (Toft et al., 2009; Williams et al., 2010). Analysis of our tree allowed us to identify
204, 145 and 119 clades with at least one conserved amino acid site with evidence of FD for TatC, TatA and
TatB, respectively (Supplementary information: Table S4.1 to Table S4.3 and Figure S4.1 to Figure S4.3).
The number of clades under FD in each Tat phylogenetic tree (TatC: 204; TatA: 145; TatB: 119) seems to be
correlated with TatC and TatA being the most important components in determining a minimum Tat translocase
(Blaudeck et al., 2005; Panahandeh et al., 2009). In particular, a mutant TatA can complement a strain with a
deleted TatB without compromising substrates translocation (Blaudeck et al., 2005).

In total, we identified 167 bacterial pathogens (100% of the pathogenic bacteria in our data) and 8 haloar-
chaea (100% of the analysed haloarchaea) to be involved in a cluster with at least one site under FD. To under-
stand the relationship between FD and ecological adaptation, we focused on the 5 most functionally divergent
clades of the tree, that have at least 4 sequences in clade 1—that is to say, organism clades that presented
the largest number of amino acid sites with evidence of having diverged their functions from ancestral clades.
We also show the relative phylogenetic positions of the clades under FD (Figure 4.1). Phylogenetic clades of
halophilic archaea containing TatC homologs, TatCo and TatCt which resulted from a TatC gene duplication,
have been identified to be the most functionally divergent of all clades (Figure 4.1A), namely the halophilic
archaea have the greatest number of amino acid sites (32 sites for TatCo, TatCt has 24 sites) under FD compared
with other lineages. This is interesting as haloarchaea had to adapt to an extreme environment and FD of TatC
after duplication may have enabled such adaptations through the acquisition of novel functions or the modifica-
tion of its original function. In contrast to TatC, thermophilic archaea Sulfolobus presented most of its FD signal
in TatA (Figure 4.1B). Finally, Corynebacteria accumulated most of the functionally divergent changes in TatB
(Figure 4.1C). Importantly, 8 out of the 11 clades with the strongest signal of FD included pathogenic bacterial
strains (Figure 4.1), which suggests that Tat translocation pathway may play a role in bacterial pathogenesis. In
summary, clades showing strong FD in Tat translocation system are unique as they include microorganisms liv-
ing in extreme environments always challenged by ionic concentrations, temperature or host immune response

(We discuss these results with detail in the following sections).
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Figure 4.1: Clustering analysis of phylogenetic clades and protein domains according to functional divergence
analyses. We examined enrichment for amino acid sites with functional divergence in the proteins of the Tat
secretion pathway TatC (A), TatA (B) and TatB (C) under functional divergence. The relative position of the
enriched clades for functional divergence is shown in red in the maximum-likelihood phylogenetic tree next
to each of the heatmaps. The high resolution trees are available as Supplementary information (TatC: Figure
S4.10; TatA: Figure S4.11; TatB: Figure S4.12).
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4.5.2 Strong functional divergence in TatC from halophilic archaea

Haloarchaea presented substantial FD following the TatC gene duplication event that gave rise to TatCo
(Table 4.1, amino acid sites under FD are mapped to Tat alignment, as shown in Figure S4.4) and TatCt (Table
2, amino acid sites under FD are mapped to Tat alignment, as shown in Figure S4.5) (Figure 4.1A). A close
look to the distribution of amino acid sites with evidence of FD shows that the different proteins domain present
significant differences in their content of FD (Figure 4.1A). In general, we could identify three main clusters of
domains according to their content in functionally divergent amino acid sites (sites under functional divergence
are shown in the Supplementary Table S4.4 to Table S4.6). The first cluster consists of 2 protein domains (from
left to right: P3 and C4, Figure 4.1A) that were impoverished for FD. The second cluster included 5 protein
domains (from left to right: C3, T6, TS5, T1 and T3, Figure 4.1A) that showed modest number of amino acid
sites under FD. Finally, the third cluster comprised 6 protein domains (from left to right: C1, C2, P1, T2, T4
and P2, Figure 4.1A) and was highly enriched for FD.

Interestingly, halophilic archaea TatCo and TatCt proteins presented two different patterns of FD: TatCt
showed strong FD in the second cluster of FD domains, affecting mostly TatC transmembrane domains while
TatCo presented most of its FD in the N-terminal region of the protein (Figure 4.1A). Non-overlapping FD
between the protein homologs resulting from the duplication of an ancestral gene is a strong indicator of
subfunctionalization after gene duplication, in which the sum of functions of the two paralog complements
the ancestral function. We also found three pathogenic bacterial clades (Leptospira, Bartonella and Rickertsia)
to be amongst the most functionally divergent ones (Supplementary information: Table S4.4), with the third
cluster (comprising protein domains C1, C2, P1, T2, T4 and P2, Figure 4.1A) being enriched for FD in these
bacteria (Figure 4.1A). The N-terminal half of TatC has been shown to play an important role in precursor
binding (Holzapfel et al., 2007). C1 and C2 were shown to be important for Tat-dependent protein transport
(Buchanan et al., 2002). One study demonstrated that the mutation R16A in TatC (also called TatCd, a TatC
homolog) in B. subtilis could abolish the secretion of a Tat-dependent substrate PhoD, homologous site of
which we detected to be under FD (Table 4.2, see Col. 226) in haloarchaea (Eijlander et al., 2009b). Moreover,
mutations in the C2 and P2 domains were shown to generate a Tat version capable of translocating proteins with
variations in the RR motif of Tat signal peptide (Kreutzenbeck et al., 2007; Strauch & Georgiou, 2007), a motif
that needs to be generally conserved for the translocation to take place. These studies suggest that extensive
FD in these domains of haloarchaea TatCo has contributed to the expansion of Tat substrates repertoire in this
clade. The same rationale applies to the pathogenic bacteria Leptospira, Bartonella and Rickettsia (De Buck

et al., 2008; Joshi et al., 2010; Reynolds et al., 2011).

TatC transmembrane domains have been shown to interact with other TatC or TatB to form complexes
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Col.! 72 Residues (count) for C1/C2/Outgroup 3
226: . 8633 V() M(1) I(1) A(2)/ R(4)/ R(1)
242  3.32]%%* A3) T(2) S3)/ 1(2) M(2)/ V(1)
245 2.878* V(6) L(1) A(1)/ A(2) S(1) I(1)/ S(1)
539  '5:549%%* H(2) G(2) Q(2) N(2)/ S(3) A(1)/ S(1)
543 198.49%** L(7) T(1)/ W(3) M(1)/ W(1)
551  34.199*** V(8)/ L(3) M(1)/ F(1)

553 1267 5x T(3) G(1) S(3) A(1)/ L(3) F(1)/ L(1)
569  10.404%** T(6) S(2)/ L(3) A(1)/ L(1)

577 197*** M(8)/ A(4)/ A(1)

596  73.907*** Y(8)/ F(3) L(1)/ L(1)

599  10.538%*:* S(3) A5)/ 1(1) V(3)/ I(1)

604  116.59%** L(7) V(1) F3) L(1)/ Y(1)

607  19.379%** G(2) S(2) A(4)/ F(4)/ F(1)

611 2.798* V(5) I(2) L(1)/ A(2) T(1) G(1)/ T(1)
629  43.133*%:* Y(8) Y(3) I(1)/ I(1)

709  4.966%** 1(3) V3) L(1) T(1) A(3) P(1)/ P(1)
808  34.199%#* L(8)/ V(4)/ A(1)

811 3.125%%*  T(3) A(1) G(2) R(1) S(1)/ Q(3) G(1)/ E(1)
815  3.376*** D(2) N(6)/ S(4)/ T(1)

817  34.199%*** 1(4) L(2) M(2)/ V(4)/ A(1)
823  34.199%%*x* L(2) F(3) Y(3)/ G(4)/ S(1)
839 115.6*** M(8)/ K(4)/ R(1)

844  13.071%*** T(7) S(1)/ E(1) K(2) Q(1)/ K(1)
845  131.98%** R(8)/ Y(3) R(1)/ Y(1)

847  135.95%** W(8)/ T(4)/ T(1)

859  4.404%** G(7) A(1)/ V(1) A(2) L(1)/ L(1)
860  6.419%** F(3) S(2) A(3)/ 1(3) L(1)/ I(1)
879 237 xrx P(8)/ Q(4)/ Q(1)

883 43,133 A(7) T(1)/ A(3) L(1)/ L(1)
885  167.22%%* T(8)/ L(3) V(1)/ L(1)

893  34.199%** T(8)/ S(4)/ G(1)

902 54.715*** W(8)/ L(3) F(1)/ I(1)

Table 4.1: Amino acid sites under functional divergence in haloarchaea TatCo. Amino acid residues are
represented with one letter code. Numbers of the same amino acid residues are also calculated in each clade.
Amino acid sites under functional divergence are also mapped to TatC alignment shown in Figure S4.4.

!Relative position of amino acid sites in TatC multiple sequence alignment.

2Score of Functional Divergence: *, ** and *** indicate P<0.05, P<0.01, P<0.001, respectively.

3C1 is the clade under functional divergence, C2 is the clade against which comparative analyses are made.
Amino acid residues and their numbers are labelled in bold in C1.
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Col.! Z2 Residues (count) for C1/C2/Outgroup?
190 4.33%** A(4) G(1) S(1) T(1)/ E(3) P(1) M(1)/ P(1)
225 3.919%** A(6) I(1)/ L(4) F(1)/ L(1)

230  52.645%*%* Q(7)/ L(4) T(1)/ L(1)

236  4.798*** F(6) W(1)/ L(3) I(1) V(1)/L(1)
244 4.53%%% G(5) A(2)/ V(1) I(2) L(2)/ I(1)
536  61.242%** A(6) T(1) Y(3) Q(1) L(1)/ Y(1)
570 16.101%** D3) R(3) N(1)/ Y(4) L(1)/ Y(1)
617 2.439* L(4) A(2) V(1)/ L(3) F(1) M(1)/ E(1)
618 42, 122%%% F(7)/ M(5)/ V(1)

620  33.667*%* F(7)/ L(4) F(1)/ V(1)

631  78.648%*%* A(7)/ L(3) Y(1) M(1)/ L(1)

707  5.134%%x* F(5)L(2)/ V(4) A(1)/ A(1)

815 4,52 F%* Q@3) E(3) G(1)/ S(3) N(2)/ T(1)
817 , 4.737**% V(2) I(5)/ 1(2) A(2) V(1) A(1)

828 27.752%%* A(4) S(2) G(1)/ E(5)/ E(1)

839  68.695%** Y(7)/ R(4) K(1)/ R(1)

844 2.905* P(4) A(1) Q(1) R(1)/ K(3) P(1) Q(1)/ K(1)
853 56.751*%% W(7)/ R(5)/ R(1)

857 . 173 J8**%* V(5) I(2)/ Y(5)/ Y(1)

861 7.867%**% F(5) A(1) Y(1)/ M(1) L(3) F(1)/ L(1)
868  26.379%** F(7)/ V(2) I(2) T(1)/ T(1)

891 19.033 %% G(5) V(1) A(1)/ E(5)/ E(1)

895  3.558%** A(1) Y(4) G(1) Q(1)/ V(3) L(2)/ L(1)

897  6.241%** A(3) S(3) T(1)/ V(4) L(1)/ L(1)

Table 4.2: Amino acid sites under functional divergence in haloarchaea TatCt. Amino acid residues are repre-
sented with one letter code. Numbers of the same amino acid residues are also calculated in each clade. Amino
acid sites under functional divergence are also mapped to TatC alignment shown in Figure S4.5.

!Relative position of amino acid sites in TatC multiple sequence alignment.

2Score of Functional Divergence: *, ** and *** indicate P<0.05, P<0.01, P<0.001, respectively.

3C1 is the clade under functional divergence, C2 is the clade against which comparative analyses are made.
Amino acid residues and their numbers are labelled in bold in C1.
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for signal peptide and substrate binding (Alami et al., 2003; Behrendt et al., 2007; Punginelli et al., 2007).
However, the exact function of these domains in substrate recognition and binding is less well understood. The
observed FD in TatCt transmembrane domains may have led to the formation of a functionally different TatCt

complex, which could interact with a specific group of Tat substrates in haloarchaea.

TatC was suggested to play a role in determining the specificity of Tat pathway dependent secretion (Jong-
bloed et al., 2000). In B. subtilis and E. coli, both TatCs were shown to serve as a primary RR motif recognition
site (Mendel et al., 2008). Haloarchaea encodes two TatC paralogs, and both are among the most functionally
divergent clades. Rose and colleagues first showed that Halobacterium sp. NRC-1 extensively uses the twin-
arginine translocation pathway, instead of Sec, to transport most of its secreted proteins (Rose et al., 2002).
Such shift of protein transport from Sec to Tat may have been crucial to solve the protein folding problem
faced by microbes in high salt concentration environments: folding proteins first in the cytosol and then ex-
porting them from the cell. This provides an explanation to the essentiality of TatC proteins for cell viability in
halophilic archaea (Dilks et al., 2005; Thomas & Bolhuis, 2006). Moreover, we analysed the secretomes of two
extreme halophilic bacteria Salinibacter ruber and Halorhodospira halophila whose genomes are available.
Strikingly, COG category P—that comprises proteins involved in inorganic ion transport and metabolism-is
ranked as the largest group with known function in Sec-dependent secretome of S. ruber (x*=23.49, P< 0.001,
Supplementary Figure S4.6C and Table S4.10). Conversely, in Tat-dependent secretome, functional category P
is only ranked at 6th position (¥ = 0.18, not statistically significant, Supplementary Figure S4.6D and Table
S4.11). Similarly, P is ranked at the second ()(2 = 9.48, P< 0.01) and fourth ()(2 = 1.14, not statistically sig-
nificant) positions in Sec- and Tat-dependent secretomes in H. halophila, respectively (Supplementary Figure
S4.6A and B and Table S4.10 and Table S4.11). Not surprisingly, none of the two halophilic bacteria, which
present both secretion systems Sec and Tat, showed any sign of strong FD in their Tat components. In the post-
translational translocation pathway in bacteria, SecB and/or SecA, that present chaperone activity, can bind to
the newly synthesized proteins and keep them in an unfolded state, which is required for their Sec-dependent
translocation. In halophilic bacteria, SecB and/or SecA can act as holdases preventing the premature folding of
the synthesized proteins, ensuring therefore correct protein translocation despite the high salt concentrations.
Contrary to this, halophilic archaea do not have SecA and SecB proteins that could mitigate the effects of
high salt concentrations on protein translocation (Dilks et al., 2005). In these archaea proteins need therefore
to be translocated in a folded state, which is possible through the Tat pathway that does not require unfolded
proteins. This, however, would be possible provided that the substrate-specificity of TatC has relaxed (for ex-
ample, recognition of RR motif in a signal peptide of Tat-substrate proteins would be no longer a requirement),

possibly through key amino acid substitutions that we detect to be under FD.

In conclusion, the distinct FD patterns observed here between TatCo and TatCt have played an important
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role in the adaptation of halophilic archaea to environments with high salt concentrations, which is a clear

example of how FD of the Tat pathway has contributed to the ecological adaptation of halophilic archaea.

4.5.3 Functional divergence of thermophilic archaea Sulfolobus TatA

FD analyses of TatA highlighted thermophilic archaea Sulfolobus to be the clade with the strongest profile
of FD (Figure 4.1B, amino acid sites under FD are mapped to TatA alignment shown in Figure S4.7). The
other two clades containing non-pathogenic Mycobacteria and pathogenic E. coli strains have the same amount
of amino acid sites under FD as Sulfolous (Figure 4.1B, Supplementary information: Table S4.5). In TatA we
identified a main cluster joining domains APH, NT and H (Figure 4.1B). Importantly, the C-terminal domain
showed strong signal of FD compared to the other domains (Figure 4.1B). In contrast to TatC, however, the
amount of functional divergence in the different domains of TatA was low and we decided therefore to look
at the phylogeny that included the entire set of clades to gain insight on FD in TatA. Clustering analyses
based on functional divergence approach and taking all clades together for TatA allowed identifying a more
general pattern with three well-distinguishable clusters (Supplementary information: Figure S4.2). The first
cluster contained the C-terminal domain, being this the one most affected by functional divergence in TatA,
the second cluster was almost exclusively represented by the amphipathic helix domain and the third cluster
contained the transmembrane, the hinge and the N-terminal domains. This clustering pattern is consistent
with previous functional studies that reported mutations in the first 42 residues of TatA, particularly in the
amphipathic helix region, to affect significantly Tat-dependent secretion (Hicks et al., 2005). The C-terminal
domain was suggested to play an important functional role in lineage specific substrate transport (Warren
et al., 2009) . The low FD observed in TatA transmembrane domain points to the conserved role of this
domain, mainly responsible for the formation and structural support of the pore containing complexes for

protein transport (Leake et al., 2008; Warren et al., 2009).

4.5.4 Extensive functional divergence in TatB of pathogenic bacteria

Analysis of TatB showed extensive FD affecting clades mostly containing pathogenic bacteria. For ex-
ample, the top five clades in terms of the amount of amino acid sites under functional divergence included
Corynebacterium, Neisseria, Bartonella and Salmonella, well-known bacteria for their pathogenic lifestyle
(Supplementary information: Table S4.6). Moreover, two human pathogens (Neisseria gonorrhoeae and Neis-
seria meningitidis) from the Neisseria clade were the second most functionally divergent (11 amino acid sites,
Supplementary information Table S4.6, amino acid sites under FD are mapped to TatB alignment, as shown

in Figure S4.8). FD affecting TatB was heterogeneously distributed amongst clades and protein domains: the
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amphipathic helix and the C-terminal domains were the most affected. Interestingly, we observed the same
three-cluster pattern as in TatA (Supplementary information: Figure S4.3), suggesting that both proteins may
share similar evolutionary histories. In support of this, a fusion protein consisting of the N-terminal region
of TatA and the amphipathic helix and C-terminal domain of TatB can maintain a low level of Tat-dependent
secretion (Lee et al., 2002). Moreover, the secretion of a tat substrate in E. coli can still be detected after mu-
tating TatA in a TatB knock-out strain (Blaudeck et al., 2005). These data indicate that FD of TatB may serve
to determine the specificity of some Tat-dependent substrates through the modulation of the interaction of TatB

with TatA, which is important to bacterial virulence (De Buck et al., 2008).

4.5.5 Differential protein transport in functionally divergent prokaryotic lineages

We identified the Sec- and Tat-dependent secretome of three halophilic archaeal species, Halobacterium
sp. NCR-1, Haloferax volvanii and Halomicrobium mukohataei using SignalP and TatP approaches, respec-
tively (only the data for Tat, and not for Sec, are shown here). Tat substrates in the three secretomes were
grouped based on COG functional categories, which were then plotted and ranked according to their numbers
of substrates within each of the categories. These numbers were statistically tested for category enrichment in
secretion by comparing the observed number of secreted proteins within each category to the expected number.
Expected number of secreted proteins within each of the categories was calculated by assuming that the percent-
age of secreted proteins is proportional to the total number of proteins within COG categories for that organism.
Interestingly, in Halobacterium sp. NCR-1, the functional category P—annotated as Inorganic ion transport and
metabolism—was significantly enriched for secreted proteins and was ranked the largest group amongst all the
COG functional categories (Figure 4.2A). Similar patterns were also observed in H. volvanii (Figure 4.2B) and
Halomicrobium mukohataei (Figure 4.2C) and in Sec-dependent secretomes (data not shown). It is known that
halophilic archaea accumulate potassium ions to counter balance the high salt concentration in their environ-
ment (Albers et al., 2006). It is not surprising therefore to see that a large fraction of Tat-dependent substrates
are related to inorganic ion transport and metabolism (Supplementary information: Table S4.7). To determine
if FD in TatC from haloarchaea may be correlated with its adaptation to halophilic environments and not to
other indirect causes, we also identified the Sec- and Tat-dependent secretome of three species from the other
three non-halophilic lineages under FD (Figure 4.1A): Leptospira interrogans Lai, Bartonella quintana and
Rickettsia rickettsii. Conversely to the case of haloarchaea, Tat-dependent secretome analysis of these bacteria
did not rank the COG P category amongst the best represented in the secretome (Figure 4.2D-F, Supplementary
information: Table S4.7).

Sulfolobus clade was ranked among the top ones regarding the enrichment for FD in TatA (Figure 4.1B).

Sulfolobus is known to live in hot environments with temperatures ranging between 60 and 90 °C (Huber &

99



4.5. Results and Discussion

25

FINUDLTMVHQKEJCGOP

KFQVGTMI DLOJCHEP 0
Functional Category (COG) AF Vanh::t:ér:aIQC.ratZghgr.; ?Cgé)c GIEEE Functional Category (COG)
20 A A5/ B 8 (o]
*
7
15 6
2 _ 5
(= - 2
Z 10} 2 £ 4
E 3
=] Z
z 3
st 2
1
0 0 0
GQDUFOKPNTVICLEMHJ HOF I LEPDGKUMCJ
Functional Category (COG) Functional Category (COG) Functional Category (COG)
F
D E

J Translation, ribosomal structure and biogenesis
A RNA processing and modification

K Transcription

L Replication, recombination and repair

B Chromatin structure and dynamics

D Cell cycle control, cell division, chromosome partitioning
Y Nuclear structure

V Defense mechanisms

T Signal transduction mechanisms

M Cell wall/membrane/envelope biogenesis

N Cell motility
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W Extracellular structures
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Figure 4.2: Analysis of Tat-dependent secreted proteins (secretome) of halophilic archaea and pathogenic
bacteria. Substrates are grouped functionally according to the classification of proteins into the Cluster of
Orhtologous Groups (COG). These functional categories were ranked and plotted according to the numbers of
their substrates. (A) Halobacterium sp. NCR-1, (B) Haloferax volvanii, (C) Halomicrobium mukohataei, (D)
Leptospira interrogans, (E) Bartonella quintana, (F) Rickettsia rickettsii. COG functional categories showing
significant enrichment (black stars) or impoverishment (grey stars) of predicted substrate proteins are labelled

by (¥P<0.05; **P<0.01; ***P<0.001).
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Prangishvili, 2006). Ribosomal proteins (RPs) are shown to bind zinc (Makarova et al., 2001) and mounting
evidence point to their alternative extracellular location (Trost et al., 2005; Tjalsma et al., 2008; Joshi et al.,
2010), in where they likely perform non-ribosomal functions (Warner & MclIntosh, 2009). Interestingly, pre-
diction of Tat-dependent substrate proteins from one of the S. islandicus strains (M.14.25) and subsequent COG
grouping of the secreted proteins (Supplementary information: Table S4.8) identified the functional category
J—that comprises proteins involved in translation, ribosomal structure and biogenesis—as the most enriched for
secreted proteins from the secretome (x2=7.81, P<0.01). 13 ribosomal proteins (RPs) were predicted to be Tat
substrate proteins, 6 out of which were predicted to contain zinc binding sites. Moreover, 4 of the 6 RPs were
predicted to have multiple zinc binding sites (one has 4 zinc binding sites; three have 5 zinc binding sites) (Shu
et al., 2008). To test the significance of Tat-dependent zinc containing RPs, we analysed the 64 RPs from . is-
landicus M.14.25. We found that there are 19 RPs having at least one zinc-binding site, 4 of which have at least
5 zinc binding sites. Interestingly, 3 out of the 4 RPs are predicted to be Tat-dependent substrates (¥2=5.89,
P<0.05). The same analysis was performed in other clades to determine whether this observation was restricted
to Sulfolobus or was general to thermophiles. Our results suggest that this pattern was unique to Sulfolobus. RP
with binding zinc was proposed to be more stable, and therefore they are more frequently used in thermophilic
bacteria (Makarova et al., 2001). In a thermophilic environment proteins are likely to go denaturation. Zn-
binding proteins are more stable in such environments because binding Zn, as other metals, stabilizes proteins
(Vetriani et al., 1998; Li & Solomon, 2001; Watanabe et al., 2005). Maintaining the homeostasis of cytosolic
Zn(II) is critical to cell physiology as excess metal ions in the cytosol are toxic to the cell. Metallochaperones
were shown to maintain homeostasis of Copper in eukaryotic cells (Robinson & Winge, 2010). However, no
cytoplasmic metallochaperones for Zn(II) have been identified in any organism. A role for Zinc binding RPs in
maintaining cytosolic Zn(II) homeostasis has recently been proposed (Gunasekera et al., 2009). In their model,
Gunasekera and colleagues also proposed that Zinc binding RPs may participate in Zn(II) export. Interestingly,
TatA was shown to have proofreading function of cofactor (Fe, Zn, etc) containing substrate proteins (Matos
et al., 2008). FD of S. islandicus TatA may also contribute to the export of Zn(II) that is bound to Tat-dependent

RPs, which can subsequently mediate the homeostasis of Zn(II) in the cytosol.

In pathogenic bacteria, COG functional category J was the largest, although not always significantly en-
riched, Tat-dependent substrate group with FD (Figure 4.2D-F). This was the case for all the pathogenic bac-
terial strains we analysed, such as Leptospira borgpetersenii JB197 (TatC, Supplementary information: Figure
S4.9A), L. interrogans (TatC, Figure 4.2D), B. quintana (TatB and TatC, Figure 4.2E), Rickettsia prowazekii
Madrid E (TatC, Supplementary information: Figure S4.9B) and R. rickettsii (TatC, Figure 4.2F) (Supplemen-
tary information: Table S4.7), Corynebacterium diphtheriae (TatB, Supplementary information: Figure S4.9C),

Neisseria meningitides Z2491(TatB, Supplementary information: Figure S4.9D). As shown above, zinc con-
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taining proteins are known to play vital role in bacterial physiology, including DNA polymerases, proteases
and ribosomal proteins, among others. During pathogenesis, bacterial pathogen can experience zinc starva-
tion, which can interfere with the normal function of zinc-containing proteins. A feasible solution would be
using a homologous protein which does not need, or that would require very little, zinc to function properly
(Panina et al., 2003). We found 3 out of 8 secreted RPs from the obligate intracellular bacterial pathogen R.
rickettsii bearing predicted zinc binding sites, although prediction scores were weak. Among the identified Tat-
dependent secreted proteins in L. borgpetersenii and L. interrogans, we found the 30S ribosomal protein S3
(RPS3). Recently, a study demonstrated that RPS3 is an active component of NF-kB transcription factor com-
plex (Wan et al., 2007). NF-kB plays an important role in the host immune response to pathogens by regulating
the expression of genes involved in different immune pathways (Vallabhapurapu & Karin, 2009). Bacterial
secreted Tat substrate RPS3 can be important to interfere with the normal function of host RPS3, which would
impair NF-kB dependent gene regulation and expression. These pathogenic bacteria may therefore evade host
immune response by the Tat-dependent secretion of RPS3 and other ribosomal proteins to the immune cells.

This conclusion, however, should be taken with caution and requires further investigation.
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Chapter 5

Identifying Coevolutionary Patterns in
Human Leukocyte Antigen (HLA)

Molecules

5.1 Related manuscript

Jiang, X., & Fares, M. A. (2010). Identifying coevolutionary patterns in human leukocyte antigen (HLA)

molecules. Evolution, 64 (5), 1429-1445.

5.2 Abstract

The antigenic peptide, major histocompatibility complex molecule (MHC; also called Human Leukocyte
Antigen, HLA), coreceptor CD8 or CD4 and T-cell receptor (TCR) function as a complex to initiate effectors’
mechanisms of the immune system. The tight functional and physical interaction among these molecules may
have involved strong coevolution links among domains within and between proteins. Despite the importance
of unraveling such dependencies to understand the arms race of host-pathogen interaction, no previous studies
have aimed at achieving such an objective. Here we perform an exhaustive coevolution analysis and show that
indeed such dependencies are strongly shaping the evolution and probably the function of these molecules.
We identify intramolecular coevolution in HLA class I and II molecules (HLAI, HLAII) at domains important

for their immune activity. Most of the amino acid sites identified to be coevolving in HLAI have been also
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detected to undergo positive Darwinian selection highlighting therefore their adaptive value. We also identify
coevolution among antigen binding pockets (P1-P9) and among these and TCR binding sites. Conversely
to HLAI coevolution is weaker in HLAIIL. Our results support that such coevolutionary patterns are due to
selective pressures of host-pathogen coevolution and cooperative binding of TCRs, antigenic peptides, and

CD8/CD4 to HLAI and HLAIL

5.3 Introduction

There are generally two main defence lines against microbial pathogens for jawed vertebrates, namely, the
antibody mediated humoral immunity and T lymphocytes (T-cell) mediated cellular immunity. In the cellular
immunity, CD8(+) cytotoxic T lymphocytes (CTL) and CD4(+) helper T cells are the two main effector cells.
T cells use their membrane bound protein T-cell receptor (TCR) to detect antigens previously processed by
antigen presenting cells and presented by the major histocompatibility complex (MHC) molecules, which is
coordinated by coreceptors CD3, CD8 or CD4 and other costimulatory molecules (Rudolph et al., 2006). MHC
(human leukocyte antigen (HLA) in humans) proteins are cell surface glycoprotein, which generally have two
classes, namely, MHC class I (MHCI, HLAI) and MHC class I1 (MHCIIL, HLAII). MHCI molecule comprises
a heavy chain alpha (molecular weight 44 kDa) and a light chain beta-2 microglobulin (12 kDa), with the alpha
chain being anchored in the cell membrane (Bjorkman et al., 1987). Conversely, MHCII molecule comprises
an alpha and a beta chain (molecular weight ~60kDa) (Brown et al., 1993) and both are anchored in the cell
membrane. MHCI molecules are expressed in all nucleated cells, while MHCII are only expressed in cells of
the immune system.

T cell activation involves a costimulatory signal from coreceptor CD8 or CD4, which stabilizes the in-
teraction between TCR and peptide-MHC (pMHC) complex (Campanelli et al., 2002; Garcia et al., 1996;
Wooldridge et al., 2005). Such a complex, together with other cell surface molecules, forms a tight junction
between T cells and antigen-presenting cells (APCs) called immunological synapse (Davis et al., 2007), which
leads to T cell recognition and activation. The structure basis of this complex has been previously explored to
understand the processes involved in T cell recognition and activation (Bhasin et al., 2003; Davis et al., 1998;
Deng et al., 2007; Garcia et al., 1998, 1999; Rudolph et al., 2006; Rudolph & Wilson, 2002; Wang & Rein-
herz, 2000, 2002). Moreover, recent biochemistry studies have characterized the binding interplay between
TCR, CD4 and CD8 to pMHC and have shown that it is crucial to human TCR binding efficiency and T-cell
activation (Hutchinson et al., 2003; Laugel et al., 2007, van den Berg et al., 2007). Therefore, MHC evolu-
tion is expected to be subject to functional and structural constraints from the molecules forming this complex

(TCR/pMHCII/CD4 or TCR/pMHCI/CDS) and to present hence inter-domain evolutionary dependencies.
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Because of its important function as a mediator of the immune response, MHC patterns of variation is an
active research area due to the possible correlation between this variation and disease resistance and susceptib-
ility (Carrington et al., 1999; Cohen, 2002, Gao et al., 2001; Hedrick, 2002; Madeleine et al., 2008; Thio et al.,
2003). This correlation could be better addressed by studying the molecular evolution of vertebrate immune
system (Bartl et al., 1994). For example, it has been shown that polymorphism in the alpha-3 domain of HLAI
(Salteret al., 1989, 1990; Sekimata et al., 1993) as well as the beta-2 domain of HLAII (Cammarota et al., 1992;
Fleury et al., 1995; Konig et al., 1992) affects the binding of coreceptor CD8 and CD4 respectively. Most effort
has been invested in understanding the evolutionary history of MHC within and between different orders of
mammals (Vogel et al., 1999; Yeager & Hughes, 1999). Most of these efforts however have been centred on
either unveiling the relationship between amino acid variation in the antigen binding groove of MHC molecules
and their antigen binding specificity (Matsumura et al., 1992) or on identifying amino acids under positive se-
lection in MHCI (Yang & Nielsen, 2002) and MHCII molecules (Furlong & Yang, 2008) as an indication of a
rapid evolution due to the host-pathogen arms race. Some modest attempts have been previously carried out to
identify dependencies in HLA class II molecules (Nilsson et al., 1999). We however propose to bridge the gap
of the possible dependency in the evolutionary patterns between different domains by conducting coevolution-
ary analyses that may yield further insights into the link of the pattern of variation in MHC molecules and the
immune response (Fares & McNally, 2006). The increasing body of data available on the molecular biology
and genetics of host-pathogen interactions makes it possible to use formal statistical and mathematical methods
to detect such correlated molecular changes (Fares & McNally, 2006). Despite the vast number of available
data for such molecules, coevolutionary analyses remain to be performed on proteins of the human immune
system, among which MHC genes are the most polymorphic in jawed vertebrates. Analysis of these proteins
is of paramount importance because of their implication in pathogen recognition and presentation by the host
(host-pathogen coevolution) (Apanius et al., 1997; Borghans et al., 2004; De Boer et al., 2004; Hailing-Brown
et al., 2008; Hedrick, 2002; Vogel et al., 1999) and tumour cell recognition (Algarra et al., 2000; Boon et al.,
1994; Boon & vanderBruggen, 1996; Deng et al., 2007). Here we explore the evolutionary dependencies among

MHC domains to understand the dynamics underlying MHC polymorphism and functional variation.

5.4 Materials and Methods

5.4.1 Sequence selection and alignment

Data obtained in this study is from the IMGT/HLA Database of EBI version 2.22.0 (Robinson et al., 2001).

The data includes allele protein sequences from samples of world human population and it comprises world
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health organization (WHO) confirmed alleles of the alpha chain of HLAI molecules and the beta chain of HLAII
molecules. These are believed to be responsible for the differential antigen binding properties. We included
339 (96 HLA-A, 177 HLA-B, 66 HLA-C) non-redundant complete protein sequences for HLAI alpha chain
and 77 (15 HLA-DPBI, 11 HLA-DQBI, 51 HLA-DRB) non-redundant complete sequences for HLAII beta
chain in our analysis. Although there are no sufficient complete protein sequences for HLA-DPA, HLA-DQA
and HLA-DRA, we analyzed HLA-DQA alleles, which have 16 non-redundant complete sequences available.
Protein sequences are aligned by MUSCLE (Edgar, 2004) and CLUSTAL-X (Larkin et al., 2007; Thompson
et al., 1997) and then manually edited using Jalview (Clamp et al., 2004), where only the leader sequence and
gaps in the cytoplasmic domain are removed. Therefore, our actual analysis included the alpha-1, alpha-2,

alpha-3, beta-1, beta-2, transmembrane and cytoplasmic domains for HLAI and HLAII alleles accordingly.

5.4.2 Intramolecular coevolutionary analysis

Due to the dependency among amino acid sites in a protein identification of their coevolutionary rela-
tionships is regarded as an important tool to determine their functional and/or structural relationships. Many
methods have been devised therefore for such purpose, some based on the information theory (Gloor et al.,
2005; Korber et al., 1993; Martin et al., 2005; Tillier et al., 2006; Tillier & Lui, 2003), others based on a
more parametric modeling of the codependence between amino acid sites (Pollock et al., 1999; Poon et al.,
2007b,a; Tuff & Darlu, 2000). Despite efforts to make these methods robust to violations of assumptions, most
of them suffer from inaccuracies stemming from their inability to disentangle real coevolutionary signal from
background noise (Codoner & Fares, 2008; Fares & Travers, 2006). In coevolutionary analyses the historical
relationships among amino acid sites as well as stochastic amino acids covariation are the components of such
noise. In spite of the many attempts to erase it, sensitivity of the majority of parametric and non-parametric
methods remains to be significantly affected by this noise (Codoner & Fares, 2008; Halabi et al., 2009; Tillier
& Lui, 2003). In a previous article, we developed a method that seems to outperform all the others and where
historical signal is clearly distinguished from functional/structural coevolution (Fares & Travers, 2006). To
identify coevolutionary patterns we used this parametric method implemented in the software CAPS version
1.0 (Fares & McNally, 2006). This method has proved to be successful in yielding meaningful results in several
case studies, including those aimed at identifying coevolution of membrane proteins (Fuchs et al., 2007), HIV
gp120 and gp41 proteins (Travers et al., 2007) as well as Hsp70-Hop-Hsp90 system (Travers & Fares, 2007).
To estimate the probabilities and significance of the correlated evolutionary patterns among amino acid sites
we used a large number of random samplings (1 million and 10 million random samples) and a small alpha
value (0.001 in both MHCI and MHCII analysis) to minimize false positive rate (type I error). CAPS also

implements the step-down permutational procedure as described previously (Travers & Fares, 2007; Westfall
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& Young, 1993) to correct for multiple testing. The scores for the amino acid substitutions were obtained
using a blocks substitution matrix (BLOSUMS80) (Henikoff & Henikoff, 1992) instead of the BLOSUMG62
used in previous studies due to the high similarity of our protein sequences (overall mean distance d=0.12,
S.E. =0.01 for HLAI molecules, d=0.25, S.E.=0.01 for HLAII). Moreover, three dimensional structures are
available for the alpha chain of HLAI (HLA-A, HLA-B, HLA-C) and the beta chain of HLAII (HLA-DQ,
HLA-DR), which were later used in the three dimensional analysis of the functional and structural relationships
between coevolving amino acid sites. Each allele group has its own reference sequence and crystal structure
when performing the coevolution analysis. We performed group-specific analyses of coevolution using al-
leles HLA-A*020115(PDB ID:1HHG), HLA-B*080101(PDB ID:1AGB), HLA-C*04010101(PDB ID:1IM9),
HLA-DPB1*1501, HLA-DQA1*060101(PDB ID:1UVQ), HLA-DQB1*060201(PDB ID:1UVQ) and HLA-
DRB1*010101(PDB ID:1SJH) for HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DQA1, HLA-DQBI1 and
HLA-DRB groups, respectively.

5.4.3 Visualisation of coevolutionary networks

We used the software Cytoscape (version 2.6.1) (Shannon et al., 2003) to visualize the coevolutionary net-
works identified by CAPS. Cytoscape was originally designed to visualize biomolecular interaction networks.
This tool however can be used to visualize any data that describes interactions between objects. CAPS can
produce four files containing information of coevolutionary networks and compensatory mutations. We used
this program to generate the networks of correlation between coevolving amino acids and used the correlation
coefficients generated in CAPS to determine the colouring patterns of the linking lines between nodes (amino

acid residues).

5.4.4 Identifying correlated variation of amino acids properties

In order to determine the physico-chemical relationships between coevolving amino acids we also tested
for the correlation in the variance of the hydrophobicity and molecular weight between the amino acids de-
tected as coevolving in the previous analysis. The reason for choosing these properties is that they are easily
measurable without much error, and they have been reported previously to be among the most important factors
(the two most important) in explaining amino acids contribution to protein structure stability (Atchley et al.,
2005). We determined the correlated variability in the physico-chemical properties of amino acids i and j by
estimating the pairwise sequence variability in these properties (for example in hydropathy) for each of the

amino acid columns in the alignments as:
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gl (Hx = Hy),- (H\ - H)')j

P =

k=1

Here, H, and Hy stand for the hydropathy index of amino acid states x and y, while N refers to the number
of pairwise comparisons. The same calculation is applied for the case of the correlation in the variance in
the molecular weight of the amino acids being compared. This analysis is a new addition to the previously
published coevolution method (Fares & Travers, 2006) and yields insightful information about the nature of
the coevolutionary process among amino acids. For example, we could test whether covariation between a
particular pair of amino acid sites occur so that the volume of the local structure region occupied by both

coevolving amino acids remains constant. We also visualized this information using the program Cytoscape.

5.4.5 Detection of conserved pathways connecting coevolving residues

Conserved amino acids throughout protein evolution (Agrawal-Gamse et al., 2009; Bozek et al., 2009) are
expected to have critical effects on protein functions (Gu, 1999; Wooldridge et al., 2007). It is also known that
variable sites may also be important in two ways. First, viral antigenic sites for example are often variable sites
while functionally important per se because they provide the virus its ability to escape immune response while
recognizing host cell receptors (Abecasis et al., 2009; Carlson et al., 2008; Keck et al., 2009; Kim & Sigalov,
2008; Rehermann, 2009; Rong et al., 2009; Travers et al., 2007; Tully & Fares, 2006; Zhong et al., 2006).
Second, variable regions may be indirectly important because they fall in the vicinity of important amino acid
sites and therefore their variability may dramatically affect functional sites. In the latter case, variable amino
acid sites tend to coevolve to preserve the structural characteristics of the functional sites (Gloor et al., 2005).
Based on these two reasons, it is expected that compensatory coevolution may occur either between amino
acid sites three-dimensionally proximal or alternatively between sites apparently far apart from one another
but in contact with functionally important sites. Amino acid sites proximal in the three-dimensional space (for
example 4 angstroms (A) distant from one another) are very likely to affect each other and to coevolve both
structurally and functionally. However, if two coevolving residues are distant in the structure, it may be hard to
tell. To determine if a compensatory relationship exists between any pairs of distantly located amino acid sites
identified by our analyses as coevolving we followed an approach previously described (Tully & Fares, 2009).
Briefly, for each one of the amino acid sites we draw spheres of 4A radius. Then we estimated the Poisson
average amino acid distance in the multiple sequence alignment for each of the amino acids falling within the

sphere. Among the detected amino acids, we identified those showing significant conservation when compared
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to a distribution of 10000 amino acids randomly sampled from the protein. Once these amino acids detected,
we draw new spheres around the conserved amino acids and continue with the same procedure as above until
no further cases are detected. We tested whether we could connect the spheres for both coevolving amino acids
by walking over the conserved amino acids of these spheres. In the case where that was possible we considered
both amino acids to interact between each other indirectly. This allowed us to find a conserved pathway that
connects two coevolving residues. In this analyses however, caution is required as three-dimensional protein
structures used are meant to be static images of the protein once crystallized. It is possible therefore that
contacting amino acids identified in these structures may not be in contact in the solution. Nonetheless, the
likelihood for a pair of amino acids in contact in the crystallized protein to be far apart is very slim. This
probability may increase though with increasing atomic distances among amino acids in a real structure. We
also stress the fact that amino acids may establish either permanent contacts or transient contacts depending on
how dramatic the conformational changes are when proteins interact with other proteins or cofactors. In either
case however we would expect stronger coevolution than between never-contacting amino acid sites. Finally
our results do not account for structural shifts among highly divergent sequences, although this is unlikely given

the similarity levels among our amino acid sequences (below 20% divergence).

5.5 Results

We first conducted the coevolutionary analyses in each HLAI allele group and then we performed the
same analysis for the three HLAII allele groups mentioned above. We finally analysed each subgroup (HLA-A,
B, C; HLA-DP, DQ, DR) separately. The rationale for doing this is that group analysis would allow identifying
group-specific coevolutionary patterns while the joined-group analyses would allow determining if there has
been shifts in coevolutionary relationships. To gain more insights regarding the group-specificity of the coe-
volving pairs of amino acid sites identified, we compared the coevolutionary patterns between and among the
subgroups and with the covariation patterns yielded by the combined group dataset. Figure 5.1 shows the dif-
ferent coevolving amino acid sites identified for the different analyses. In the HLAI proteins, we identified 17
amino acids as coevolving in the HLA-A group, 16 in the HLA-B group, 13 amino acids in the HLA-C group
and 23 amino acids in the combined HLAI group (Figure 5.2) (details of the coevolution coefficients and para-
meters are given in the supplementary information contained in Table S5.1, Table S5.2, Table S5.3 and Table
S5.4 of the supplementary information). We have also identified coevolving residues shared by different HLA
alleles (for example, networks of residues coevolving in two groups such as HLA-A and B, Figure 5.1e) (Figure
5.1e to h). Combined analyses of coevolution in an alignment including sequences from all three groups shows

that most of the sites were also identified in each of the groups separately (Figure 5.2 and supplementary Table
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Figure 5.1: Coevolutionary networks in HLAI group alleles. Group specific coevolutionary networks for HLA-
A (a), HLA-B (b), and HLA-C (c) are shown. Those pairs of coevolving residues that are shared by groups A
and B (e), A and C (f), B and C (g) and A, B and C (h) are also presented. Residues in the networks are sorted
clockwise in ascending order depending on the number of coevolutionary interactions each amino acid residue
establishes. The domains to which these amino acid sites belong are color-coded. Nodes (amino acid residues)
are connected through edges colored according to the nature and characteristics of their coevolution.
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Figure 5.2: Coevolutionary networks in HLAI alleles joining groups A, B and C in one alignment. Residues in
the networks are sorted clockwise in ascending order depending on the number of coevolutionary interactions
each amino acid residue establishes. The domains to which these amino acid sites belong are color-coded.
Nodes (amino acid residues) are connected through edges colored according to the nature and characteristics
of their coevolution.

S5.4 in “HLA_class_IL.xIs” file). The combination of both analyses allows hence identifying lineage-specific
coevolutionary events. A brief look at the figure suffices to realize that most of the mutations are falling within
antigen and TCR biding domains. In the HLAII proteins we identified 5 amino acid sites as coevolving in the
HLA-DP group, 9 amino acid sites in HLA-DQ and 14 amino acid sites in the HLA-DR group (Figure 5.3, sup-
plementary information Table S5.5 to Table S5.8 available in the file “HLA_class_II”’). However, we observe
fewer coevolving residues and less dense coevolutionary networks compared with HLAI molecules. There are
no shared coevolving networks for HLA-DPB1 HLA-DQB1 and HLA-DRB except one shared residue (71R)
(Figure 5.3e). Nonetheless, there is one three-residue network shared by HLA-DPB1 and DRB (Figure 5.3f)
and one two-residue network shared by HLA-DQB1 and DRB (Figure 5.3g). Conversely to the case of HLAI

group, we did not identify coevolving amino acids in the combined HLAII group, possibly due to our stringent
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Figure 5.3: Coevolutionary networks in HLAII group alleles. Group specific coevolutionary networks for
HLA-DPBI1 (a), HLA-DQB1 (b), HLA-DRB(c), and combination of shared coevolutionary events (e to h)
are shown. Residues in the networks are sorted clockwise in ascending order depending on the number of
coevolutionary interactions each amino acid residue establishes. The domains to which these amino acid sites
belong are color-coded. Nodes (amino acid residues) are connected through edges colored according to the
nature and characteristics of their coevolution.
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criterion to identify coevolving sites. To further understand the relationships between the amino acid sites
detected as coevolving we performed analyses of correlation in two of their physico-chemical characteristics,
including their covariation in molecular weight and in their hydrophobicity (ranked correlation coefficients
plotted in Figure 5.4 and Figure 5.5 and detailed information is available in the supplementary tables provided
in the excel file “HLA_class_I.xls”) in HLAI and HLAII molecules. Doing this analysis we identified positive
and negative correlation relationships among coevolving residues. Positive correlation indicates covariation of
amino acids due to convergent constraints on functionally related regions of the protein. Conversely, negative
correlation points to compensatory events between structurally related amino acid sites. For example, a muta-
tion from a small amino acid to a big amino acid may require a compensatory mutation of a neighbour amino
acid to a smaller amino acid in order to maintain stable volumetric characteristics of the region. We also de-
tected amino acid sites in both groups of HLA that seemed to coevolve throughout the phylogenies, indicating
their ancestral linkage. When we take these amino acid sites into account, we see that different sites present
different densities of coevolution (here density refers to the percentage from the total number of coevolutionary
events for a particular group represented by a particular amino acid site) in HLA-A to C (Figure 5.6A) as well
as in HLA-DQ to DR (Figure 5.6B). In Figure 5.6 we provide a summary of the coevolutionary analyses of
Figure 5.1 and Figure 5.3 as well as the clustering analyses to identify convergence in coevolutionary patterns
between groups. The small graphs are a color-key graph where color indicates density of coevolution (going
from red, meaning no coevolving sites detected, to white, meaning high percentage of coevolving sites). Also
in these graphs we present a histogram (value) that indicates the frequency of the density color code in the
analyses. For example, 152V in Figure 5.6A presents to coevolution in HLA-B (red color), it presents high
density of coevolution in HLA-A (yellow color), which is correlated with its high frequency in the coevolution
network (histogram) and presents the highest density in HLA-C (white color). We performed clustering ana-
lyses based on these data of the different HLA sequence groups using the complete linkage method where the
distance between groups is estimated using the maximum Euclidean distance between members of two clusters.
To calculate this distance we used a matrix score system where the elements of the matrix are the percentage
of coevolution dependencies for a particular amino acid site within each group (the percentage is calculated as
the total number of lines stemming from one site in the coevolutionary network of a group in Figure 5.1 and
Figure 5.3 divided by the total number of lines of the group network). These data could be used to cluster the
different groups of HLA assuming no convergent evolution. This clustering leads to groups HLA-A-B to the

exclusion of HLA-C (Figure 5.6A) and HLA-DQ-DP to the exclusion of HLA-DR (Figure 5.6B).
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Figure 5.4: Ranked correlation coefficient for coevolving amino acid sites in HLA class I alleles. Plots of
correlated variations in molecular weight (a to d) and hydrophobicity (e to h) among amino acid sites for
HLA-A, HLA-B, HLA-C and the entire HLA class I allele groups respectively.
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Figure 5.5: Ranked correlation coefficient for coevolving amino acid sites in HLA class II alleles. Plots of
correlated variations in molecular weight (a to d) and hydrophobicity (e to h) among amino acid sites for
HLA-DP, HLA-DQ, and HLA-DR and the entire HLA class II groups, respectively.
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Figure 5.6: Heat map plot and hierarchical clustering of coevolving patterns of HLAI and HLAII allele groups.
In each HLAI and HLAII allele group we calculated the percentage of interaction pairs for every coevolving
residue as the number of coevolving events of that site with other residues divided by the total number of
coevolutionary events within the molecule. We used then these data to build the heat maps where colors corres-
pond to the amount of coevolution each amino acid presents (density). The small graphs represent the density
of coevolution color-code (red meaning no coevolutionary events and white meaning maximum coevolutionary
events) and the frequency of that density (value). These values were calculated for each amino acid site found
to establish a coevolutionary relationship within a particular molecule and the results of frequencies were used
to infer a matrix. Two matrices from two allele groups were used to calculate the maximum Euclidean distance
between them, and this distance was taken to cluster alleles based on their coevolutionary density using the
complete linkage method.
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Figure 5.7: Networks of coevolving residues in HLAI and HLAII allele groups within functionally important
domains. This network represents a subset of the residues identified in Figure 5.1 and Figure 5.3. Residues in
the networks are sorted clockwise in ascending order depending on the number of coevolutionary interactions
each amino acid residue establishes. The domains to which these amino acid sites belong are color-coded.
Nodes (amino acid residues) are connected through edges colored according to the nature and characteristics
of their coevolution.
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Correlation Type Number of Coevolving Pairs (HLA)

A B C Classl DPBlI DQAl1 DQB1I DRB
Hydrophobicity 94 94 70 55 10 21 36 39
Molecular weight 102 96 70 65 10 21 36 40
Hydrophobicity 82 80 70 41 10 21 36 30

and molecular weight
Table 5.1: The nature of correlated variation of amino acids in HLA allele groups. This table presents the
number of coevolving amino acid pairs significantly correlated by hydrophobicity, molecular weight or both
for each HLA class I and class II allele groups.

5.5.1 Group specific intramolecular coevolution

We identified HLA group specific coevolutionary pairs of amino acid sites in order to determine events
of rates shifts following HLA duplications. After removing coevolving network shared by HLA-A, B and C
allele groups from the initial results (Figure 5.1 and Figure 5.3) we found 6, 7 and 5 amino acids to form a
group of coevolution in HLA-A, HLA-B and HLA-C, respectively (Figure 5.7). While HLA-A and HLA-B
are characterized by frequent coevolutionary events between amino acids belonging to alpha-1 and alpha-2
domains, HLA-C showed localized coevolution in the alpha-3 and transmembrane domains. This however
may be due to the high conservation of alpha-3 domain in HLA-A and B. Interestingly, while not all the pairs
were coevolving in the variation of their molecular weight and hydrophobicity in HLA-A and B groups, HLA-
C showed clear covariations in physico-chemical properties of the amino acids (Figure 5.7). Similarly, we
identified 2, 7 and 10 amino acids to be coevolving in HLA-DP, HLA-DQ and HLA-DR groups, respectively
(Figure 5.7). Only HLA-DQ and HLA-DR presented a substantial number of amino acid sites to coevolve,
while HLA-DP only showed evidence of coevolution for a single pair of amino acids (Figure 5.7). All the
coevolving amino acids detected in these groups showed evidence of covariation in their physico-chemical
properties (Figure 5.7). Coevolving amino acids are located in the beta-1 domain, with only two exceptions,
site 96E and site 98K. Interestingly, the two sites that belong to the CD4 binding region of the beta-2 domain

were coevolving with most of the amino acids identified as coevolving in the beta-1 domain.

5.5.2 Coevolution in the antigen and TCR binding domain (alpha-1, alpha-2 and beta-
1)

HILA class I

Conventionally, there are seven antigen/peptide binding pockets consisting of different HLA residues in
the antigen recognition site of HLA-A2 named site A to F (Saper et al., 1991). These define the antigen/peptide

binding specificities of different HLA molecules (Garrett et al., 1989; Matsumura et al., 1992). Based on the
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structure and sequence analysis of HLA-A, HLA-B and HLA-C proteins, a less restrictive description of nine
antigen/peptide binding pockets was proposed (named P1 to P9) (Chelvanayagam, 1996). The antigen that the
nine antigen binding pockets bind to is a peptide with nine residues, so P1 to P9 here also correspond to the
actual residue positions of the antigenic peptide. We used the information from the above study to classify the
coevolving residues in the antigen recognition site (ARS) of HLAI proteins into nine antigen/peptide binding
pockets (P1 to P9) (Table 5.2). In the HLA-A group, all the identified coevolving residues are in the antigen
and TCR binding domain, with 14 residues being in the nine antigen binding pockets, with the exception of
82R, 144K and 166E (Figure 5.1a). For HLA-B group, of the 16 identified coevolving residues (Figure 5.1b) 14
(all but 82R and 103V) were mapped to the binding pockets, while 8 out of the 9 coevolving residues identified
in HLA-C (all except 113Y) are located in these regions (Figure 5.1c). All the amino acid sites detected within
the antigen binding pockets in each of the groups were found to coevolve between each other (summary of
these relationships is available in Figure S5.1 of the supplementary information). We used the information
derived from the crystallized structure for the binding of TCR and pMHC (Marrack et al., 2008; Rudolph et al.,
2006) to identify protein binding residues that have undergone coevolution. We identified five residues out of
those coevolving within HLA-A group (62G, 76V, 152V, 163T, 166E), three residues from HLA-B (69A, 70H,
163T) and two residues from HLA-C (152V and 163T) as involved in the physical interaction with a type of
TCR sharing the two polypeptide chains o and S, respectively (¢ STCR) (Marrack et al., 2008; Rudolph et al.,
2006). Moreover, one of the residues coevolving throughout the entire phylogeny (163T) was also detected to
be involved in such interactions. Interestingly, most of the coevolving residues identified from ARS are in the
nine antigen binding pockets (Table 5.2) and they coevolve with each other and with residues mentioned above
that physically contact @ 3TCR (Marrack et al., 2008; Rudolph et al., 2006).

To understand the role of these coevolutionary events in the preservation and cooperation in the different
functions of binding between molecules it is necessary to test the selective forces underlying the fixation of
mutations at these sites. Fixation of correlated mutations by adaptive evolution would point to the importance
of such correlated mutations in the function or structure of the protein domains they belong to. It has been
already shown that residues in the ARS of HLAI (Yang & Nielsen, 2002) and HLA-DR (Furlong & Yang,
2008) have been fixing mutations by positive selection. Interestingly, with the exception of three residues in
the HLA-A group (82R, 144K and 166E), all the other amino acids identified as coevolving under our approach

have been previously reported as evolving under adaptive evolution (Yang & Nielsen, 2002).

HLA class IT

We found similar coevolutionary patterns in this class as compared with class I molecules. Firstly, in HLA-

DPB1 molecules all the 5 coevolving residues are in the beta-1 domain (Figure 5.3a), which is also the case
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Position/Pocket Coevolving Residues
HLA-A HLA-B HLA-C
P1(A) 62G 63E 99Y 163T 163T 99Y 163T
P2(B) OF 62G 63E 99Y 163T OF 24A 45M 67V 70H 163T 9F 99Y 163T
P3(D) 9F 97R 99Y 114H 152V 156L 163T 9F 70H 97R 114H 156L 163T OF 99Y 114H 152V
156L 163T
P4 62G 156L 69A 70H 156L 156L
P5 74H 97R 99Y 114H 116Y 152V 156L 69A 70H 97R 114H 116Y 156L 114H 116Y 152V
156L
P6(C) 9F 74H 97R 99Y 114H 116Y 152V 156L 9F 24S 69A 70H 9F 99Y 114H
116Y152V 156L
P7(E) 77D 97R 114H 116Y 152V 156L 77D 97R 114H 116Y 156L 114H 116Y 152V
156L
P8 76V 97R 77D 80T 97R
P9(F) 74H 76V 95V 97R 114H 116Y 114H 116Y  70H 77D 80T 95V 97R 114H 116Y 95V 114H 116Y

Table 5.2: Functional location of coevolving residues in the HLAI protein. A subset of coevolving residues were mapped to nine antigen binding
pockets (P1 to P9), where pockets A-F were defined by an early study (Saper et al., 1991). Numbers indicate the position of residues using the
reference sequence HLA-A*020115(PDB ID:1 HHG). Amino acids are coded using one-letter codes.
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Position/Pocket Coevolving Residues
HLA-DQ HLA-DRB

Alpha-1 Beta-1 Beta-1

P1 52R 53Q  87E

P2

P3 T4A

P4 71R  26L 70Q 71R 74A

P5 71R  67L 70Q 71R 74A

P6 67L 71R 74A

P7 71R  67L 70Q 71R 74A

P8 60Y

P9 37S 57D 60Y

Table 5.3: Functional location of coevolving residues in the HLAII protein. A subset of coevolving residues
were mapped to nine peptide binding environments (P1 to P9). The positions of amino acid residues in-
volved in the coevolutionary networks are determined using the reference sequences HLA-DQA1*060101(PDB
ID:1UVQ) and HLA-DRB1*010101(PDB ID:1SJH). Amino acids are coded using one-letter codes.

for HLA-DQB1 molecules (9 coevolving residues) (Figure 5.3b). Also, there are 12 coevolving residues out
of the 14 coevolving residues identified in the beta-1 domain in HLA-DRB molecules (Figure 5.3c). Secondly,
most of the coevolving pairs detected in this molecule are significantly correlated either in their hydrophobicity
variance or molecular weight variance or both (details are shown in Table 5.1 and Table S5.5 to Table S5.8
of the supplementary information). Thirdly, similar peptide binding environments can also be derived from
crystal structures, which are available for HLA-DQ (Baas et al., 1999) and HLA-DR (Chelvanayagam, 1997)
showing the location of coevolving amino acids in the antigen-binding sites (Table 5.3). Fourthly, in the HLA-
DRB group almost half of the coevolving residues (amino acid positions 37S, 57D, 67L, 71R, 74A and 96E)
are identified as being under positive selection by one study (Furlong & Yang, 2008). Lastly, among these
coevolving residues, we identified two residues (position 71R and 78Y in beta-1 domain) in the HLA-DPBI,
one residue (position 72R in beta-1 domain) in the HLA-DQB1, three residues (position 60Y, 67L and 70Q
in beta-1 domain) in the HLA-DRB, and one residue (position 68 in alpha-1 domain) in the HLA-DQAI1 that
physically contact the a3 TCR.

5.5.3 Coevolution between residues of antigen-TCR (alpha-1 and alpha-2, beta-1) and
coreceptor binding domains (alpha-3, beta-2)

In HLA-C group, we identified 2 residues (184A and 194V) in the main coreceptor-binding domain, and

these two residues coevolve with one residue (9F) in the alpha-1 domain and 8 residues in the alpha-2 domain

(Figure 5.1c). Moreover, all the identified coevolving pairs above are significantly correlated by hydrophobicity

and molecular weight. Conversely, in the HLA-DRB group we identified 2 residues in the beta-2 domain, which
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Figure 5.8: Networks of compensatory mutations in the HLA allele groups. Networks represent amino acid
residues linked through edges if they were either structurally proximal in the protein or they were within 8
angstroms of a highly conserved amino acid site (light colored circles). Coevolving residue interaction networks
for HLA-A, B and C are shown in the first row. Coevolving residue interaction networks for HLA-DP, DQ and
DR are shown in the second row.

coevolve with 9 residues in the beta-1 domain (Figure 5.1b). Such correlated amino acid changes between
functional domains (antigen-TCR and coreceptor binding) may underlie their functional importance in immune
responses. In addition to these results, we also identified 2 residues from the transmembrane domain in the
HLA-C group (Figure 5.1c), which coevolve with one residue in the alpha-1 domain, 7 residues in the alpha-2
domain and 2 residues in the alpha-3 domain. However there are few studies focusing on the transmembrane
and cytoplasmic domains. One study has shown that these two domains are not involved in the signalling
process of MHCI molecules. Yet, another earlier study has shown that mutations in the alpha chain or the beta
chain of MHCII molecules can cause failure when forming some complexes and are retained in the endoplasmic

reticulum (ER) (Cosson & Bonifacino, 1992).
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5.5.4 Conserved amino acid pathways linking coevolving residues

We built networks (Figure 5.8) based on pathways of conserved residues (for example, a pathway is formed
by the coevolving residues and the set of conserved amino acid sites interacting with coevolving residues as
defined in Methods), which show how residues interact with each other. We identified 12, 10 and 5 pathways
for HLA-A, B and C alleles, respectively (Figure 5.8a to ¢). Conversely, we identified only 3, 4 and 6 pathways
for HLA-DQA1, DQB1 and DRBI, respectively (Figure 5.8d to f). In most pathways coevolving residues

interact with each other. We however identified 13 pairs that are simply connected by only one residue.

5.6 Discussion

In this study, we show that coevolutionary networks on HLAI and HLAII molecules involve almost every
domain in the protein, which puts forwara the conclusion that there are complex forces shaping the evolution
of HLA proteins. We demonstrate that there are group specific patterns as well as shared patterns of molecular
coevolution among HLAI and HLAII aliele groups. Remarkably, most of the coevolving residues in the ARS
are under positive selection, and the polymorphic sites among antigen binding pockets coevolve with each other
and with the sites physically contacting TCR and sites from the rest of the protein domains.

The residues that we identify in the coevolutionary networks on HLA-B alleles (corresponding to amino
acid positions 77, 80, 114, 116 and 156) have been previously proposed as playing a critical role to the rate
of progression to AIDS for HIV infected patients who carry HLA-B*35 alleles (Gao et al., 2001; McMichael
et al., 1988; Nikoliczugic & Carbone, 1990; Wooldridge et al., 2007). We also identify residues positions
114, 116 and 156 as involved in the shared coevolutionary networks among HLA-A, B and C allele groups,
indicating their functional interrelationship regardless the phylogenetic grouping. These residues and their
corresponding coevolutionary network are conserved across all allele groups. Since changes of these residues
may have drastic influence on antigen recognition of corresponding alleles, polymorphism at these sites may be
associated to diseases. It become hence of special interest not only studying the polymorphism of these sites but
also understanding the covariation patterns among them. It is also intriguing whether covariation networks are
the key to enhance the immune response against pathogens and whether pathogens, such as HIV-1, overcome

our defences when such networks are compromised.

5.6.1 Host-pathogen coevolution

Our exhaustive study of MHC protein sequences unearths complex coevolutionary patterns among dif-

ferent antigen binding pockets in ARS, supporting that the observed polymorphism may be the result of the
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host-pathogen coevolution. Moreover, there is high polymorphism across the whole MHC proteins, which in-
clude the traditionally interesting ARS or peptide-binding region (PBR) (in the alpha-1 and alpha-2 domains)
and the transmembrane domain. It has been argued that MHC alleles have evolved to maintain a high degree
of polymorphism in the human population. Authors have proposed two selective explanations, namely, the het-
erozygous advantage and the rare allele advantage (Jeffery & Bangham, 2000). The heterozygous advantage
hypothesis maintains that heterozygous hosts can present more antigenic peptides from pathogens than homo-
zygous hosts. Conversely, the rare allele advantage hypothesis argues that hosts with rare alleles can have more
chance to survive in an epidemic because the hosts can respond better to the pathogen. Both these advantages
may be involved in the evolution of MHC. One study demonstrates that heterozygote advantage alone fails to
explain the high degree of polymorphism of the MHC (De Boer et al., 2004). Their subsequent study supports

that the high polymorphism is mainly due to host-pathogen coevolution (Borghans et al., 2004).

5.6.2 MHC polymorphism affects antigen, TCR, coreceptor binding and underlying

immune functions

Our study shows that polymorphic amino acid sites evolve in a correlated way forming networks that reveal
complex evolutionary dynamics operating on MHC molecules. Among those coevolutionary networks, most of
the coevolving residues are located in antigen binding pockets. Mutations at these regions can affect amino acid
residues distantly located in the protein structure, including alpha-3 and transmembrane domains. This can also
affect TCR binding through different intermediate residues in the coevolutionary networks. Presumably, our
results reveal that different non-covalent antigen binding forces are orchestrated in the antigen binding pockets
to respond to most pathogen antigens. The main structure destabilizing effects of pathogen-related mutations
can then be compensated with correlated changes at nearby structural regions, as we show in this study.

During the last two decades, many studies demonstrated that polymorphism could indeed affect immune
functions. One study has shown that polymorphism in the alpha-3 domain of HLA-A molecules affects binding
of CD8 (Salter et al., 1989), and further studies have shown that residues 223-229 in the alpha-3 domain of
HLA-A2 protein play a dominant role in CD8 coreceptor binding, which correlates with CTL recognition
and activation (Salter et al., 1990; Sekimata et al., 1993). Later, similar patterns were observed for HLA-DR
molecules (Cammarota et al., 1992; Fleury et al., 1995). Most effort has been invested to understand how
single mutation can affect CTL or helper T-cell activities. One mutagenesis study demonstrated that residue
256 on the alpha-3 domain on MHC class I molecules can significantly affect the allorecognition by the T cell
hybridomas (Tanabe et al., 1990), which is only 5.5 A away from our coevolving residue 253Q in Figure 5.2.
The study also shows residues 184, 193, 195, 197, 262, and 264 to have some effect on T-cell recognition. We
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have identified residue 184A as coevolving with other residues, while residues 193 and 195 are in the vicinity
of our coevolving residue 194V (Figure 5.2). Another study shows that a Q115E substitution in the alpha-
2 domain of HLA-A*0201 enhances CD8 binding by about 50% without altering TCR/pMHCI interactions
(Wooldridge et al., 2007). This is a conserved residue across all allele proteins and it is bridging coevolving
residues 114G and 116Y (Figure 5.2). Our coevolutionary data correlate therefore with functional analyses
conducted elsewhere and show that covariation may be related to compensatory events to preserve functional

and structural features of the molecule.

5.6.3 Binding affinity affects the detection of coevolutionary signals

The binding affinity between TCR and pMHC is extremely low, which can range between 1-50 uM,
whereas the binding affinity between pMHC and CD4 or CDS8 can be larger than 100 uM (Hutchinson et al.,
2003). Moreover, the binding affinity between CD8aa and MHC Class I A, B and C has been investigated and
ranges between 90 and 220puM (Gao & Jakobsen, 2000). In our study, we found that there are no coevolving
residues from the alpha-3 domain for HLLA-A and B allele groups. However, there are 2 coevolving residues in
alpha-3 domain in the HLA-C group. Presumably, the higher binding affinity may cause more structural con-
straints on the alpha-3 domain, which may explain the correlated variation in the physico-chemical properties
among all the coevolving pairs identified in HLA-C allele group. Previous studies observed similar patterns
in MHC class II molecules, however, the overall binding affinities are weaker than those for MHC class I mo-
lecules (Xiong et al., 2001). These binding differences may explain the weak coevolutionary signals detected
in HLAII molecules by our method. Coevolutionary relationships have been identified previously using other
methods (Nilsson et al., 1999). Although some of the sites identified by those authors coincide with those iden-
tified in our study, many other sites do not. The fundamental reason may be the fact that such authors did not
use a formal statistical approach to identify mutations but set up a cut-off correlation value, which is generally
problematic in distinguishing false from real positive and negative values.

In sum, our analyses provide a benchmark protocol to conduct more exhaustive experimental work in the

MHC mediated immune response.

5.7 Conclusion

In this study, we show the molecular coevolving networks for HLAI and HLAII molecules. We identified
the coevolutionary patterns within and between HLAI and HLAII allele protein groups and showed that most
of the identified coevolving residues in the ARS are under strong positive selection. Our results reveal that

there are correlated amino acid changes across the whole MHC proteins, from TCR-antigen binding domain to
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CD8 and CD4 coreceptor binding domain to transmembrane and cytoplasmic domain. This demonstrates the
complex coevolutionary dynamics on MHCI and MHCII molecules. Our results suggest that the coevolution-
ary patterns operating on HLAI and HLAII molecules are due to host-pathogen coevolution and cooperative
binding of TCR, antigenic peptides, and CD8 and CD4 to HLA molecules. Moreover, our results point to that
disruption of the optimized interactions between and among coevolving residues could lead to different levels
of disease resistance and susceptibility (e.g. progression to AIDS). Insights derived from this work may also
shed light on the question of why small changes in the TCR/pMHC interface in response to different altered

peptide ligands can lead to drastically different biological outcomes (Rudolph et al., 2006).
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Discussion
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December 1, 2010.

6.2 Evolution of bacterial secretion system and ecological adaptation

Bacterial secretion systems are a group of membrane associated proteins that are specialised in trans-
porting cytosolically synthesised proteins to their final destinations for their proper function. These secretion
systems generally differ in two main groups of bacteria: the gram-positive and gram-negative bacteria. As we
introduced in the first chapter, gram-positive bacteria mostly use the Sec and Tat secretion systems, whereas
gram-negative bacteria use, in addition to the Sec and Tat secretion systems, other six specialised secretion
systems, the Type I-Type VI secretion systems as illustrated in Figure 1.3. Components of these specialised se-
cretion systems span across two membranes in gram-negative bacteria and are specially involved in the export
of bacterial proteins to their extracellular milieu. Interestingly, in a large scale study of bacterial proteomes
(chapter 2 of this thesis) we demonstrate that bacterial secreted proteins together with proteins involved in
carbohydrate transport and metabolism are amongst the most functionally divergent of the proteomes. These
microbes come from diverse ecological niches and their secreted proteins under strong functional divergence
seem related to bacterial capabilities to interact with the environment, hinting speculation that bacterial se-

creted proteins may play a fundamental role in bacterial ecological adaptations, which is consistent with pre-
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vious studies. Moreover, we demonstrate that bacterial secretion systems, responsible for translocating these
secreted proteins, have intermediate functional divergence, directly supporting a role for the secretion systems
in ecological adaptation.

To further elucidate the role of bacterial secretion systems in the adaptation to novel ecological niches,
in Chapter 3 and 4 we analysed two evolutionarily conserved secretion systems: the Sec and Tat systems.
We demonstrate that functional diversification of secretion systems may condition the sets of proteins that the
microbes can secrete. Furthermore, molecular coevolution between key components of the secretion system can
maintain functional specificity of these proteins and also contributes to microbe’s ecological adaptation. Based
on the conclusions in our study, future studies may consider how other mechanisms contribute to microbe’s
adaptation to ecological niches in the context of protein secretion. It is conceivable that in order to adapt
successfully to one or multiple ecological niches an organism must be able to i) acquire energy accordingly
either heterotrophically or autotrophically or both; and ii) sense its environments either actively or passively
and coordinate the cellular machineries accordingly. Certainly, all these activities require the intervention of
components of the membrane, cell surface and secreted proteins to interact with its environments for acquiring
metabolites, motility, sensing, defence, and so on. Arguably, translocated bacterial proteins must play important
functional roles in determining bacterial life styles.

The evolution of new substrate proteins could arise by domain shuffling, acquisition of mobile genetic el-
ements and convergent evolution, which would facilitate their adaptation to new niches (McCann & Guttman,
2008). However, little is known about how the protein secretion systems evolved (McCann & Guttman, 2008).
Understanding the evolution of secretion systems can help us perceive eukaryogenesis and organelle (mito-
chondria and plastids) evolution (Bohnsack & Schleiff, 2010), yet this objective remains to be achieved.

Since the revealing by Giinter Blobel of the secrets of protein localisation in eukaryotic cells mediated by
signal peptides—the signal peptide guides the localisation of its mature protein part (Blobel, 2000), different and
similar mechanisms of protein localisation have been discovered in cells of all three domains of life. Some of
these mechanisms are found to be common among prokaryotic and eukaryotic cells. The striking conservation
of the general Secretory (Sec) and the twin-arginine translocation pathways among cells of all three domains of
life indicates that Sec- and Tat-dependent protein localisation machineries may have already emerged in their
last common ancestor (Alcock et al., 2010; Bohnsack & Schleiff, 2010). Many evidence supports this. First,
Sec components are found in all three domains of life, which includes the cytoplasmic membrane of bacte-
ria and archaea and the ER membrane, chloroplast thylakoid membrane, and mitochondrial inner membrane
of eukaryotic cells. Second, the Tat pathway components are also found in bacteria and archaea cytoplasmic
membranes, chloroplast thylakoid membrane, and mitochondrial inner membrane of plant cells. Last, it was

found that the insertion of TatC, the conserved core protein of the Tat pathway, into inner membrane is depen-
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dent on the Sec secretion system in E. coli (Yi et al., 2003), which may indicate that the emergence of a Sec like
secretion system predates the Tat pathway. Moreover, phylogenetic analysis of the core components SecY and
TatC of Sec and Tat pathways also supports current classifications of major phylogenetic groups of bacteria,
archaea and eukaryota (Yen et al., 2002; Cao & Saier, 2003), and it is now generally accepted that eukaryotic
organelles such as mitochondria and chloroplasts have evolved by endosymbiosis of a purple bacterium and
a cyanobacterial progenitor, respectively (Schleiff & Becker, 2011). It is conceivable that endosymbiosis cer-
tainly played an important role in eukaryogenesis, which raises three interesting questions regarding protein
translocation/secretion in mitochondria and plastids since they are membrane-bound organelles: (i) how did
endosymbiosis affect protein translocation/secretion in the precursors of mitochondria and plastids (chloro-
plasts)? (ii) how did the shift in protein secretion in the precursors of mitochondria and plastids contribute to
eukaryogenesis? and (iii) how did the shift in protein secretion in mitochondria and plastids contribute to eu-
karyotic cell function? The first two questions seem difficult to answer as we cannot find organelle genomes at
that stage. However, we may find eukaryotic organelles that have characteristics of early eukaryotic evolution
(Signorovitch et al., 2007; Tong et al., 2011) and find the functional patterns of protein secretion. Regarding the
third question, in chapter 2 of the thesis, we showed a general trend in the bacterial evolution by the analysis
of the functional divergence of 750 bacterial proteomes: bacteria have a functionally conserved core protein
set, a group of protein sets with intermediate functional changes and peripheral protein sets with the most
radical functional changes. Three distinctive clusters of functional categories (COG) were discovered (Figure
2.3). Although protein components belong to secretion machineries are not found to be the most functionally
divergent (U), membrane proteins (M) are the most functionally divergent. This is in support of our claim that
membrane proteins are the most important mediators of ecological adaptation, as membrane proteins are in the
frontier of cell-environment interaction. Previous evidence suggests that secretion system has intrinsic molecu-
lar mechanisms that govern substrate protein recognition and transport (Mendel et al., 2008; Smith et al., 2005),
affecting therefore protein translocation across or ingratiation into membrane. Functional diversification of se-
cretion systems in different bacterial lineages would be a prerequisite for ecological innovation, as this would
allow secretion of new substrate proteins important to particular bacterial life styles. Although organelles are
no longer bacteria, would this also be true for the organelle protein secretion? For example, plant chloroplasts
have two SecA/SecY systems, so would the two systems secrete two functionally different sets of proteins

contributing differently to plant physiology? These interesting questions worth further investigation.

Understanding the evolution of secretion systems can also have medical benefits. Antibiotics resistant
nosocomial bacterial infection is a major cause of morbidity and mortality of hospitalised patients (Rasko
& Sperandio, 2010). The intense dedication of the scientific community to reviewing secretion pathways of

prokaryotes and eukaryotes from different angles is testament to the broad interest of this topic, which has
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materialized in many recent reviews (Baron, 2010; Lee & Kessler, 2009; Yuan et al., 2010). This, in addition
to the strikingly increasing pace at which antibiotic treatments fail (Walsh, 2000), has triggered a broad interest
in looking for alternative therapeutic approaches based on the secretion systems. Mounting evidence suggests
that bacterial secretion systems play a central role in bacterial pathogenesis (Desvaux & Hebraud, 2009; Evans
et al., 2009; Hensel, 2009; McCann et al., 2009; Oldfield & Wooldridge, 2009; Thanassi et al., 2009; Turner
et al., 2009; Worthington & Carbonetti, 2009), which ranges from evolutionarily conserved Sec and Tat secre-
tion systems to more specialised secretion systems including the Type I —VI secretion systems in gram-negative
bacteria. Many virulence factors are either secreted proteins or membrane proteins. Some pioneering studies
have shown that targeting of specific virulence factors can indeed decrease bacterial virulence without pos-
ing immediate evolutionary pressure. Numerous anti-virulence compounds have been synthesised and are at
different stages of drug development, which specifically target the Type III secretion system components and
prevent its function in Chlamydia, Shigella, Yersinia, UPEC (Uropathogenic E. coli), Salmonella and Pseu-
domonas spp. (Rasko & Sperandio, 2010). To the best of our knowledge, no other compounds are reported to
target other secretion system components in pathogenic bacteria. Identifying the molecular and evolutionary
interactions taking place within Sec systems is paramount to the development of novel therapeutics against
pathogenic bacteria, particularly against antibiotic resistant strains. In chapter 3 and 4, we showed how func-
tional diversification of the Sec and Tat secretion systems contribute to ecological adaptation by comparing a
large set of microbes with different lifestyles. We demonstrate that bacteria have two functionally distinctive
SecA/SecY-dependent pathways, with the accessory SecA2/SecY?2-dependent pathway being the most func-
tionally divergent. In particular, we identified the most functionally important protein region in SecA—the nu-
cleotide binding domain 1 (NBD1), to have diverged functionally and propose this domain as a potential drug
target. The SecA2/SecY2-dependent pathway was shown to be a very important virulence factor of pathogenic
Streptococcus and Staphylococcus species as we introduced in Chapter 1. Knocking out of SecA2/SecY?2 was
shown to block the secretion of relevant SraPs (serine-rich adhesin for platelets) without affecting the physiol-
ogy of the bacterium, which suggests an anti-virulence strategy can be applied here to develop inhibitor drugs
that specifically target NBD1 domain of SecA2. This is possible as low micromolar synthetic inhibitors were
developed recently to be able to inhibit SecA function in E. coli. Regarding another important protein SecY, we
demonstrated that the functional diversification of cytoplasmic domains of SecY contributes to posttranslational
translocation and cotranslational translocation, which corresponds to SecA-dependent and ribosome-dependent
translocation, respectively. A previous study demonstrated that cytoplasmic domain 6 (C6) is important for the
SecA-dependent secretion (Chiba et al., 2002). Another study points to that C4 and C5 domains play an impor-
tant role in ribosome-dependent cotranslational translocation (Gumbart et al., 2009). The Sec-independent Tat

pathway is another important protein transport system, which plays an important role in prokaryotes ecological
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niche adaptation. As a particular case, we demonstrated that extensive functional diversification of duplicated
TatC genes can contribute to the adaptation to extreme halophilic environment in archaea. Similarly, extensive
functional divergence of pathogenic bacteria could have also contributed to their host adaptation. In particular,
we showed that, in Tat-dependent secretome, pathogenic bacteria could secrete ribosomal proteins with ex-
trarisbosomal functions (Warner & MclIntosh, 2009), which can play a role in NK-4B related immune evasion.
This is surprising although there is mounting evidence suggesting that the Tat pathway plays an important role
in the pathogenesis of some bacteria. In sum, as we discussed above the emergence of Sec and Tat pathway
is ancient in prokaryotes evolution, therefore, mechanisms of Sec- and Tat-dependent bacterial host invasion
and evasion may have emerged earlier than other secretion systems (Type I-VI) based mechanisms. Functional
molecular patterns identified here would provide invaluable insights into the design of novel therapeutics to

fight bacterial infections.

6.3 MHC and host-pathogen coevolution

Major histocompatibility complex (MHC, also known as human leukocyte antigen (HLA) in humans)
molecules play a central role in host immunity for several reasons. These proteins are products of germ-line
encoded protein coding genes. Unlike T cell receptors (TCRs), they don’t undergo any active somatic hyper-
mutations to increase their variability. That is, their variability is germ-line encoded and heritable. Moreover,
MHC molecules directly bind to antigenic peptides from pathogens processed by host immune and non-immune
cells. In addition, a vital component of adaptive immune response, the T cell receptor (TCR) with stunning vari-
ability, has to function in a MHC restricted way, where TCR binds to peptide-MHC on antigen presenting cell
with coreceptor CD8 or CD4 from T cell to form a complex (TCR/peptide-MHC/CD8(CD4)). Finally, based
on research of last decades and genome wide association studies, we now know that individuals with certain
MHC allele types have a propensity to develop underlying diseases during infection, such as, human immun-
odeficiency virus (HIV), hepatitis B virus (HBV) and hepatitis C virus (HCV), Mycobacteria tuberculosis and
malaria (Blackwell et al., 2009).

It is conceivable the idea that effective host immune response against pathogens requires orchestrated
action of all kinds of components of the innate and adaptive immune system at both molecular and cellular
levels. The ability of the host to use these components to fight infection is regarded as immunity. Two kinds
of host immunity are defined in the adaptive immune system: the antibody-mediated humoral immunity and
the T cell mediated cellular immunity, which play a central role in host immune response against pathogens.
One of the important contributions I made during this thesis is to reveal a general pattern in the evolution of

HLA class I and class II molecules: amino acid sites from antigen binding pockets coevolve with T cell re-
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Leul56

HLA-A0201 HLA-B0801 HLA-C0401

B C D

Figure 6.1: Electrostatic potential surfaces formed between a coevolving network and the corresponding anti-
genic peptides from the HLA-A, HLA-B and HLA-C alleles, respectively. (A) Amino acid residues from a
coevolving network (Figure 5.1h) shared between the HLA-A, HLA-B and HLA-C molecules. (B) An anti-
genic peptide is in the middle with a white backbone in the background and bound by the coevolving residues
in the network from the HLA-A0201 allele. (C) An antigenic peptide is in the middle with a white backbone
and bound by coevolving residues in the network from the HLA-B0O801 allele. (D) An antigenic peptide is in
the middle with a white backbone and bound by coevolving residues in the network from the HLA-CO0401
allele. (B)(C)(D) Amino acid residues are labelled according to the strength of the electrostatic potential
calculated, where the electrostatic potential ranges from -1 (the most negative, red) to 1 (the most positive,
blue). Crystal structure figures were produced by PYMOL (http://sourceforge.net/projects/pymol/)
and the corresponding electrostatic potential surfaces were calculated by the APBS plugin in PyMOL (http:
//www.poissonboltzmann.org/apbs/).
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Figure 6.2: Electrostatic potential surfaces formed between an antigenic peptide and the antigen binding pocket
1 and 9. (A) An antigenic peptide is bound to the antigen binding groove of the HLA-A molecule, where amino
acid residues in the antigen binding pocket 1(blue balls) and 9 (orange balls) are color coded with blue and
orange, respectively. (B) Electrostatic potential was calculated for the antigenic peptide, where the N-terminal
and C-terminal part of the peptide are colored with blue (positive electrostatic potential) and red (negative
electrostatic potential), respectively, which corresponds to the antigen binding pocket 1 and 9, respectively.
(C) Antigen binding pocket 1 is colored red in the core with negative electrostatic potential, which can firmly
bind to the N-terminal part of the antigenic peptide. (D) Antigen binding pocket 9 is colored blue in the core
with positive electrostatic potential, which can also firmly bind to the C-terminal part of the antigenic peptide.
Crystal structure figures were produced by PyMOL 1.3 (http://sourceforge.net/projects/pymol/)
and corresponding electrostatic potential was calculated by the APBS plug-in in PyMOL 1.3 (http://wuw.
poissonboltzmann.org/apbs/).
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ceptor binding sites, coreceptor CD8/CD4 binding sites and other regions of HLA molecules. We demonstrate
that signals from pathogen antigenic variation can be directly sensed by host immune system and a unique
complex (TCR/peptide- MHC/CD8(CD4)) is formed to aid host immune response to fight such pathogen. As
shown in Figure 6.1, we identified a coevolving network (Figure 5.1h) shared by HLA-A, HLA-B and HLA-C
molecules in chapter 5, in which the electrostatic binding forces are drastically different among HLA alleles
when they bind to different antigenic peptides. Electrostatic potential formed between the antigen binding
pockets, an antigenic peptide from pathogens and TCR binding site clearly demonstrates that disruption of the
optimized interactions (stable binding formed by positive and negative electrostatic forces) between and among
coevolving residues could lead to different levels of disease resistance and susceptibility (e.g. progression to
AIDS) as illustrated in Figure 6.2, because these bindings determine how T cells are activated. In particular,
we demonstrated that the coevolutionary patterns among HLA-A, HLA-B and HLA-C molecules are different
in two ways. Firstly, HLA-A and B alleles showed similar patterns of coevolution. In the two proteins, coe-
volving amino acid sites are located in the antigen binding groove (alpha 1 and alpha 2 domains). Conversely,
coevolving sites in HLA-C are not only located in the antigen binding groove, but also located in the corecep-
tor binding domain alpha 3, which indicates that coreceptor binding is more functionally important in HLA-C
molecules. It was shown that the expression level of HLA-C molecules is the lowest among the three HLA
types. Moreover, many studies demonstrated that coreceptor binding by CD8 is very important in cytotoxic T
cell activation, which modulate sensitivity and specificity of T cell binding (Gao & Jakobsen, 2000; Rudolph
et al., 2006; van den Berg et al., 2007). Therefore, our results suggest that HLA- C has the strongest sensitivity
among HLA-A, B and C molecules, and higher expression level in natural population would increase their
defence against infection, as it has recently been demonstrated in HIV infected patients. Authors demonstrate
that association between certain HLA-C allele expression level and progression to AIDS can be established

(Thomas et al., 2009). Thus, our study certainly helps us understand how our body fights infections.

Immune system is a master piece of evolution. The diversity of key immune proteins such as T cell re-
ceptor, immunoglobulin and MHC is stunning. Understanding the biological meaning of the variation in these
molecules can help us appreciate how our immune system evolved to fight against pathogens and vice versa. Ev-
idence from other studies suggest that host immune system and pathogens coevolve. However, demonstrating
molecular coevolution is strikingly difficult (Woolhouse et al., 2002). It is understandable that direct demon-
stration of molecular coevolution between pathogens and host is extremely difficult, since at molecular level,
hosts can be infected with a diverse array of pathogens and the coevolution is formed between a population of
hosts and a mixed range of pathogens. Therefore, a molecular pattern that is observed in one protein of the host
immune system could be attributed to the interaction of an array of proteins from many different pathogens.

To test what molecular patterns are involved in the coevolution between host and pathogen, one would set up a
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controlled experimental system that includes only the host and its pathogen and sequence the whole genomes
of both parties at defined time points. This certainly will be prohibitively expensive for sequencing large eu-
karyotic genomes not to mention the time points and sample size needed to achieve certain statistical power,
such as mammalian genomes. Alternatively, it could be feasible to only sequence genes that are responsible for
defence by the host and invasion/evasion of the pathogen if these genes are well defined for a particular type of
infection model. For example, the interaction between HIV and human host has been extensively studied. The
propensity of interactions between HIV proteins and host proteins can be summarised (e.g. regulation of cell
cycle, apoptosis and intracellular signaling cascade, etc.) (Dickerson et al., 2010). However, up until now, no
such study has been experimentally tested. Only recently, molecular coevolution was genuinely demonstrated
by experimental evolution on very simple infection model-the bacteria-phage infection model, where authors
showed that fast evolving genes of phage during coevolution is those that are responsible for host infection,
and coevolution drives greater genetic divergence of both bacteria and phage between replicated populations

(Paterson et al., 2010).

6.4 Conclusion

In this thesis, we seek to understand how bacterial pathogens adapt to their hosts from an ecological point
of view. The rationale behind this objective has been that all the machineries used to invade their hosts and
evade host immune responses by pathogens are also used by other non-pathogenic organisms in nature. Study-
ing the same system from different organisms with different life styles would allow us to identify molecular
patterns that are associated with host adaptation. We demonstrated that such strategy is indeed successful as we
discussed in Chapter 2-5. The combined results of this project shed light on the way bacteria adapt to different
environments through evolutionarily orchestrated molecular changes. Our results will set the ground and pro-

vide molecular targets for future projects that are aimed at studying host-pathogen interaction and coevolution.
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Appendix A

Supplementary Information Index

Supporting files are provided in electronic format as most these fiies are not feasible to print on A4 papers.
Therefore, all files described in the appendix are burned into an optical disk attached to this thesis. These files
are also available at the website (http://bioinf.gen.tcd.ie/ "faresm/jxw_thesis_suppl_info.zip).
XLS/DOC file can be viewed by Microsoft Office Excel/Word or free software OpenOffice (download at http:
//www.openoffice.org/) . PDF file can be viewed by Adobe Reader (download at http://get.adobe.

com/reader/).

Table | File name | Description

Table S1 | Table_S1_1.xlIs | Currently sequenced human
bacterial pathogens and the
diseases they cause. Infectious
diseases are annotated by ICD-10
(International Statistical
Classification of Diseases and
Related Health Problems 10th
Revision).

Table A.1: List of supplementary information for chapter 1.
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Figure/Table

File name

Description

Figure S2.1

Figure_S2_1.pdf

Two-dimensional clustering of 19
COG functional categories and 750
bacterial proteomes.

Table S2.1

Table_S2_1.doc

Enrichment of COG gene
categories for functional
divergence

Table S2.3

Table_S2_3.doc

Effect of bacterial lifestyle and
genome size on functional
divergence

Table S2.5

Table_S2 5.doc

Sites under functional divergence
in VirB8.

Table A.2: List of supplementary information for chapter 2.
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Figure/Table

File name

Description

Figure S3.1

Figure_S3_1.pdf

Two-dimensional clustering of protein domains and all species under
functional divergence for SecA.

Figure S3.2

Figure_S3_2.pdf

Two-dimensional clustering of protein domains and all species under
functional divergence for SecY.

Figure S3.3

Figure_S3_3.pdf

Networks of coevolving sites between SecA, SecB and SecY. Residues
in the networks are sorted clockwise in ascending order depending on
the number of coevolutionary interactions each amino acid residue
establishes. Properties of amino acid sites are explained as follows.
Amino Acid: amino acid sites are mapped to E. coli SecA. Degree:
number of coevolving partners. Domain: protein domain in which a
coevolving site locates. Protein: the protein where the coevolving sites
locate.)

Table S3.1

Table_S3_1.xls

Species in all clades under functional divergence annotated with
pathogenic status for SecA. All the clades are ranked according to their
number of sites detected under functional divergence

Table S3.2

Table_S3_2.xls

Species in all clades under functional divergence annotated with
pathogenic status for SecB. All the clades are ranked according to their
number of sites detected under functional divergence

Table S3.3

Table_S3_3.xls

Species in all clades under functional divergence annotated with
pathogenic status for SecE. All the clades are ranked according to their
number of sites detected under functional divergence

Table S3.4

Table_S3 4 .xls

Species in all clades under functional divergence annotated with
pathogenic status for SecG. All the clades are ranked according to their
number of sites detected under functional divergence

Table S3.5

Table S3.6

Table_S3_5.xls

- Table_S3_6.xIs

Species in all clades under functional divergence annotated with
pathogenic status for SecY. All the clades are ranked according to their
number of sites detected under functional divergence

| Secretome analysis of 207 bacterial genomes. This table includes all
COG functional categories that have been statistically tested to be
over-enriched with three levels of P-values: p<0.05; p<0.01; p<0.001.
Clades are also grouped to their closest phylogenetic group.

Table S3.7

Table_S3_7.xls

The mean amino acid atomic distance between amino acid sites that
have been identified to be inhibitor binding in citation (Chen et al.,
2010) and amino acid sites identified to be under FD in this study.
Sites are located in SecA NBD1 domain, protein structure used for

calculating the atomic distance is 3DIN chain A.

Table A.3: List of supplementary information for chapter 3.
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Figure

File name

Description

Figure S4.1

Figure_S4_1.pdf

Two-dimensional clustering analysis of all clades with functional
divergence for TatC.

Figure S4.2

Figure_S4_2.pdf

Two-dimensional clustering analysis of all clades with functional
divergence for TatA.

Figure S4.3

Figure_S4_3.pdf

Two-dimensional clustering analysis of all clades with functional
divergence for TatB.

Figure S4.4

Figure_S4_4.pdf

Amino acid sites of haloarchaea TatCo under functional divergence
mapped to TatC alignment. Sites here from haloarchaea TatCo
correspond to the sites in Table 4.1. Protein sequences in the alignment
forming clade 1, clade 2 and outgroup are labelled accordingly.

Figure S4.5

Figure_S4_5.pdf

Amino acid sites haloarchaea of TatCt under functional divergence
mapped to TatC alignment. Sites here from haloarchaea TatCt
correspond to the sites in Table 4.2. Protein sequences in the alignment
forming clade 1, clade 2 and outgroup are labelled accordingly.

Figure S4.6

Figure_S4_6.pdf

Sec- and Tat-dependent secretome analysis of two extreme halophilic
bacteria. Substrates are grouped by COG functional category in each
secretome. These functional categories are then ranked and plotted
according to the numbers of their substrates. (A-B) H. halophila SLI,
(C-D) S. ruber DSM 13855. COG functional categories showing
significant enrichment (black stars) or impoverishment (grey stars) of
predicted substrate proteins are labelled by (*: P<0.05; **: P<0.01;
*#%: P<0.001).

Figure S4.7

Figure_S4_7.pdf

Amino acid sites of Sulfolobus TatA under functional divergence
mapped to TatA alignment. Sites here from Sulfolobus TatA
correspond to the sites in Table S4.5. Protein sequences in the
alignment forming clade 1, clade 2 and outgroup are labelled
accordingly.

Figure S4.8

Figure_S4_8.pdf

Amino acid sites of Neisseria TatB under functional divergence
mapped to TatB alignment. Sites here from Neisseria TatA correspond
to the sites in Table S4.6. Protein sequences in the alignment forming
clade 1, clade 2 and outgroup are labelled accordingly.

Figure S4.9

Figure_S4_9.pdf

Tat-dependent secretome analysis of pathogenic bacteria. Substrates
are grouped by COG functional category in each secretome, these
functional categories are then ranked and plotted according to the
numbers of their substrates. (A) L. borgpetersenii JB197, (B) R.
prowazekii Madrid E, (C) C. diphtheriae, (D) N. meningitides Z2491.
COG functional categories showing significant enrichment (black
stars) or impoverishment (grey stars) of predicted substrate proteins are
labelled by (*: P<0.05; **: P<0.01; ***: P<0.001).

Figure S4.10

Figure_S4_10.pdf

The maximum likelihood phylogenetic tree for TatC, it is a
high-resolution version of Figure 4.1A.

Figure S4.11

Figure_S4_11.pdf

The maximum likelihood phylogenetic tree for TatA, it is a
high-resolution version of Figure 4.1B.

Figure S4.12

Figure_S4_12.pdf

The maximum likelihood phylogenetic tree for TatB, it is a
high-resolution version of Figure 4.1C.

Table A.S: List of supplementary figures for chapter 4.
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Table

File name

Description

Table S4.1

Table_S4 _1.xIs

Functional divergence analysis of TatC. We identified 204 clades with
at least one amino acid sites under functional divergence. NA denotes
Host or disease unknown.

Table S4.2

Table_S4_2.xls

Functional divergence analysis of TatA. We identified 145 clades with
at least one amino acid sites under functional divergence. NA denotes
Host or disease unknown.

Table S4.3

Table_S4_3.xls

Functional divergence analysis of TatB. We identified 119 clades with
at least one amino acid sites under functional divergence. NA denotes
Host or disease unknown.

Table S4.4

Table_S4_4 xls

Amino acid sites under functional divergence in TatC for haloarchaea,
Leptospira, Bartonella and Rickettsia.

Table S4.5

Table_S4_5.xIs

Amino acid sites under functional divergence in TatA for Sulfolobus,
non-pathogenic Mycobacteria and pathogenic Escherichia coli .

Table S4.6

Table_S4_6.xls

Amino acid sites under functional divergence in TatB for
Corynebacterium, Neisseria, Bartonella and Salmonella.

Table S4.7

Table_S4 7 .xls

Predicted Tat-dependent substrates annotated with COG for Bartonella
henselae str. Houston-1, Bartonella quintana str. Toulouse, Rickettsia
prowazekii str. Madrid E and Rickettsia rickettsii str. 'Sheila Smith’.

Table S4.8

Table_S4_8.xls

Predicted Tat-dependent substrates annotated with COG for §.
islandicus M.14.25, E. coli O157:H7 str. EDL933 and M. smegmatis
str. MC2 155.

Table S4.9

Table_S4 9 .xls

Predicted Tat-dependent substrates annotated with COG for N.
meningitidis Z2491, B. henselae str. Houston-1, B. quintana str.
Toulouse and S. enterica subsp. enterica serovar Typhi str. CTI18.

Table S4.10

Table_S4_10.xls

Predicted Sec-dependent substrates annotated with COG for two
halophilic bacteria H. halophila and S. ruber.

Table S4.11

Table_S4 11.xls

Predicted Tat-dependent substrates annotated with COG for two
halophilic bacteria H. halophila and S. ruber.

Table A.6: List of supplementary tables for chapter 4.
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Figure/Table

File name

Description

Figure S5.1

Figgure_S5_1.pdf

Coevolutionary networks for
coevolving residues in Table 5.1
and Table 5.3

Table S5.1

HLA_class_I.xls

Coevolution analyses of HLA-A
allele sequences.

Table S5.2

HLA_class_I.xls

Coevolution analyses of HLA-B
allele sequences.

Table S5.3

HLA_class_I.xls

Coevolution analyses of HLA-C
allele sequences.

Table S5.4

HLA_class_I.xls

Coevolution analyses for the
combined HLA class I allele
sequence.

Table S5.5

HLA_class_II.xls

Coevolution analyses for the
combined HLA class Il dpbl allele
sequence.

Table S5.6

HLA_class_II.xls

Coevolution analyses for the
combined HLA class I dqal allele
sequence.

Table S5.7

HLA_class_II.xls

Coevolution analyses for the
combined HLA class 1l dgbl allele
sequence.

Table S5.8

HLA_class_II.xls

Coevolution analyses for the
combined HLA class II drb allele
sequence.

Table A.7: List of supplementary information for chapter 5.
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