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PREFACE

Cells from virtually all organisms respond to a variety of stresses by
rapid synthesis of a highly conserved set of polypeptides, termed as heat shock
proteins. These proteins have been appropriately referred to as chaperones as
they serve to prevent protein misfolding and aggregation in the crowded
environment of the cell, thus promoting efficient folding of many newly
synthesized proteins. During stress, however, heat shock proteins stabilize and
refold proteins that have been partially denatured and guide the irreversibly

denatured proteins to degradation.

A pathogen is dependent on the synthesis of its heat shock proteins for
survival inside its host. However, elevated levels of pathogen heat shock
proteins in the host cells lead to their rapid degradation by the host. The
pathogen-derived determinants, when presented to the host immune system,
promote recognition of these infected cells and hence their elimination. Heat
shock proteins thus form a major group of antigens recognized by the immune
system in defense against infectious agents. In fact heat shock proteins have
been shown to be responsible for induction of strong humoral and cellular

immune responses in a variety of infections.

The heat shock protein-60 class of stress proteins, also known as the
Chaperonin60s, has been shown to possess the dual function as chaperones
and as antigens. The Chaperonin60 from Escherichia coli, the best characterized
molecular chaperone, exists as a large oligomeric assembly of two heptameric
rings and is aided in its chaperoning role by a co-chaperonin, Chaperoninl0.
Interaction between the two proteins, and communication between the two
Chaperonin60 rings is necessary for the folding of a variety of polypeptides in

an ATP-dependent manner.
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Mycobacterinm  tuberculosis has been shown to possess two copies of
Chaperonin60s, both of which have been shown to be potent cytokine
stimulators. The role of these proteins as chaperones however remains to be
characterized. This thesis takes an account of the biochemical, biophysical and
structural studies of the M. tuberculosis Chaperonin60s, undertaken to
understand the dual role of these proteins. Chapter 1 reviews the current
understanding of the role of heat shock proteins as molecular chaperones and
as antigens. The importance of the quaternary state of the chaperone and the

protein folding mechanism by the E. co/7 Chaperonin60 is discussed in detail.

Chapter 2 gives a detailed account of the experimental procedures
adopted in the cloning and over-expression of M. tuberculosis Chaperonin60s to
obtain high levels of purified protein, which was utilized for the various
biochemical assays, and production of diffraction quality crystals. The chapter
also details the different procedures adopted to promote solubilization of

Chaperonin60.1.

Solution of the crystal structure of Chaperonin60.2 was attempted by a
number of different methods available. Chapter 3 gives a complete and detailed
description of the procedures carried out to produce suitable heavy atom
derivatives and generation of Seleno-methionyl Chaperonin60.2. The several
attempts made to structure determination by molecular replacement and the

difficulties confronted are discussed.

The oligomeric assembly of the Chaperonin60 as tetradecamers has
been shown to be essential for the functioning of these proteins as molecular
chaperones in an ATP-dependent manner. The oligomeric state of the M.
tuberculosis Chaperonin60s was established by a variety of techniques. The
Chaperonin60s showed unusual existence as homogenous dimers, yet retaining
the ability to act as chaperones. Interestingly, the chaperoning ability was

observed to be independent of ATP. Reasons for the dimeric state of



Chaperonin60.1 could be inferred by sequence analysis and further established
by site directed mutagenesis of the E. co/i Chaperonin60. Chapter 4 presents
the biochemical characterization of the M. fuberculosis Chaperonin60s and their

unusual behaviour.

Chapter 5 describes the crystal structure of Chaperonin60.2 elucidated
at a resolution of 3.2A. The structure gives an explanation for the dimeric state
and the loss of ATPase activity observed in this protein. The structure reveals
an unusual open quaternary association of this protein. Detailed examination of
the surface properties gives us insights into the functioning of Chaperonin60.2
as a chaperone. The protein surface properties also suggest the basis of its long

studied role as a strong antigen.

The unusual behaviour of M. tuberculosis Cpn60s suggested that the
proteins might have lost their role as canonical chaperonins. While zz vitro, the
proteins were less efficient in promoting folding of substrate proteins when
compared with E. co/i GroEL, attempts were made to determine their potential
as molecular chaperones iz vivo. Appendix A describes the complementation
studies carried out in an E. co/i groEl. mutant strain with the M. fuberculosis

¢pn60s.

Apart from the experimental work described above on Chaperonin60s,
sequences of B-barrel proteins were also analyzed. This work though not
related to the biochemical and structural characterization of Chaperonin60s,
showed interesting folding determinants of small B-barrels. In this study
extensive structural and sequence comparisons were carried out on proteins
belonging to the four stranded P-barrel family of proteins. Analysis showed a
high conservation of hydrophobic residues at the core of the protein barrel.
Correlation analysis suggested the importance of the total core volume for

maintenance of the protein fold. Moreover, conservation of a glycyl-aspartyl

vi



dipeptide at a type II B-turn across the different protein families was identified.
Molecular dynamics simulations exhibited the importance of this dipeptide in
maintaining the integrity of the B-barrel fold. The work described in Appendix
B has been published in Qamra ez al., (2002). Protein Engg. 15, 967-977.

Vil



Chapter 1

Introduction and Review of Literature



Chapter 1

1.1 INTRODUCTION

Heat shock proteins are among the most highly conserved protein families in
all forms of life. Although referred to as heat shock proteins, most of these proteins
are expressed at significant levels in all cells under normal growth conditions and are
essential for cellular growth at all physiologically relevant temperatures. Heat shock
proteins perform important functions in the folding of proteins, their translocation
across different compartments within a cell, as well as in the assembly of protein

complexes. Heat shock proteins have thus been termed as molecular chaperones.

Increased synthesis of heat shock proteins occurs in prokaryotic and
cukaryotic cells when they are exposed to stress conditions such as hypoxia, nutrient
deprivation, oxygen radicals, metabolic disruption, viral infection, phagocytosis and
transformation (Young and Elliot, 1989; Morimoto and Milarski, 1990; Young, 1990).
As much as 15% of prokaryotic cellular protein mass is constituted by heat shock
proteins under conditions of stress. The increase in the cellular content of heat shock
proteins enables the cells to protect themselves from the various lethal assaults. The
protection that the heat shock proteins offer to cells is primarily through their
properties as molecular chaperones, whereby they interfere with the uncontrolled
protein unfolding that occurs under conditions of stress. Heat shock proteins thus

play a major role in cell protection following different stressful stimuli.

Another form of stress occurs upon invasion of a foreign host by a pathogen.
Alterations in the cellular environment result in an increase in the cellular content of
heat shock proteins within the pathogen. The host reacts to the assault by pathogens
by rapidly degrading the foreign heat shock proteins. These heat shock protein-
derived determinants therefore form a major group of antigens inducing strong

humoral and cellular immune responses (Ziigel and Kaufmann, 1999).

Heat shock proteins thus play a dual role in the cells, as antigens in a wide

spectrum of infections and as molecular chaperones.

Introduction and Review of Literature 1
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1.2 HEAT SHOCK PROTEINS AND IMMUNITY

1.2.1 Significance of Heat Shock Proteins in Immunity

Heat shock proteins (Hsps) play a variety of important roles in immunity. For
many pathogenic species, Hsps represent prominent antigens in the humoral and
cellular immune response. In addition, these proteins also play an important role in
presentation of antigenic peptides to the immune system. Although Hsps are widely
distributed in nature, and are highly homologous among different species, the extent
of their immunogenicity is different. This suggests that the immunological properties
of Hsps are dependent on their sequence and structure. The different roles that Hsps

play in immunity are discussed below.
1.2.1.1  Role as Antigens

The vertebrate immune system encounters an enormous variety of pathogens.
Pathogen infection results in dramatic alterations in the living conditions of both the
host cell and the microbe. With these changing conditions, induction of synthesis of
Hsps within the pathogen has often been observed. Increased pathogen Hsp levels in
cells lead to rapid degradation of the foreign proteins by the host processing
machinery. Since they are so abundantly expressed, Hsps swamp the immune system
with these epitopes. Pathogen-derived determinants are then efficiently presented by
host cells and promote recognition of infected cells by the immune system

(Kaufmann, 1991; Ziigel and Kaufmann, 1999).

The abundance of Hsps, especially under conditions of stress, is one of the
major factors contributing to their role as antigens. Moreover, conservation of Hsps
across different life forms also appears to contribute to the antigenicity of these
proteins. A high conservation results in the presence of cross-reactive epitopes on
different Hsps. For the host, frequent interaction with microbes results in the

generation of an immunological memory for these cross-reactive determinants
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(Kaufmann and Schoel, 1994). As a result, the immune system of an infected
individual is already prepared to react quickly to subsequent infections. Furthermore,
an immune response to the conserved epitopes of Hsps shared by different microbes
may prevent colonization of the host by microbial pathogens. Thus, due to their

wide distribution in nature, and high homology among different species, Hsps

represent important immunogenic components of different pathogens.
1.2.1.2  Role as Antigen Presenters

The Hsps mediate yet other powerful reactions that engage the immune
system. Many Hsps have been shown to be associated 7z vivo with a large repertoire of
cellular peptides, including antigenic peptides generated by degradation of the

proteins within a cell (Fig. 1.1).

Chaperonin 60
Bacterium // _________ - Killing/inhibition
. 7=~ . _|of bacterial growth
‘\ e - -
.#. \\
— ht
L - ~
’ P Antigen Human T cell .

Activation f :‘ prcscntanon .

of other . Y A -

human cells Cellular / T = — Protective
Human cell stress ! immuns
\ .{ /mHc | TCR respanse
ry - . hY B
on L0 d Bacterial
. f ' chaperonin
peptide
[
Autoantibodies, "."'i" ‘%
to human ~ . # . Human chaperenm
chaperonin 1 Ny peptide on MHC
li;?rc-ss reaclwe
[autoimmune) response

Figure 1.1 Interaction of Hsp60 proteins of bacteria with host cells During bacterial infection,
host cells are activated by bacterial Hsp60 proteins that are secreted or expressed on the outer
surface of bacteria. In response, the host cells produce cytokines and other intercellular signals.
Presentation of part of the Hsp on the MHC complex activates T cells via the T-cell receptor (TCR).
Additionally, B cells are activated by Hsps to produce antibodies.
Pockley, 2001.

Adapted with permission from

Introduction and Review of Literature 3



Chapter 1

The Hsp-peptide complexes are taken up by the antigen presenting cells
through the cell surface receptors. The peptides thus get presented by the Major-
Histocompatibility Complex (MHC) class I and class II molecules, which in turn

stimulate the CD8* and CD4* T cells (Srivastava, 2002). These observations have led

to the interesting role of Hsps as antigen presenters and carriers.
1.2.1.3  Role as Chaperones of Antigen Presenters

Hsps are involved in the folding and assembly of molecules that play
important roles in the immune system. These include the immunoglobulins, T-cell
receptors, and the MHC complex (Melnick and Argon, 1995; Williams and Watts,
1995). Members of the 70kDa heat shock protein (Hsp70) family are critically
involved in the processing and presentation of antigens (Jacquier ez al, 1994). Bip, a
member of the Hsp70 family of stress proteins and another endoplasmic chaperone,
calnexin, promote the assembly of both MHC class I and class II molecules in the
Endoplasmic Reticulum (ER). Calnexin facilitates MHC class I-Transport Associated
Protein (TAP) interactions and thus controls peptide binding to MHC class I
molecules (Jackson ez al, 1994; Ortmann e# al., 1994; Melnick and Argon, 1995).

1.2.1.4  Role as Carrier Molecules

Peptide transport from the proteasome to the ER and subsequent peptide
loading of MHC class I molecules in the ER depends on a variety of Hsps including
the Hsp70 and 90 kDa heat shock protein (Hsp90) families (Srivastava ez al, 1994).
Recent studies have revealed that gp96, a member of the Hsp90 family in the ER,
acts as a peptide acceptor. This protein receives peptides of cytosolic origin after their
transport through the ER membrane by TAP molecules (Lammert ez al, 1997).
Subsequently, gp96-peptide complexes bind to MHC and the peptides are then

translocated from gp96 to MHC class I molecules in an ATP-dependent manner.
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The capacity of Hsps to serve as carrier molecules has also been studied
extensively in murine tumor models. Transfection with mycobacterial 60 kDa heat
shock protein (Hsp60) reduces the tumorogenicity of a murine macrophage tumor
cell line suggesting the role of Hsp60 in delivery of immunodominant tumor antigens

to the cell surface (Lukacs ¢z a/, 1993).

1.2.1.5  Role as Adjnvants

Hsps have unequivocally been demonstrated to be associated with a large
variety of peptides including tumor, viral, cytosolic, nuclear and secreted antigens 7
vivo. When tested for their ability to complex with peptides 7 vitro, Hsps were shown
to effectively present peptides of synthetic origin to the immune system. Blachere ez
al. (1997) showed that Hsps and a few synthetic peptides, when administered alone,
were non-immunogenic. However, a strong immunogenic response in a MHC class I
restricted manner was elicited upon administration of the Hsp70-peptide and gp96-
peptide complexes. The studies thus demonstrated that Hsps act as powerful

adjuvants for generation of CD8" responses (Blachere ez al., 1997).

Use of either foreign or self-Hsps as carrier molecules for antigenic

determinants thus provides a basis for applying Hsps in conjugate vaccines.
1.2.2 Heat Shock Proteins as Antigens

Members of the Hsps family have been described as dominant antigens in
several infectious diseases. They have been typically classified according to their
molecular weights, the 60kDa Hsp being denoted as Hp60, the 70kDa Hsp as Hsp70

etc.
1.22.1  Hspo0

Immune responses to Hsp60 are frequently found in a wide range of microbial

infections. This Hsp family has been found to elicit humoral as well as cell mediated
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immune responses. For example, direct involvement of Hsp60-specific T cells has
been demonstrated in a murine model of yersiniosis (Noll and Autenrieth, 1996). In
this case, CD4* af3T cells specific for Hsps mediate significant protection. Similatly,
levels of antibodies against Hsp60 were shown to increase significantly after
vaccination with a trivalent vaccine against tetanus, diphtheria, and pertussis in
infants (Del Giudice et al, 1993). Therefore, Hsp60 family is classified as an

important immunological determinant in several pathogenic organisms.

Hsp60 from various bacteria induce the release of certain proinflammatory

cytokines and adhesion molecules (Fig. 1.2).

HspBO
Monocyles and
macrophages
Vascular Smooth muscle cells
endothelial cells @
Receptor E-selectin VCAM-1
induction; l ICAM-1
Cytokine IL-Tex
and mediatar IL-6 IL-6 IL-6
production: IL-12
IL-15
THF-c
Mitric oxide

Figure 1.2 Intercellular signaling by Hsp60 Hsp60 induces the secretion of pro-inflammatory
cytokines and also induces the expression of adhesion molecules on myeloid and vascular cell types,

including smooth muscle cells. Adapted with permission from Pockley, 2001.

Chlamydia pneumoniae induces the expression of adhesion molecules such as
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1

(VCAM-1) in human endothelial cells (Kaukoranta e al, 1996a). C. pneumoniae also

stimulates the production of proinflimmatory cytokines such as Tumor Necrosis

Factor-oo (ITNF-a) and interleukin-6 (IL-6) upon infection of human monocyte-
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derived macrophages (Kaukoranta ez 4/, 1996b). Moreover, human Hsp60 has been
shown to elicit a potent proinflammatory response. The proinflammatory response
results in the induction of TNF-a and Nitric oxide (NO) formation in cells of the
innate immune system in a Toll like receptor 4 (TLR4) dependent manner, thereby

suggesting that Hsp60 also serves as a cell signalling molecule (Ohashi ez /., 2000).
1222 Hyp70

Another member of the Hsp family that has been shown to play a major role
in immunity is the 70kDa heat shock protein, Hsp70. Increased antibody levels to
Hsp70 have been identified in sera of patients suffering from malaria, leishmaniasis,
schistosomiasis, filiariasis, and candidiasis (Shinnick, 1991). Responses to pathogen-
derived Hsp70 are more restricted and are sometimes exclusively species specific.
Moreover, recombinant Hsp70 has recently been shown to upregulate the expression
of pro-inflammatory cytokines TNF-a, intetleukin-1p (IL-1f) and IL-6 in human
monocytes in a CD14 dependent pathway, transduced by Toll like receptor 2 (TLR2)
and TLR4 (Asea et al, 2002). Thus, Hsp70 also constitutes an important

immunological determinant.
1.2.2.3  Hsp90

Similar to Hsp60 and Hsp70 families, Hsp90 has also been shown to be
involved in elicitation of the immune response. Hsp90-specific antibodies contribute
to protection against Candida albicans infection (Matthews and Burnie, 1992). Hsp90

has also been shown to play a crucial role in LPS-mediated macrophage activation

(Bytd ez al., 1999).
1.2.3 Vaccination with Pathogen Heat Shock Proteins

As Hsps represent dominant antigens in numerous microbial infections, a

potential use of pathogen-derived Hsps for vaccination has been suggested. Different
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vaccination strategies using Hsps have been successful in inducing significant
protection in various infectious disease models. Immunization of mice with
recombinant Hsp10 and Hsp60 from Helicobacter pylori protected the animals against
subsequent infection and development of gastroduodenal disease (Ferrero ez al,
1995). Similarly, protection against pulmonary histoplasmosis was induced upon
vaccination of mice with recombinant Hsp60 from Histoplasma capsutatum (Gomez et
al, 1995). Protection has also been achieved by administration of naked DNA
encoding the different Hsps. Mice receiving plasmid DNA encoding mycobacterial
Hsp60 showed partial protection against subsequent challenge with Mycobacterinm
tuberculosis (Bonato et al., 1998). Similar protection was achieved with plasmid DNA

encoding mycobacterial Hsp70 (Lowrie ez al., 1997).
1.2.4 Mycobacterium tuberculosis and the Immune System

Tuberculosis, caused by M. tuberculosis, is the single largest infectious cause of
human mortality. Tuberculosis is responsible for ~3 million deaths and ~8 million
new cases every year. Approximately one-third of the world’s population harbors M.
tuberculosis and is at a risk of developing the disease. In humans, the majority of M.
tuberculosis infections are initially controlled and a latent infection, without clinical
signs of disease, is established. During the latent phase, low numbers of tubercle
bacilli persist in dormancy inside a granulomatous containment. It is the interaction
between the pathogen and the host immune system that results in protection against

mycobacterial disease via the cell-mediated immunity (Andersen, 1997).
1.2.4.1  Mycobacterial Heat Shock Proteins as Antigens

In mycobacterial infections, reactivity to Hsps has been shown to
predominate. Most of the antigens identified upon mycobacterial infection or

vaccination in mice or humans are involved in the T-cell response.

Introduction and Review of Literature 8



Chapter 1
Hsp10

Although the Escherichia coli and human 10 kDa Hsps (Hsp10) do not elicit
strong immune response (Richardson e a/., 2001), the mycobacterial homologue has
been found to be strongly immunogenic. The Mycobacterium leprae and M. tuberculosis
Hsp10s have previously been shown to be important T-cell antigens (Mehra ez 4/,
1989; 1992). Approximately one third of the M. /eprae reactive T cells cross react with
Hsp10. Specific immune responses to Hsp10 include production of antibodies, T-cell
proliferation and delayed-type hypersensitivity (Young and Garbe, 1991). Moreover,
immunodominant T-cell epitopes have recently been mapped to regions of the M.
leprae and M. tuberculosis Hspl0 (Young ef al., 1992; Kim et al, 1997; Chua-Intra ez al.,
1998).

Hip60

Hsp60 has been shown to be an immunodominant target of the humoral and
T-cell response in mice and humans (Young, 1990). Hsp60-specific antibodies have
been detected in patients with tuberculosis and leprosy, and also in mice after
infection with M. tuberculosis (Young et al., 1988; Shinnick, 1991). Moreover, CD4*
ofT cells specific for the mycobacterial Hsp60 have been found in patients with
leprosy or those vaccinated with M. bovis BCG (Mustafa et al, 1993). Surprisingly,
about 20% of all mycobactetium-reactive CD4" af3T cells in mice immunized with
killed M. tuberculosis are specific for Hsp60 (Kaufmann e# a/, 1987). These studies

suggest a protective role for Hsp60-specific T cells in mycobacterial infection.
Hsp70

The mycobacterial Hsp70 is a dominant antigen during the human T-cell
response to mycobacterial infection despite the conserved sequence with the human
homologue. T-cell recognition of the M. /eprae Hsp70 antigen occurs in the context of

multiple HLA-DR phenotypes and has been shown to be species specific (Adams e#
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al., 1997). Mycobacterial Hsp70 has been proposed to be utilized in subunit vaccine
design since it contains a variety of T-cell epitopes presented with multiple HLA-DR

molecules (Oftung ¢ al, 1994).
1.2.4.2  Mycobacterial Heat Shock Proteins as Potential 1 accine Candidates

Currently, the only available vaccine against tuberculosis is Mycobacterinm bovis
Bacille Calmette-Guerin, the BCG vaccine. The extent of protection offered by BCG
against tuberculosis is currently intensely debated, thus soliciting search for a better
vaccine. Hsps of mycobacteria have been shown to be potential candidates in the
development of subunit vaccines. Recently, promiscuous epitopes from the
mycobacterial Hsp60 have been identified. These epitopes were responsible for
recognition by the CD4* T cells in association with the HLA-DR molecules (Mustafa
et al., 1999). These have thus been implicated in the design and development of
vaccine against mycobacterial diseases. Immunization with the mycobacterial Hsp65
antigen induces protection against M. leprae and M. tuberculosis in mouse models of
infections (Gelber ez al, 1994; Silva et al., 1994). In addition, DNA vaccination in mice
with M. tuberculosis Hsp65 antigen has been shown to provide protection against
challenge with M. tuberculosis (Tascon et al., 1996). Mycobacterial Hsp70 has also been
shown to act as a vaccine vehicle capable of eliciting both humoral and cell-mediated
immune response. Importantly, Hsp70 fusion proteins induced these immune
responses without adjuvants thus suggesting that Hsp70 functions as an exceptionally
powerful carrier, capable of eliciting both T cell and B cell responses (Suzue and

Young, 1990).

Hsps are abundant intracellular molecules possessing a range of housekeeping
and cytoprotective functions. However, under certain circumstances, these proteins
are released from cells into the extracellular environment. As secreted proteins the
Hsps possess a range of immunoregulatory activities. Bacterial Hsps induce
expression of pro-inflaimmatory cytokines and intercellular cell adhesion molecules

on host endothelial cells. In addition, these proteins promote antigen presentation to
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the immune system by chaperoning peptides to the antigen presenting cells. Their
role as antigen presenters is a result of a very different role that the Hsps play in the
intracellular milieu, that of molecular chaperones. As chaperones, the Hsps promote
the correct folding and assembly of other cellular proteins under normal and stressed
conditions. This they perform by interacting with the unfolded or misfolded
polypeptides and preventing their aggregation thus providing the nascent

polypeptides a chance to fold into the correct conformation.
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1.3 HEAT SHOCK PROTEINS AS MOLECULAR
CHAPERONES

1.3.1 Protein Folding in vivo

Anfinsen and co-workers established that the primary structure of a protein
contains all the information necessary to direct the native secondary and tertiary fold
(Anfinsen, 1973). In vitro many proteins can fold spontaneously as long as they do not
undergo aggregation or interact inappropriately with themselves or other proteins.
Under physiologic conditions inside the cell, however, the folding process for many
proteins, particularly those with multi-domain structures, is prone to production of a
variety of misfolded species and aggregates. It is thus necessary to prevent the
aggregation of newly synthesized proteins and circumvent any off-pathway folding
intermediates. An important step towards the molecular understanding of how
proteins fold inside cells came with the discovery of specialized protein components,
molecular chaperones, that play essential roles in enabling polypeptides to reach
biologically active forms in a variety of cellular compartments (Horwich e al, 1993;

Hartl, 1996; Bukau and Horwich, 1998).
1.3.2 Molecular Chaperones

Although a protein’s tertiary structure is determined by the primary sequence
of the polypeptide, it is achieved, in most cases with the aid of helper proteins.
Molecular chaperones are protein machines that recognize non-native states of other
proteins and, by controlled binding and release, assist these substrate proteins to fold
properly (Hartl, 1996). While molecular chaperones assist the non-covalent assembly
of proteins iz vivo, they themselves are not permanent components of these proteins
(Ellis, 1997). The functions of these proteins as molecular chaperones depend upon

their ability to recognize and bind to hydrophobic regions of proteins that might
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become exposed during the synthesis and folding of proteins under normal growth

conditions (Gottesman and Hendrickson, 2000).
1.3.3 Heat Shock Proteins as Molecular Chaperones

Many molecular chaperones are members of the heat shock family of proteins.
Under normal conditions these proteins play an important role in folding, assembly
and transport of proteins. Under conditions of stress the Hsps bind and stabilize
cellular proteins at intermediate stages of folding and assembly, thereby preventing

their misfolding and aggregation.
1.3.3.1  Hsp60

The Hsp60 chaperones are essential for the survival of cells in all conditions
of growth. These proteins occur as large cylindrical protein complexes composed of
two stacked rings of 7-9 identical or closely related subunits. These proteins promote
the proper folding and assembly of cellular proteins by enclosing the substrate
polypeptide in their large cylindrical cavity in an ATP dependent manner. Elegant
conformational changes are known to occur during the binding and release of

substrate polypeptides.
1332  Hyp70

The Hsp70 chaperones are a family of highly conserved ATPases found in
prokaryotes as well as in eukaryotes. Hsp70s play essential roles under normal
cellular conditions, including de novo protein folding, membrane translocation,
disassembly of oligomeric protein structures, facilitating proteolytic degradation of
unstable proteins as well as controlling the biological activity of certain regulatory
proteins and transcription factors (Bukau and Horwich, 1998). Under conditions of
stress the Hsp70 proteins prevent aggregation and assist refolding of misfolded
proteins (Martin and Hartl, 1997). Hsp70 is aided in its role as a molecular chaperone

by the co-chaperones, Hsp40 and GrpE. The major function of the Hsp70-Hsp40-
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GrpE system is to prevent the premature misfolding of growing polypeptide chains

on ribosomes.
1.3.3.3 H&D90

Hsp90 is an abundant cytosolic protein present in both prokaryotes and
eukaryotes. Levels of Hsp90 amount to as much as ~1% of soluble proteins in the
cell even in unstressed conditions. This protein is postulated to have an ATP
dependent role in the refolding of misfolded proteins that accumulate in response to
various stress treatments. Hsp90 has a high selectivity for its targets and is associated
with the folding of a defined set of signal transducing proteins such as steroid

hormone receptors and protein kinases (Buchner, 1999; Caplan, 1999).
1.3.4 The Chaperonins

Chaperonins are a subgroup of molecular chaperones found in all domains of
life. These proteins have been shown to mediate the ATP-dependent folding of many
proteins iz vivo and 7n vitro (Frydman, 2001). Chaperonins consist of ~60kDa subunits
arranged in two stacked rings forming a large central cavity where unfolded

polypeptides bind and undergo productive folding (Ranson ¢ a/, 1998) (Fig. 1.3).

Based on their evolutionary origin, chaperonins have been classified as - Type
I chaperonins found in the bacterial cytosol and in endosymbiont derived organelles
of eukaryotes. These form heptameric rings and are represented by bacterial GroEL,
mitochondrial Cpn60 and chloroplast Cpn60 (Kusmierczyk and Martin, 2001). Type
IT chaperonins, present in the eukaryotic cytoplasm and in archaea, include the
archaeal thermosome and the eukaryotic chaperonin containing TCP-1 (CCT) (Trent
et al., 1991; Frydman ef al, 1992). Thermosome rings are eight- or nine- membered,
and consist of one to three subunit types (Trent ez al, 1991; Ditzel e al, 1998). CCT
rings consist of eight subunits, each the product of an essential gene (Kubota e 4/,

1999). The crystal structures of Escherichia coli GroEL and the thermosome from
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Thermoplasma  acidophilum  teveal that all chaperonins share a similar domain
architecture (Braig e al, 1994; Xu ¢t al, 1997; Ditzel et al., 1998). Each subunit of the
chaperonin is divided into three domains designated: apical, intermediate and
equatorial. The equatorial domain forms the interface between individual rings and is
the site of ATP binding and hydrolysis. Substrate protein binds at the central face of
the apical domain while a short intermediate domain connects it to the equatorial

domain (Braig ez al., 1994; Xu et al., 1997).

Figure 1.3 Structures of the Type I and Type II chaperonins (a) Structure of the GroELys-
GroES7;-ADP; complex. GroES is colored green. (b) Closed form of the thermosome comprising 8
subunits per ring. The subunits of both the chaperonins have essentially the same fold. The
difference lies in the lid extension in the group II apical domain. The group II lid extension replaces
GroES in closing the chamber. Figure generated using coordinates of laon and 1a6d from PDB (Xu
et al., 1997; Ditzel et al., 1998).
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1.3.4.1  GroEL as a Molecular Chaperone

The bacterial chaperonin, GroEL, is one of the best characterized molecular
chaperones. X-ray studies combined with electron microscopy studies have provided
a wealth of information into the functional cycle of this chaperonin (Fenton and
Horwich, 1997; Xu et al, 1997; Fukami ez al, 2001). GroEL is active as a double
heptameric ring with each ring containing a large central cavity in which substrate
protein binds and undergoes proper folding (Hendrix, 1979; Langer e# al., 1992; Braig
et al., 1993). GroEL, like all the type I chaperonins, is assisted in its function by a
10kDa co-chaperonin, GroES. The co-chaperonin exists as a heptamer and adopts a
dome-like structure that can bind to either GroEL ring to form a cap on the central
cavity (Chandrasekhar ez a/, 19806; Saibil e al., 1991; Langer et al, 1992; Hunt ez al.,
1990).

GroEL performs two actions in assisting protein folding. One is the
prevention of aggregation of polypeptides by binding to collapsed, partially structured
folding intermediates in the central channel. The other action is facilitation of folding,
occurring inside the central cavity after enclosure by the co-chaperonin, GroES, in
the presence of ATP (Fenton and Horwich, 1997). Within the central channel,
polypeptides initiate folding, and a fraction reaches either the native form or a
conformation committed to achieving the native state. The fraction of polypeptides
that fails to reach a committed state then rebinds to GroEL for another attempt at

folding.

About 10-15% of all the newly synthesized polypeptide chains interact with
GroEL under normal conditions and transit the chaperonin very rapidly. This

number, however, rises to more than 30% upon exposure to stress (Ewalt ef al,

1997).
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1.3.4.2  Architecture of GroEL-GroES

The architecture of GroEL, the GroEL-GroES complex and its polypeptide
and nucleotide complexes were first described at low resolution (30A or lower) by
negative stain and cryo-Electron Microscopy (EM) (Fenton and Horwich, 1997). The
crystal structures of GroEL and GroES have since been determined at atomic
resolution as separate assemblies and in complex with one another (Braig ¢f al, 1994;
Boisvert ez al., 1996; Hunt ez al., 1996; Mande ¢t al, 1996; Wang and Boisvert, 2003;
Xu et al,, 1997; Taneja and Mande, 2002; Roberts ¢z al., 2003).

GroEL

Crystal structures of the unliganded GroEL and the GroEL-GroES complex
show a cylindrical complex with subunits of GroEL assembled into two heptameric
rings stacked back-to-back to form the native 14-mer (Fig. 1.4). Each subunit of
GroEL is folded into three distinct domains (Braig ez al, 1994; Xu et al., 1997).

The equatorial domain is the largest of the three domains containing the N
and C-terminal residues projecting into the central channel. This domain is highly o-
helical and well ordered. The equatorial domain provides most of the intra-ring and
all of the inter-ring contacts across the equatorial plane. This domain also provides

the ATP binding site as established by mutational analysis and the crystal structure.

The apical domain forms the opening of the central channel. This domain is
involved in interactions with GroES and substrate protein. The binding of non-native
proteins to GroEL is largely nonspecific and hydrophobic in nature (Viitanen et al,
1992; Lin et al, 1995). The binding occurs at a ring of hydrophobic residues lining the
walls of the central cavity (Langer ez al, 1992; Fenton et al, 1994). A more detailed
view of this region emerged from the crystal structure (1.7A) of a monomeric mini-

chaperone that comprised only the apical domain (Buckle ez a4, 1997). The apical
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domain possesses an intrinsic flexibility that is functionally necessary to accommodate

binding of a large variety of different polypeptides in the central channel.

Figure 1.4 Structure of GroEL (a) The apical, intermediate and equatorial domains are colored
green, purple and blue, respectively. Non-native polypeptide binds to the apical domain of GroEL
shown in green. (b) The top view of GroEL showing the central channel. It is in the central cavity
that the polypeptide binds. Figure generated using coordinates of 1kp8 from PDB (Wang and
Boisvert, 2003).

The intermediate domain is the smallest and forms the link between the apical
and equatorial domains. The covalent connections of this domain to the equatorial
and apical domain are through short antiparallel segments that serve as hinges in
allosteric adjustments. Inspection of GroEL in different conformational states both
by EM (Roseman e7 al., 1996) and by comparison of X-ray structures of unliganded
GroEL and a GroEL-GroES complex suggest that hinge-like motions centre on this

domain. The intermediate domain thus forms a major scaffold for allosteric
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communication between the equatorial and apical domains, either within a single

subunit or through non-covalent contacts between different subunits.
GroES

GroEL’s co-chaperonin partner, GroES, is a dome-shaped structure, 70-80A
in diameter. The protein exists as a single seven-membered ring of 10kDa subunits

(Hunt ez al, 1996; Mande ¢7 al., 1996; Taneja and Mande, 2002; Roberts e al, 2003).
Each subunit has a core B-barrel structure with two large protrusions extending from
it. These loops are highly disordered and flexible in the unbound GroES (Landry e#
al., 1993). One of the loops, the dome loop, contributes to the top of the dome. The
second, known as the mobile loop, interacts with a GroEL subunit, in a 1:1
stoichiometry with residues in the apical domain. This loop becomes highly
structured upon interaction with GroEL and forms the GroEL-GroES interface

contributed by mainly aliphatic side chains from GroEL and GroES.
The GroESL. Complex

Interaction between GroEL and GroES is necessary for the folding of a
variety of polypeptides in an ATP-dependent manner. Interaction of GroES with one
of the GroEL rings leads to the formation of the asymmetric complex, with the
GroES bound ring referred to as the ¢s ring and the unbound ring known as the #ans

ring (Fig. 1.5).

The GroES ring caps the apical surface of the GroEL ¢is ring closing off the
end of the central channel (Mayhew e7 a/., 1996). Upon this interaction the interior
cavity of GroES becomes continuous with that of GroEL. The binding of GroES
leads to large en bloc movements of the apical and intermediate domains of GroEL
and hence an elevation of the apical domain. The reorganized GroEL domains
dramatically reshape the central cavity formed by the s ring and GroES. Moreover,

the polypeptide binding properties of the cavity lining are completely altered. The
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cavity, now double the original size, is capable of accommodating a globular protein

or a molten globule intermediate of >70kDa.
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Figure 1.5 Structure of the asymmetric GroEL-GroES complex GroES is shown in green. The

GroES bound ring is known as the ¢s ring while the other is referred to as the #ans ring.

The GroES mobile loops bind to and compete for the same surface of GroEL
as the polypeptide (Chen ef al, 1994; Fenton et al, 1994; Roseman e al, 1996).
Hydrophobic residues that bind the non-native polypeptide in the cavity of the #rans
ring are thus used to stabilize interfaces that support the GroES-GroEL complex. As
a result, polar residues replace the surface of the expanded ¢is cavity. This switch in
the chemical character of the cavity triggers dissociation of the non-native
polypeptide from the wall of the cavity. The released polypeptide is now free to
initiate folding as an isolated molecule in a hydrophilic environment conducive to

bury the substrate polypeptide’s hydrophobic residues. While major conformation

Introduction and Review of Literature 20



Chapter 1

changes are observed in the apical domains of the GroEL s ring, the equatorial
domains in this ring undergo little change except for small but potentially important
local shifts in the nucleotide-binding pocket. The domain movements in the GroEL
cis ring are driven by the binding and hydrolysis of ATP and are essential for the

completion of the chaperonin reaction cycle.
1.3.4.3  The Protein Folding Cycle

GroEL functions as a two-stroke engine whereby the binding and hydrolysis
of ATP by one chaperonin ring controls the release of the co-chaperonin GroES

from the opposite ring (Fig. 1.0).
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Figure 1.6 The ATP dependent protein folding cycle of GroEL The schematic shows the GroE
complexes as sections through the stacked-ring complexes. (a) GroEL has high affinity for non-
native polypeptide substrate (black curved line). (b) ATP binds with positive co-operativity to one
ring producing an altered conformation with reduced substrate affinity. (c) The ATP-bound ring
rapidly binds GroES resulting in a massive conformation change in the GroES-bound ring. (d) The
substrate folds inside the chamber and ATP is hydrolysed. (¢) ATP binding to the opposite ring
primes the release of GroES and the trapped substrate. (f) A new substrate gets encapsulated in the

opposite ring. Adapted with permission from Saibil and Ranson, 2002.
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ATP binds cooperatively to the subunits of one ring in GroEL triggering a
conformational change that reduces substrate affinity in the ATP-bound ring
(Bochkareva ez al, 1992; Jackson e al., 1993). Immediate binding of GroES to the
ATP-bound ring seals the cavity enclosing the substrate polypeptide (Roseman ez 4/,
1996). While inside the cavity the protein attempts to refold in a time period of 10-
20seconds following which the seven ATP molecules in the s ring are hydrolysed

(Todd et al., 1994; Kusmierczyk and Martin, 2001).

ATP hydrolysis in the s ring primes the ring to release its ligands. The actual
release is triggered as a result of negative cooperativity between the two GroEL rings.
Binding of ATP to the #ans ring results in a reduced GroES affinity in the s ring
thereby allowing the substrate protein to be released from the cs ring (Yifrach and

Horovitz, 1995, 1996).

Communication between the two rings is responsible for the release of GroES
and the bound substrates. This was shown by a single ring mutant of GroEL, which
upon formation of a complex with GroES, performs only one round of ATP
hydrolysis. This ring is now poised to release the bound polypeptide. However, due
to the lack of the distal ring, it does not receive the signal to release GroES and hence
the bound polypeptide (Weissman e# al, 1995, 1996; Llorca et al, 1997; Rye et al.,
1997).

1.3.5 groEL: Arrangement on the Genome

A single copy of the gmwEL gene has been reported in most of the eubacteria
studied. The GroES and GroEL proteins are encoded by genes arranged on the
bicistronic groEESL operon. This chromosomal arrangement allows for co-ordinated
expression of the gnES and groEEL genes, which is in accordance with their biological
function as molecular chaperones. Mazodier ¢7 al. however first reported an exception
to this rule (1991). Their study revealed the presence of two groEl-like genes in

Streptomyces albus of which only one, named gro[21.7, was adjacent to a grol=S-like gene.
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Such multiple copies of groEI -like genes were confirmed in 12 Streptomyces species.
Later studies revealed that the presence of multiple copies of groEL was not restricted
to Streptomyces alone. Two grEL genes were found to exist in the genome of M.
leprae (Rinke de Wit ef al, 1992) as also in M. tuberculosis (Kong et al., 1993). This
existence of a duplicate set of gwEL genes on the genome is common to the

mycobacterial class.
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1.4 CHAPERONINS OF Mycobacterium tuberculosis

The genes encoding the two chaperonins in M. fuberculosis exist on separate
parts of the genome. The genes have been referred to as ¢n60.7 and ¢pn60.2. While
¢pn60.1 is arranged on an operon with the groES (¢pn10), the second gene, ¢pn60.2, is
present as a separate gene. The two ¢n60 genes bear ~66% sequence identity, with
the gene products displaying 61% sequence identity and 76% sequence similarity.
Upon comparison with other members of the Cpn60 family, M. tuberculosis Cpn60.2,
product of ¢pn60.2, consistently shows 5-10% greater sequence identity and similarity
than Cpn60.1, product of, ¢n60.7. Cpn60.1 and Cpn60.2 display 53% and 59%

sequence identity and 70% and 76% similarity to the E. co/i GroEL, respectively.

Much attention has focused on the M. tuberculosis molecular chaperonins in the
pathology of tuberculosis because of their immunogenicity and the ability to directly

activate human monocytes and vascular endothelial cells.
1.4.1 Co-Chaperonin, Cpnl0

¢pnl0, present upstream of ¢pn60.1, codes for the 10kDa co-chaperonin
partner protein, Cpnl0. Cpnl0 elicits a strong humoral and cell-mediated immune
response upon infection. This protein has been shown to be an important T-cell
antigen (Young and Garbe, 1991). Cpnl0 has been postulated to be a major factor
responsible for bone resorption in Pott’s disease (Meghji ez al, 1997). Biophysical
characterization and crystal structure of the M. zuberculosis Cpnl0O have revealed

regions that may play crucial roles in bone resorption (Taneja and Mande, 2001a, b).
1.4.2 Chaperonin, Cpn60

The content of the Cpn60 proteins of M. tuberculosis increases from 1-10% or
more under conditions of stress such as are likely to occur during infection (Young

and Garbe, 1991). Both Cpn60s of M. tuberculosis have a role to play as important
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virulence factors in tuberculosis. In fact Cpn60.2, also known as the 65kDa antigen
was first identified for its role in autoimmunity. The two proteins however, differ in

their cytokine inducing potency and efficacy.

Cpn60.1 was recently shown to result in the production of a large number of
potent pro-inflammatory cytokines including IL-1f, TNF-a, IL.-6 and IL-12. This
protein is able to stimulate human peripheral blood mononuclear cells to synthesize

and secrete cytokines in a CD14 dependent manner (Lewthwaite ef a/, 2001).

Cpn60.2 is also a very potent cytokine inducer and stimulates the synthesis
and secretion of a range of pro-inflaimmatory cytokines and the anti-inflammatory
cytokine IL-10 (Lewthwaite ez a/, 2001). Moreover, Cpn60.2 plays a major role in
autoimmunity and arthritis and as an antigen of y6-T cells (van Eden e @/, 1998).

This protein has been shown to activate human peripheral blood mononuclear cells

in a CD14 independent mechanism.

While previous studies have established the role of the two chaperonins of M.
tuberculosis as potent immunogens, reasons for their strong immunogenicity in
comparison to the homologous E. /i or human chaperonins remain unknown.
Moreover, these proteins have not been characterized at the biochemical and
structural level and hence the mechanisms of cytokine induction by these proteins
remain to be elucidated. The advantage that the duplication of the chaperonin genes
offers to the pathogen also remains unknown. With both the chaperonins acting as
potent virulence factors, the structural and biochemical studies of these proteins
become very crucial to the understanding of their function. Furthermore, given the
high sequence homology that the M. tuberculosis Cpn60s share with other members of
this protein family, the study becomes very important to understand the dual role of
these proteins, as immunogens and chaperonins, and the relationship and advantage
the two functions have to offer. Biochemical and structural studies of M. zuberculosis
Chaperonin 60s were hence undertaken to understand the properties of these

proteins. The thesis reports the results of this work.
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Chapter 2

2.1 INTRODUCTION

Complete understanding of biological functions that proteins play iz wivo
involves extensive 7z vitro characterization of these macromolecules. Study of the
biochemical and biophysical properties in combination with information on the
structural organization, as judged by X-ray crystallography, gives us an opportunity to

explore the mechanism of action of proteins.

Availability of proteins in their pure form and in sufficiently large quantities
becomes a prime requirement for accomplishment of the different 7z vitro studies.
Recombinant DNA technology has made it possible to obtain large amounts of any
desired protein. Cloning of the desired gene in a suitable expression vector and its
overexpression in a bacterial or eukaryotic host allows the production of the protein
of interest. Moreover, the current protein expression methods have been highly
effective in production of recombinant proteins, thus making possible their

availability in large quantities for the various studies intended.

Expression vectors often allow introduction of different affinity tags to
recombinant proteins thus simplifying and speeding up the process of protein
purification. Among the different affinity tags available are the maltose binding
protein, glutathione-S-transferase or a small 6-Histidine residue tag. Recombinant
proteins expressed from such expression vectors are purified as fusion proteins over
affinity chromatography columns, properties of which are based on the tag utilized.
Cleavage of the affinity tag from the purified fusion proteins yields the pure proteins

of interest in large amounts.

Advances in recombinant DNA technology further offer the study of specific
amino acid residues of a protein. Site directed mutagenesis of DNA at the desired
location results in a gene product altered at a single amino acid residue. The altered
protein thus obtained can then be subjected to different comparative studies along

with the native protein.
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M. tuberculosis Chaperonin60s were overexpressed as Histidine-tagged ((His)s-
tag) fusions from the E. co/i expression vectors. The purified proteins hence obtained

were used for the various biochemical and structural studies undertaken.
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2.2 MATERIALS

Chemicals and reagents used for the cloning, purification, enzymatic
characterization and crystallization of M. ftuberculosis Cpn60s were obtained from

several commercial sources.
2.2.1 Reagents used in DNA Cloning

Oligonucleotides were procured from Biobasic, Inc, Microsynth, Integrated
DNA Technologies, Inc. and MWG Oligos. The Quick Change site directed
mutagenesis kit was procured from Stratagene. Different DNA purification kits were

procured from Qiagen (Chatsworth CA).

Deep vent polymerase, T4 DNA ligase, dN'TPs, restriction endonucleases and
protein and DNA gel markers were purchased from New England Biolabs (Beverly,
MA).

2.2.2 Reagents used for Protein Purification and Characterization

Chemicals including ATP, ammonium molybdate, polyvinyl alcohol, citrate
synthase, Tris, NaCl, EDTA, gel filtration chromatography markers, reagents for
crystallization and others various chemicals were procured from either Sigma Inc. and
Amersham Pharmacia. Ni-NTA-agarose was purchased from Qiagen. Q-sepharose

and pre-packed FPLC columns were from Amersham Pharmacia.

Spectroscopic  studies were done using the UV-Vis Perkin FElmer
spectrophotometer. E. co/i gene pulser used for electroporation was from Biorad.

DNA sequencing was performed by ABI Prism automated DNA sequencer.
2.2.3 Recipes for Reagents used

All media and buffers used in protein expression and purification were

prepared in deionized double distilled water (DDW) with low conductivity.
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Compositions of the media and antibiotics used are as in Tables 2.1 and 2.2.

Unless otherwise mentioned, all solutions were prepared by standard procedures as

described in Sambrook ez a/. (1989).

Table 2.1 Composition of Culture media

Medium

Composition

Luria-Bertani
(LB)

10g bactotryptone + 5g yeast extract + 10g NaCl per It in DDW.
pH was adjusted to 7.2 with NaOH. The medium was sterilized by
autoclaving,.

Terrific Broth A.12g bactotryptone + 24g yeast extract + 4ml glycerol in 900ml DDW
(TB) B. 0.17M KH,PO4 + 0.72M K;HPO4
A and B were autoclaved separately and mixed later
5X M9 Minimal  30g Na,HPO, + 15g KHoPO4 + 5¢gNH4CI + 1.5g NaCl per It in DDW.
The medium was sterilized by autoclaving.
1X M9 Minimal  200ml 5X Minimal medium + 1ml of 1M MgSO4 + 10ml of 40% Glucose +
100l 0.5% thiamine + 1ml of 4.2g/1t Fe(IT)SO..
The final volume was adjusted to 11t with DDW.
All reagents were sterilized separately before mixing
Table 2.2 Composition of antibiotics used
Antibiotic Stock solution  Working
Ampicillin 100mg/ml in DDW 100pg/ml
Kanamycin 30mg/ml in DDW 30pg/ml
Chloramphenicol 34mg/ml in ethanol 12.5pg/ml
Tetracycline 10mg/ml in ethanol 10pg/ml

Antibiotics prepared in double distilled water were sterilized by passing

through a 0.22um filter.
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Protein, expression and purification were assessed on 10% SDS-
Polyacrylamide gels with elecrophoresis (PAGE) at a constant current of 30mA for
lhour (Laemmli, 1970) (Table 2.3).

Table 2.3 Composition of solutions used for SDS-PAGE

Reagents Composition
30% acrylamide 29.2% acrylamide + 0.8% bis-acrylamide
4X separating gel 1.5M Tris-Cl, pH 8.8 + 0.4% SDS

4X stacking gel buffer 0.5M Tris-Cl, pH 6.8 + 0.4% SDS

1X Laemmli sample 10% glycerol + 1% 2-mercaptoethanol+ 2% SDS+ 0.1%
buffer bromophenol blue in 1X separating gel buffer

1X Running buffer 3g Tris-Cl + 14.4 g glycine + 1g SDS per litre

Destaining solution Methanol : Acetic acid : Water :: 5:1:4

Staining solution 0.1g/1 of Coomassie brilliant blue R in destaining solution

Purity of the different plasmid vectors used and constructed was assessed by
agarose gel electrophoresis on 0.8% agarose gels (Table 2.4).

Table 2.4 Composition of solutions used for agarose gel electrophoresis

Reagents Composition

50X TAE 242¢ Tris base + 57.1ml of glacial acetic acid
+ 100 ml of 0.5M EDTA per It

6X sample loading dye  0.6% Orange-G in 30% glycerol

Ethidium bromide Stock of 10mg/ml in DDW

2.2.4 Vectors and Bacterial Strains

The cloning vector, pBluescript SK (+) was purchased from Stratagene.

Expression plasmids, pET3a, pET23d, pET28a and E. w/i BL21 (DE3) were

purchased from Novagen. E. c/i DH5a strain was from Promega.
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2.3 EXPERIMENTAL PROCEDURES

2.3.1 Cloning of M. tuberculosis cpn60s

2.3.1.1  Cloning of cpn60.1

The gene coding for the M. tuberculosis ¢pn60.1 (Rv3417¢) was PCR amplified
and cloned into the E. co/i expression vector through an intermediate step of sub-

cloning in pBluescript (SK+).

¢pn60.1 was previously cloned in our laboratory in the expression vector,
pKK223-2 and designated pKKGL1. In order to introduce a (His)s-tag in the gene
product ¢pn60.1 was amplified using the plasmid pKKGL1 as the template and the
primers MTGRLIHO6N.FOR and MTGRLIH6N.REV (Table 2.5). These primers
introduced the Ndel and BamHI restriction sites into the amplified product at the 5'
and 3' end, respectively. The optimized conditions for PCR amplification are listed in

Tables 2.6 and 2.7.

Table 2.5 Primers used for cloning of cpn60s Restriction endonuclease (RE) sites are highlighted

as underlined sequences. Insertion of the six histidine codons in primers is shown in italics.

Primer Name RE site Primer Sequence

MTGRL2.FORA Ncol 5'TCATTACCATGGCCAAGACAATTG 3'
MTGRL2.REVD HindIII 5" AACCGCAAGCTTTCAGAAATCCATG 3'
MTGRL2HG6C.FOR Ncol 5" TCATTACCATGGCCAAGACAATTGC 3'

MTGRL2HGC.REV  HindIII 5':AAAGCTTCTAGTGATGATGATGATGATGAAAATCCA
TACCACCCATGTCGCC 3'

MTGRLIHG6N.FOR Ndel 5':TCATATGCACCACCACCACCACCACATGAGCAAGCT
GATCGAATACGACG 3'

MTGRLIH6N.REV BamHI 5 TGGATCCTCAGTGCGCGTGCCCGTG 3'
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Table 2.6 Optimized conditions for PCR amplification

Components PET3aGL1.2  pETGL2  pET283GL2
Template 20ng 3ng 3.5ng
Forward Primer 200nM 10uM 200nM
Reverse Primer 200nM 10uM 200nM
dNTPs 200pM ImM 200uM
MgSO4 4mM 3.5mM 3.5mM
Deep Vent DNA Polymerase 1.5units 1.5units 1.5units

Table 2.7 Optimized PCR cycling parameters

Cycle pET3aGL1.2  pETGL2  pET28.3GL2
Denaturation 95°C, 5min 95°C, 5min 95°C, 5min
Denaturation / Extension / 95°C, 5min 95°C, 5min 95°C, 5min
Annealing . ) . ] . ]
(30 cycles) 55 C, 2min 50 C, 2min 50 C, 2min

72°C, 3min 72°C, 3min 72°C, 3min
Extension 72°C, 10min 72°C, 10min 72°C, 10min

The amplified product was ligated at the Smal site of pBluescript (SK+) and
the transformants in E. co/if DH5a selected on the basis of blue-white selection. From
the positive clone, designated pBSGL1, ¢n60.7 was subcloned in the Amp*
expression vector, pET3a using the restriction enzymes, Ndel and BamHI, and was

designated pET3aGL1.2 (Fig. 2.1).
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Bkb

2kb

Figure 2.1 Agarose gel scan showing cloning of cpn60.1 into the E. coli expression vector
pET3a Lane 1 shows the undigested clone in pET3a corresponding to the supercoiled form of the

plasmid. Lane 2: Digestion with Ndel and BamHI yielding the 1.6kb fall out of ¢#60.1. Lane 3:
Digestion with HindIII releases a 0.0kb fall out confirming the clone. Lane 4 shows the A-HindIII
DNA digest as marker.

2.3.1.2  Cloning of ¢pn60.2

The 1.6kb gene, ¢n60.2 (Rv0440), was amplified from the M. tuberculosis
H37Rv cosmid, A10, kindly provided by Stewart Cole using the primers
MTGRL2.FORA and MTGRL2REVD (Table 2.5) (Cole ¢t al., 1998). The amplified
gene incorporating the restriction sites, Ncol and HindIII at the 5" and 3' ends was
cloned into pBluescript (SK+) as for ¢n60.7 and designated pPBSGL3. The gene was
then subcloned into the Ampr expression vector, pET23d and designated pETGL2.

pBSGL3 served as a template for re-amplification of ¢pn60.2 in order to
introduce a (His)s-tag into the protein. MTGRL2H6C.FOR and MTGRL2HG6C.REV
served as primers for incorporation of the (His)s-tag (Table 2.5). Cloning of the
amplified product into pBluescript (SK+) yielded the plasmid, pBSGL2HC. ¢r60.2

was subcloned into the Kan' expression vector, pET28a, using the restriction
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enzymes Ncol and HindlIII. The clone hence obtained was designated pET28.3GL.2
(Fig. 2.2).

2 B & 5 & T o8 90T

4 kb
-Gkb

2 kb
-2kb

Figure 2.2 Agarose gel scans showing cloning of cpn60.2 into E. coli expression vectors ()
Cloning into pET23d Lanes 1 and 2 show the uncut and Ncol/HindIII digested control digestions
of pET23d, respectively corresponding to the supercoiled form of the parent vector. Lane 3 is the
Sacl lineatized pETGL2 clone showing the size of 5.2kb. Lane 4 is the control Ncol/HindIII
digestion of pETGIL2 and lane 5 shows the 1.6kb fall out after the Ncol/HindIII digestion. Lane 6
shows the A-HindIII DNA digest as matker. (b) Cloning into pET28a Lanes 1 and 4 show the
undigested vector and the positive clone, respectively. Lanes 5, 7 and 9 show the 1.6kb fall out of
¢n60.2 from the three positive clones upon Ncol/HindIIl digestion while the parent vector,
pET28a, does not give this fall out (Lane 2). Lanes 3, 6, 8 and 10 correspond to the linearized vector

and the three positive clones. Lane 11 has the A-HindIII DNA digest as marker.

The different clones obtained were confirmed by automated DNA

sequencing.

Dr. K. Ito, Kyoto University kindly provided the Tet' plasmid pKY206
containing the E. co/i goEL and groE2§ genes.
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2.3.2 Site Directed Mutagenesis

Point mutants of the M. tuberculosis ¢pn60.2 and E. coli groEL. were generated
using the Quick-Change site directed mutagenesis kit as per the manufacturer’s

protocol.

Mutagenesis for M. tuberculosis ¢pn60.2 was carried out in the plasmid
pET28.3GL2 while that of E. co/i groEL. was carried out in pKY206. Two mutants of
E. coli groEL, namely E. coli GroEL A2S and a double mutant, E. ¢/ GroEL
A2S/E76S were generated. The point mutant, E. cw/i GroEL A2S, was generated and
used as a template for generation of the double mutant, E. ¢/ GroEL A2S/E76S.
The different primers used to achieve the mutants are described in Table 2.8. Mutants

were confirmed by automated DNA sequencing.

Table 2.8 Primers used for mutagenesis of cpn60.2 and groEL Codons altered for mutagenesis

are highlighted as underlined text.

Name Mutation Sequence
GL2KS.FOR Lys42—Ser 5 CGTCCTGGAAAAGTCGTGGGGTGC 3'
GL2KS.REV Lys42—Ser 5 GCACCCCACGACTTTTCCAGGACG 3'
GL2KA.FOR Lys42—Ala 5 CGTCCTGGAAAAGGCGTGGGGTGC 3!
GL2KA.REV Lys42—Ala 5 GCACCCCACGCCTTTTCCAGGACG 3'

ECGLA2S.FOR Ala2—Ser 5 TAAAGATAATGGCATCTAAAGACGTAAAATTC 3'
ECGLA2S.REV Ala2—Ser 5 GAATTTTACGTCTTTAGATGCCATTATCTTTA 3'
ECGLE76S.FOR Glu76—>Ser 5 GCAGATGGTGAAATCAGTTGCCTCTAAA 3'

ECGLET76S.REV  Glu76—Ser 5 TTTAGAGGCAACTIGATTTCACCATCTGC 3'
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2.3.3 Protein Overexpression and Purification

2.3.3.1  Ouverexpression and Purification of Cpn60.1

The expression vector carrying ¢pn60.1, pET3aGIL1.2 was transformed into E.
coli BL21 (DE3) strain. The culture expressing ¢n60.7 in Terrific Broth (IB) was
induced with ImM IPTG at an O.D.so0 of 0.5. The induced cultures were grown at

37°C for 5-6hrs. Overexpressed Cpn60.1 fractionated into inclusion bodies upon cell

lysis (Fig. 2.3a).

Figure 2.3 SDS-PAGE scans showing expression and solubilization of Cpn60.1 (a)
Overexpression of Cpn60.1 at 37°C Lane 1 shows the overexpression of Cpn60.1 upon induction
with 1mM IPTG. Lane 2 shows the uninduced culture as a control. Lanes 3 and 4 show the pellet
and supernatant fractions obtained after sonication of the overexpressing culture, respectively.
Presence of Cpn60.1 in the pellet suggests its existence in the insoluble form as inclusion bodies.
Marker is shown in lane 5. (b) Overexpression of Cpn60.1 attempted at 18°C and 25°C Lanes 2, 3
and 4 show the induced culture, and the pellet and supernatant obtained after sonication when the
cells were grown at 18°C. Lanes 5 and 6 show the supernatant and pellet when the culture expressing

¢pn60.7 was induced at 25°C. Lane 1 shows the protein marker.

Attempts were made to promote solubilization by different growth conditions

of cells harbouring the pET3aGL1.2 plasmid. Growth of cells expressing ¢pn60.7 and
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induction was carried out at 18°C and 25°C. While no expression was obtained at

18°C only partial solubilization of Cpn60.1 was attained at 25°C (Fig. 2.3b).

E. cli GroEL has earlier been shown to promote solubilization of several
proteins (Cole, 1996; Caspers et al, 1994; Thomas and Baneyx, 1996). Thus in a
further attempt to promote protein solubilization, ¢n60.1 was co-expressed with E.
coli groEL.. This was achieved by co-transformation of E. ¢/ BL21 (DE3) with
plasmids pET3aGL1.2 and pKY206. While, E. cw/i GroEL was obtained in the

soluble fractions, Cpn60.1 still was confined to the inclusion bodies (Fig. 2.4).

B6kDa
56kDa

—
—
oy ——

Figure 2.4 SDS-PAGE scan showing co-expression of Cpn60.1 and GroEL Lanes 1 and 2 show
the uninduced and induced cultures of E. co/f BL21 (DE3) co-expressing Cpn60.1 and GroEL. Lanes
3 and 4 show the pellet and supernatant fractions upon cell lysis. Lane 3 clearly indicates the

existence of Cpn60.1 in the pellet.

The E. coli strain, C41 (DE3), a mutant of E. ¢/ BL21 (DE3), has been shown
to promote solubilization of proteins (Miroux and Walker, 1996). pET3aGL1.2 was
thus transformed into this strain and tested for its effect on solubility. Fig. 2.5a shows
the presence of the overexpressed protein in the pellet. Thus, Cpn60.1 could not be
obtained in the soluble fraction in a strain recommended for solubilization of

proteins.
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Figure 2.5 SDS-PAGE scans showing solubility trials performed for Cpn60.1 (a) Solubility in
E. coli C41 (DE3) Lanes 1 and 2 show the supernatant and pellet fractions obtained upon lysis of
cells overexpressing the protein. Presence of Cpn60.1 in the pellet clearly shows that the protein
could not be obtained in the soluble fraction. (b) Solubility in E. coli GJ1158 Lanes 2 and 4 show
the induced cultures obtained upon growth at 37°C and 30°C, respectively. Lane 3 shows the

uninduced culture at 37°C. Protein marker is shown in lane 1.

A salt inducible strain, E. co/i GJ1158, kindly provided by Dr. J. Gowrishankar,
developed in his laboratory for increasing the solubility of proteins was tested for
solubilization of Cpn60.1. Cells expressing the gene, ¢pn60.1, were grown in LB
medium without sodium chloride (LBON) supplemented with ampicillin. Cells were
induced at an O.D.go0 of 0.8 with 0.3M NaCl at 30°C and 37°C. However, no

induction was obtained in either case (Fig. 2.5b).

Solubilization of Cpn60.1 was finally achieved by including sarcosyl in the lysis
buffer (50mM Tris-Cl, pH8.0, 150mM NaCl, 15mM imidazole) at a concentration of
10mM. Presence of sarcosyl resulted in a complete recovery of the overexpressed
Cpn60.1 in the soluble fraction (Fig. 2.6). The protein was purified using the Ni-NTA
affinity chromatography. E. c/i BL.21 (DE3) over-expressing ¢n60.1 were lysed by
sonication. The resuspension buffer, 50mM Tris-Cl, pH 8.0; 150mM NaCl; 15mM
imidazole, was supplemented with 10mM sarcosyl, and 1mM PMSF (phenyl methyl
sulfonyl fluoride). Upon centrifugation of the cell lysate the supernatant obtained was
loaded onto the Ni-NTA column equilibrated with the resuspension buffer. The

column was washed with 8-10 bed volumes of the same buffer. Protein was eluted
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with 50mM Tris-Cl, pH 8.0; 150mM NaCl; 100mM imidazole. The purified protein
was concentrated using the Amicon concentration assembly and dialysed against the
appropriate buffers. This procedure was undertaken for all further purifications of

Cpn60.1 used for the various assays and crystallization.

Figure 2.6 SDS-PAGE scan showing solubilization and purification of Cpn60.1 Solubilization
of Cpn60.1 was achieved by sarcosyl used at concentrations much below its critical micellar
concentration. Lanes 2 and 3 show the induced and uninduced cultures of E. co/i BL21 (DE3) cells
expressing the plasmid carrying the ¢pu60.7 gene. Lanes 4 and 5 show the pellet and supernatant
fractions of the overexpressing culture obtained. Sarcosyl cleatly seems to promote the solubilization
of Cpn60.1 as seen by its presence in the supernatant. Lane 6 shows the purified Cpn60.1. The

protein marker is shown in lane 1.

Cpn60.1, without (His)e-tag was expressed from the plasmid, pKKGL1. Cell
lysate was subjected to ammonium sulphate precipitation with 30% ammonium
sulphate. The pellet containing Cpn60.1 was dialysed against 50mM Tris-Cl, pH8.0
supplemented with ImM EDTA. The dialysed protein was loaded on the anion
exchanger, QQ-sepharose and washed with 50mM Tris-Cl, pH8.0 supplemented with
150mM NaCl and 1mM EDTA. Elution of Cpn60.1 was achieved by increasing the

salt concentration to 300mM.
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2.3.3.2 Overexpression and Purification of Cpn60.2

The expression vector carrying ¢pn60.2, pET28.3GL2, was transformed into
E. co/i BL21 (DE3). The culture expressing ¢pn60.2 in Terrific Broth was induced with
0.2mM IPTG at an O.D.so0 of 0.5. Induction was allowed for 5-6hrs at 37°C. The
protein was purified using Ni-NTA affinity chromatography as described for Cpn60.1
(Fig. 2.7).

- 60 kDa
! -,-‘ . - 50KDa
-

- —
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Figure 2.7 SDS-PAGE scans showing the overexpression profile and purification of Cpn60.2
(a) Lanes 1 and 2 show the uninduced and induced cultures of E. /i BL21 (DE3) harboring the
plasmid pET28.3GL2. Lane 3 is the broad range marker from NEB. Lanes 4-7 show the cultures
induced with 0.2mM, 0.4mM, 0.6mM and 0.8mM IPTG, respectively. (b) Purified Cpn60.2 after Ni-
NTA chromatography. The lower band shows the degraded product of Cpn60.2 obtained upon

protein purification.

As is shown in Fig. 2.7b Cpn60.2 invariably eluted as a doublet. N-terminal
sequencing of the two bands showed that the higher molecular weight band
corresponded to the intact protein, while the lower band was Cpn60.2 truncated at
the N-terminal residue K41 (discussed in Chapter 5). In an attempt to avoid protein
degradation K41A and K41S mutants of Cpn60.2 were generated. These mutants
were overexpressed and purified as the wild-type recombinant Cpn60.2 using the Ni-
NTA affinity chromatography. However, even the mutations K41S and K41A did

not seem to prevent degradation of the protein. Hence, the protein used for all the
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various biochemical assays and crystallizations was the wild-type Cpn60.2 and was a

mix of the intact and truncated proteins.

Cpn60.2, without (His)s-tag was expressed from the plasmid, pETGL2.
Purification was performed by salting out non-specific proteins with 15% ammonium
sulphate followed by precipitation of Cpn60.2 with 30% ammonium sulphate. The
pellet containing Cpn60.2 was dialyzed against 50mM Tris-Cl, pH 8.0 supplemented
with 1mM EDTA. The dialyzed protein was loaded onto the anion-exchanger, Q-
sepharose, and eluted with 50mM Tris-Cl, pH 8.0, 150mM NaCl, ImM EDTA.

2.3.3.3  Purification of E. coli GroEL and GroEES

Overexpression of E. w/i GroEL and GroES was achieved by transformation
of pKY206 in E. w/i BL21 (DE3) and induction at 37°C with 0.3mM IPTG.
Purification was essentially done as described eartlier (Clarke e a/, 1998). The same

protocol was followed for purification of the mutant, E. e/ GroEL A2S/E76S.
2.3.4 Quaternary Structure Determination of Cpn60s

Oligomeric state of the Cpn60s was tested by size exclusion chromatography.
Size exclusion chromatography was performed at room temperature using the FPLC
system (Pharmacia Amersham) equipped with Superdex-200 HR 10/30. The column
was equilibrated with at least 3-bed volumes of 50mM Tris-Cl (pH 8.0) and 150mM
NaCl prior to each run. A typical flow rate of 0.5ml/min was maintained.
Absorbance at 280nm was measured to monitor elution of the protein from the

column.
2.3.5  Generation of Multiple Sequence Alignment

Homologous protein sequences of M. tuberculosis Cpn60s were obtained by
PSI-BLAST (Altschul e a/, 1997). The multiple sequence alignment was generated
using the program ClustalW (Thompson e al, 1994). The alignment showed
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conservation of most of the residues among the 43 sequences with a few remarkable
differences in M. tuberculosis Cpn60.1 (Fig. 2.8). In an attempt to understand the
reasons for the non-canonical behavior of Cpn60.1 (discussed in Chapter 4) mutants

of E. cli GroEL were generated at residue positions 2 and 76.

Figure 2.8 Multiple Sequence Alignment of the various Cpn60 sequences Residue positions, at

the protein interface, with a very high conservation in all Cpn60 sequences, but different in M.
tuberculosis Cpn60.1 have been highlighted. These positions correspond to the residue numbers — 2,
11, 76, 102, 117, 388, 445 and 452 in E. coli GroEL.

CHEO_BRCHD RREMLRCVDK LADAVEY TLG PECRN VVLEKKFCEP LI THD GVTIAKEI E- LEDAF ENMCAKLVAEVASKTNDIACDETTTA TV LA QA MT RECLIN VTS CA NP MV I[RK G
CHEQ_BACSU RELML ROVDA LADAVEY TLE PECRN VW LEKKFRS P LI THD GV TIAKEI E- LEDAF ENMOL KLVAEVASKTNDVAC DG TTTA TV LAGAMT R ECLEN VTR CAN P VIV RKG
CHED_LISIN REAML VDO LAMAVEVYTLG PRECRN VVLEKKFOEP LITMD GVTIAKEI E- LEDDF ENMCA KLV S BVASKTNDVAG DG TTTATY LAQAMIOECLEN VTR GA NI VEVRR G
CHEO_LISMO RRELML RGVDG LANAVEY TLE PEGRN VW LEKKFRS P LI THD GVTIAKEI B- LEDP F ENMGA KLV S BVASKTNDVAS DG TITA TV LACAMT O BELEN VTR GAN VIV RRG
CHE(_BRCPI RREAMLRGVDK LADAVEVTLG PECRN VVLEKEFCSP LI THD ¢V IIAKEI E- LEDPF ENMGAKLVARVASKTNDIAGDGTITATY LAQAMI REGLEN VAL GANPHGIRR G
CHE0_BRCST RRLML RGVDE LADLVEY TLG PEGRN VW LEKKF®5 P LI THD GV TIAKEI E- LEDP F ENMGAKLVAEVASKTNDVAS DG TTTA TV LAGANT R BECLEN ¥ TR CANFMGT REG
CHE(_STLEP ROAML RGVDE LANAVEYTL G PEGRN VVLDEDY TTF LI THD GVTIAKEI E- LEDPY ENMGAKLVOEVANK THEIRGDGTTTATY LAQSHIQECLEN VTS GANPVELREQG
CHE(_LACLAE RTRMMRFIDI LADTYKTTLG PEGRN VVLEK SYRS P LT THD GV TTAKET E- LEDHF ENMGR KLV 5 BEVASKTNDTAGDGTTTA TV LTOAT VR BELEN V TR GRNPVGT REG
CHEO_STRPY RAMMV RGVDM LADTVEVTLG PEGRN VWLEE AFCGSP LT THD GVTTAKEI E- LEDHF ENMGAKLVSBVASKTNDIAGDGTTTATYLTOAT VHECLEN VTR GANP IGT RRG
CHEO_CLOAB RESMOKEVDK LADTVEVTLE PECRN VVILDEKFCAP LI THD VS ILKEI E- LEDPY ENMCAQLVEEVA THTNDVACDCTTTA TLLAQAT I R ECLEN V TR CANPHLI RN G
CHEO_CLOPE RREEMOACVDK LA TWEV TLG PECRN VILDEEFCEP LI THD GVTIL REI E- LEDAY ENMCAOLVEE VA T THNDVACDETITATLLAQA T TR ECLEN VTR GA NP ILT RN G
CHEOD _CLOTH RREALER&VHG LADTYEVTLE PEGRN VVLDEKFCS PHI THD GV TIAKEI E- LEDP F ENHOR GLVEEVA THTNLVA DG TTTA TLL IIREBCLEMVALCGANPMLLEKD
CHS(_THEBR RREALERGVHA VADTVEVTLG P RGRN VVLDEEY (S P TV THD ¢V TLA REI E- LEDPF ENQGAQLLKEAR THTHD IAGDGTTTA TLL MVRBOLKN AL GANPHLLRRG
CHE 0 CHLMIT REFIQKGYETLARLYEY TLG PEGRHVVIDE SFRS POV THD GV IVAKEV E- LADFH ENMGA CHVEEVASKTADKA DG TTTATY LA BA T Y TEGLEN VTR FAHFHDLERG
CHE0_CHLTR REKIQKGVETLARLYEYTLG PEGREVVIDE SFES POV THD oV ITVAKEV E- LADFH ENMGA OMVEEVASKTADKA FDGTTTATY LA EA T T TEGLIN V TR GA N FMDLER G
CHE0_CHLPH REEIHKGVETLAERY KV TLG PEGRHVVIDE SFRS POV THD GV TVAKEI E- LECFH ENH AR CHVEE VA SKTALKA GDGTTTA TV LA BATY S BELEN V TR GANPHD LERG
CHE(0_CHLPS RKKIHKGVETLAER VKV TLG PRGREVVIDE SFGS POV THD GV ITVAKEI E- LEDKH ENMGR OMVEEVASKTADKAGDG TTTATY LA BRI TS BGLEN VTR GRNPMDLERG
CHE0_PRRDE RDRMLEGVHI LADAVEVTLG PEGRN VVIDK SFGAP RI THD GVSVAKEI E- LSDEF ENMGA QMY REVAS R TNDEA GDGTTTA TV LAGAT VR BELKA VAL GHNPMDLERG
CHEL_RHOSH RDRMLRGVNI LADAVEVTLE PECRN VVWIDK SFCAD RITHD GVSVAKEIL E- LSDEF ENMCAOMVEREVAS RTNDERCDETITATV LAQA T TKEC LKA VAL CMNPMD LER G
CHEO_RHOCR RDRMLEGVHI LADAVEVTLE PECRN VVIEK SFCAP RI THD GVSVAKEI E- LADKF ENMCA OMVEE VA S RTNDEACDGTTTA TV LAQA T VR BOMIKA VAL CHNIMD LERG
CHEL1 ERAJR RDREVLRGVDTLAMAVEVYTLG PECRN VVIEK SFCAD RI THD GV IVAKEI E- LEDKF ENMCA QMY REVASKTEDLACDGTITATY LAQA TV ECAKE VAL GHNIPHDLER?
CHEE RHIME RERML RCVLV LANAVEY TLG PECGRN VW IDE SFOAD RI THD GVEVAKEI E- LECKF ENMOL GMLREVAS RTNDLAC DG TTTA TV LAGA T VR BCAKA VAS CHNPMDLERS
CHGO_EQCLI RVEML RV LADAYEV TLE PEGRN VVLDE SFEAP TT THD FVSVA REI EM LECHF ENM AR GHVEEVA SKANDAR DG TTTA TV LA GATT THELKA VAL GHNPHD LERG
CHE0_BORED RESLLS GVEK LENAVEY TLG PEGRN VLIDEKFRS P TV THD GVSVA REI B- LENPF ENMGA QL LEEVATKTHDVASDG TITA TV LAVAT AR BOLEN VS5 GINF IGT KKG
CHE0_LEF IN RRELLEFVHE LANAVEVTLG PECRN VVIDEEFGAP TI THD ¢V IVAKEI E- LEDPL ENMGA QMVERYV S T TNDVAGDGTITATI LAGS ITNEGLEN V TR AN PHE LEF
CHE(_THEMR RRALERGVDK VANATEV TLG PEGRN VW1 EE SHGS P TI THD GV S IAKEI E- LEDKF ENLGAQLVEEVASKTNDVAGDG TTTA TY LAQANI K BGLKN VALGR NP ILLKRG
CHE(_THETH RRALERGVHAVANLVEVTLG PRGRN VYLEEKFGSP TT THD GV TVAKEVE- LEDHL ENTGL QU LEEVASKTND VR GDETTTA TV LAQLT VR EGLKN VAL GANP LALERG
CHE1_SYNVI RRALEKGMDT LARSVAVTLG PEGRN VWLEEKFCAPQTVND GVTTIAKEI E- LEDHT ENTGVALT RQRE A SKTNDAR DG TTTA TV LAHAMVE ECLRN VALGANP TALERG
CHELl_SYNY2 RRALERGMDI LAELVAVTLG PECRN VVLEKKFCSPOIIND CITIAKEI E- LEDHV ENTCV SLIRQA R SKTNDVACDE TITATV LAHA I VI ECLRN VALCANP ISLERG
CHEO_CYAPR RRELLEKCHDI LAERV AW TLG PECRN VVLEKKFCAP QI VHD GVTILKEI E- LEDHI ENTCV ALI ROA A SKTNDVA DG TTTA TV LA T ANV ECH RN VAL CANPHATKR G
CHE(_GALSU REALEKFIDI LAEAVEVTLG PRCRN VVIEKEYCP P QI THD GVTIAKEI E- LEDHI ENTCVALI RQAR SKTNDVAGDGTTTSE TV LAHATVEQUH RN VALGA NP TALER?
CHED_PORPU RELLEKGMDI LTELV SV TLG PECRN VY LEKKFCAP QIVHD GVTIAKEI S - LEDHI ENTOV AL ROAR SKTNDVAC DG TTTA TV LA SATVEQCH RN VAL CE NPMAT KRG
CHE2_SYHV RRSLERFINA LADAVEI TLG PECRN VVLEREY CAP QIVHD GVTIAKEI E- LEDAY ENTRA QTHEEVAAK TNDVV DG TITATY LAQALI REGLEN VALTHF IALER?
CHEZ_STHTA ERSLEAGINA LADAVRI TLG PEGRE VLLEK GYGAP QIVHD ?I TVAKEI E- LSHPE ENAGAKLIQREVASKTREIAGDGTTTATIL, LVREBCLRNVALGANPVALRRG
CHEZ_MTCLE RRFLERFLHS LADAVEVTLG PECRN VVLEKERGAP TI THD VS IAKEI E- LEDPY EKIGA ELVEEVAKK TDDVAGDGTITA TY LAQA LVKEGLEN VAL GANP LCLER?
CHE2_MYCTI RRGLERGLHA LADLVEY TLG PEGRN VP LEKKHGAP T THD GVSIAKEI E- LEDPY BEKIGL ELVEEVAKK TDDVAGDG TITA TV LACA LV R EGLEN VAL GANT LGLKRG
CHE(_MYCPR RRGELERGLHA LADLVEVTLG PEGRN VWLEE KW GLE TT THD GVSTIAKEI E- LEDPY EKTIGR ELVEEVAKK TDDVRGDGTTTA TV LAQLLV R EGLRN VAL GANP LEGLERG
CHE2_STRAL REGLE RGMNG LADAVEVTLG PEGRN VWLEK KW GAP TT THD GVSTAKEI E- LEDPY EKI G ELVEREVAKK TDDVAGDGTTTA TV LAQA LV R BCLEN VAL GRNPHALKRG
CHEL1 STRLI RELLERCVHE LADTVEYTL G PE-AN VVIDKEEFCP P TI D GVTIL REVE- VEDDY ENLEAOLVEEVA T TND I A DETTTA TV LA QA LVR ECLEN VALGL S PALLEN G
CHE1 STRCD RREALERGVHK LADTVEVTL G PECRN VVIDEKFCAP TI THD GV TIA REVE- VEDPY ENLOAQLVEEVATKTND IACDCTTTA TV LAQALVR BOLKN VAL CA S PALLEK G
CHEL_STRAL RREALERGVHQ LADTVEVTL G PECRN VVIDKEFCAD TI DD GVTIA REVE- CDDDY ENLAAQLVEEVA T TNDIACDGTITATY LAQALVR EGLRN VALGA S PARLEK Y
CHE1 MYCLE RHAMEV@NE LADTY RV TLG P RFRHVVLAK AFGEP TI THD @V TIVA REID- LEDPF ENLEA QLVES VA T TNDVAG DG TITA TV LAQA LVK GO LI VAL GANPVALGA R
CHE1_MYCTO REAMEVEMDK LADTY RV TLG P RFRHVVLAK AFGFP TV DD ¢V IVA REI E- LEDPF EDLGA QL VES VA T TNLVAGDGTTTATI L LIKZSLRLVARGYHPIALGVS
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CHE0_BRCHD IEK-ATOVAVEELSKISKPIEGKDSTAQVAAT SSA-DDEVEE ITARAMERVENDGVI TI EE- SEGFS TELEV VECH FDRGY AS PYM VTDSDEMEAY LDNPY VLI TDEKISM IQ-EV LEV
CHEO_BRCET MEQ-AVAVAIENIKEISKPIECKESIACVAAT SAL-DEEVES LIAEBRMERVENDGVI TIEE- SKCFTTELEV VECHO FDREY AS PYM VIDEDEMELAY LDNPY ILI TDEKI TH IQ-EI LRV
CHEO_LISIH IEK-AVATRIEELKLISKIIESKESIACVART S5C-DEEVCK LIARANERVGNDIVI TI EE- SKGFA TELDV VECHO FDREY TS PYMVIDSDEMERY LEKDY ILI TDEKINN IQ-EI LSV
CHEO_LISHO IEK-AVATARIEELKAISKPIEEKESIACVART S5CG-D EEVCOK LIARAMERVONDEVI TI EE- SKGFA TELDV VECHQ FDRGY TS PYHVIDEDEMEARY LEKDY ILI TDEKINHM IQ-EI LPV
CHE( _BRCPI IEK-AVAVAVERELKAISKP IKCKESIACVARLT SAL-DEEVAQ LIARAMERVONDEVI TLEE- SKGFTTELDY VECHQ FDRGY VEPMM I TDTEFMERY LEMDY ILI TDEKVEE IQ-ELLPA
CHE0_BROST IEK-AVAVAVERLKAISKPIQOKESIACVAAT SAA-D BEVAL LIARAHERVONDEVI TLEE- SKGFA TELDY VECHO FDRGY VS PYH I TDTEEMEAY LENPY ILI TOEKVSS IQ-EILPT
CHG0_STRER IDK-AVQVAIBATHEIS QRVENFNEIACVEAL SAA-DEEIFRYIS BANDEVONDEVI TI EE- SHEFH TELEV ARCHO FDRGY QS PYHVIDSDEMIAELERPY ILVIDEKISS FO-DI LPL
CHE0_LACLRE IEL-ARETAVAS IKEMA IPVHDKSAIACVATV S5R-5 BEKVFETISDAMERV G SDFV I TI EE- SKEGHQ TELDY VECHQ FDRGY LEUTH VEN TEEMVAE LDHPY ILI TDEKISH IQ-EI LPL
CHEO_STRPY IET-ATR TAVEALKAIAQPVSCKERIACVARV S5R-5 BEKVGEYIS BARMERVGNDGY I TI EE- SRGHME TELEY VECHQ FDRGY LSCTH VIDNEEMVAD LENPF ILI TDEKVSH IQ-DI LPL
CHE(_CLOLB IRL-AVDETVEGLEEVSENVHGKEDIARVAST SAA-DPEIGKE LILDAMEKVENEGYT TVEE- SKESMG TELDV VECHO FDRGY LS PYM VTDQREFMELY LDDPY ILT TDEKTAM IQ-ET LPL
CHEO_CLOPE IET-AVEKAVEETORISKPVNGKEDIARVAAT SAA-DEKT K LILADAMEKVENEGY I TVEE- SESMG TELDV VECHO FDRGY VSAYM VID TEFMEAY LDNPLVLI TDEKISM IQ-DLLPL
CHEO_CLOTH IAK-AVDARVECIKELISQEVECKEDIARVASI SAN-DEVICELIADAMEKVTNDGV I TVEE- AR TMG THLEL VECHQ FDREY VS PYM VIDTEFMEAY LDEPY ILT TDEKISHIQ-DILPL
CHEO_THEER IAK-AVDARVECLKRISKI ICNKESIAHVASI SAA-DEEI K LIARAMDKY CFDIVI TVEE- SKTLG TILEV VECHO FDRGY IS PYMVIDAEFMERY LEEDV ILI TDEKISH IQ-DLLPL
CHE(_CHLMU IDK-AVEVVVDQIKKISKIVOHHKEIACVATI SAMMDAEI CH LIARAMEKVOFNGE I TVEE- AKGFE TVLDV VECHN FHNRGY LEEYFATMP ETRECV LEDALVLIVDEKIS? IK-DF LEV
CHEGO_CHLTR IDK-AVEVVVDRIRKISKPVOHHKEIACVATI SANNDAEI GN LIARAMEKVOFNGS I TVEE- AKGFE TVLDI VECHN FHRGY LSSYFATNP ETRECV LEDALVLIVDEKISF IK-DF LEV
CHSO_CHLPH IDK-AVEVVVDELEEISKPVOHHKEIACVATI SANND SEIGH LIARAMEKVOENGS I TVEE- AKGFE TVLDV VECHN FHREY LSSYF STNP ETRECV LEDALILIVDEKISF IK-DF LEV
CHE0_CHLPS IDK-AVEVVVDEIKKISKPVOHHKEIACVATI SANNDAEI GN LIABAMEKVGENGE I TVEE- AKGFE TV LDV VECHN FHRGY LS STF STNPETRECY LEEALVLIVDEKISF IK-DF LEV
CHEO_PARDE IDV-ATAKVVEATKSAR RPVHD SSEVACVETL SANGE SFIGLQIARAMORVONEGV I TVEE- NEGHE TEVEY VECHO FDRGY LS PYFVINADEMIAELEDAY ILLHEKKLSS Lo -PHVEL
CHE1_RHOSH IDL-ATSKVVEATKLAR RPVHD SHEVACVETL SANGERQI GR FIADAMOKVGNEGYI TVEE-NEGLE TEVEY VECHQ FDRGY LSPYFVINADEM TRE LDDVY ILLHEEKLSS LO-PMVPL
CHE(_RHOCR IDL-ATTTVVEATKRLL RPVED SDEVACVETT SANGELOT GR FILDA SQKVENEGYT TVEE- NEGMD TEVEY VECHO FDRGY LS PYF VTN PDEMIAD LEDAY ILTHEKEKLSS L -PHVPL
CHE1_BRLJR IDL-AVEATVND LEAHAKEVTTHEETAQTATT SANGD I EIGR FLADAMOKVENDGV I TVEE- RBESLD TELEV VECHO FDRGY ASPYFVINARKMEVEFEDPY ILTHEEE LS TL-SHLPL
CHEE_RHIME IDL-AVDAVVEELENNA RKISKNSEILCVETI SANCD TEI PR Y LA RAMEKVCNECVI TVEE- AKX TRE TELEV VECHOFDREY LEPYF I TMODEMEVE LEDDY ILTHEFKLEN LO-AM LIV
CHEO_ECOLI IDHKAVTARVERLKALE VP CED EKATACVETI SANSED BTV LIARANDKVOREFVI TV EL G THELQDELDY VECHO FDRGY LEPYF INKP ETCAVELESPFILLADEKISH IR-EM LIV
CHE(Q_BORBU IDH-AVN LAAEK TROEAKKITTKEEIACVAS T SANMD SV I CEKIARANDKVOFDEVI TVEE- SKTFD TTISY VECHQ FDRGY LEPYF S IMKENMEVH FLDAF ILIVEKKISS IK-ELLEV
CHSO_LEFIN IDK-AVTAAVES IQKRAVEIENFFDIANVAST SANNDNTI PN LIADANDEVOFEDEVI TVEE- AKSIE TTLDV VECHO FDRGY IS PYH VIDARSHYATLNDP FILIVDEKI SSHE-DLIHI
CHE(_THEME IDK-AVEKAVERIKKVSKELSGREDIAHVAAL SAN-SARI ?ELIARAMDEVYG EDGFVI TVED- SKETLE TV VEF TECHO FDRGY IS PYFVIDARKMEVY LKEPFILI T RELSAVE-FLIPI
CHE0_THETH IEK-AVEAARVEKTKALA IPVED RKAIREVATI SAN-DPEVFK LIADAMEKVGEEGII TVEE- SKELE TELKF VECTQFDKGTY ISPYFVINF ETMEAY LELAF ILIVEKKVSHVE-ELLPT
CHE1_STHVL IDK-ATO FLVEK TAEHA RPVED SKAIACVART SAGHD BEVFRMIADANDEVGEESVI SLEE- AKSMTTELEY TECHR FDEGY ISPYFATDTERMEAY LDEP FVLV TDEKI TLVO-DLVPI
CHE1_SYHT2 IDK-ATD FLVARIKEHAQPVCD SKAIACVERL SAGHD BEVAOMIANANDEVGQEGVI SLEE- GEEMTTELEL TECHR FDKGY ISPYFVIDAERMERY LEDPRILI TDEKINLVO-DLVPI
CHEO_CYLPR IDR-ATQEVVETTARHAKPVED SRATTOVAST SAGNDDEVEEMIADA TEKVEEEGVI SLEE- CES TTTELET TECHR FDEGY ISPYFVTDP ERMEVIQKDAM FLT TDEEKTI TLVQ-DLVP T
CHEO_GRLEUT IDK-ATQFIINKISEYS RPVEDNEAITOVATL S5 GND ENI CEMIADA IEKVZ RECVI SIEE- GRS TTTELEI KECHK FERCFY ISPYF VIDSDRMEVVOENAS VLI TDEKI TLVQODLLEV
CHEO_PORDU IEK-ATNFVVEKIAEYAKIVED TIRIVOVAS I SECHDAEV K MIADA IDRVE REFVI ELEE- GFKE TS TELEI TECHO FEKGF IS PYFVIDLD RMEVLOENDF ILFTDEKI TLVOOELVEL
CHE2_SYHVU MEK-ATKTIVDRIAEVAKIVER -DHIACVATV SAGHD PEVEAMI S BAMAKVOFDIVI TI EE- SKE L TEMEI VECHQ FDRGY IS PYFVIDP ERMIVO LMMAY LLLTDEKITE IQ-DLIPT
CHE2 EYNYZ IEK-VITFLVQEIEAVAKIVED - SATACVATV S5GHD P EVCAMIADANDKY TEDEVI TVEE- SKE LN TELEY VECHQ IDRGY ISPYF ITDEDRQLVEFDMDLILI TDEKISA TA-ELVEV
CHE2_MYCLE IEK-AVDEVTIETLLFDAKEVETKEQIAATAAT SAG-DQSIGD LIARANDEVONEFVI TVEE- SHTFC LoLEL TECHR FDKGY IS Y FVIDARRQEAV LEEPY ILLVS SK¥VSTVE-DLLPL
CHE2_MTCTI IEK-AVEKVTIETLLEGAKEVETKEQIAATAAT SAG-DQSIGD LIARAMDEVGNEGVI TVEE- SHTFC LoLEL TECHR FDKEGY ISGYFVIDP ERQEAV LEDPY ILLVS SK¥STVE-DLLPL
CHEO_MYCPR IEK-AVEKVTIETLLESAKEVETFDQIAATAAL SAG-DOSIGD LIARAMDEVGNEGVI TVEE- SHTFC LoLEL TECHR FDKEGY IS Y FVIDAERQEAY LEDPF ILLVS SK¥STVE-DLLPL
CHEZ_STRAL IEK-AVEAVSSALLEQARKDVETKEQIASTASI SAR-D TRIGELIABANDEVGREGVI TVEE- SQTFG LELEL TECHR FDKGY ISATFATDHERMERS LDDPY ILIVHSKIGHVE-DLLPL
CHE61_STRLT IDA-AVALAVSEDLLATA RPIDEKSDIRAVAAL SAQ-DOOVERELILEAMDEVEEDGYI TVEE- SNTFG LELDF TEGHA FDEGY RLRLLRTDQERMELY LDDPY ILTHQGKTISS TR-DLLPL
CHE1_STROD IDA-AVAAVSEDLLATARPIDEKSDIAAVAAL SAQ-DOOVEELILARAMDEVEEDGV I TVEE- SNTFG LELDF TEGHA FDEGY LS PYFVTDQERMEAY LDDPY ILTNQGEKISS TA-DLLPL
CHE1_STRAL IDA-AVAAVEAELLDTR RPICDKSDIAAVAAL SAQ-DEOVEELIABAMDEVZFDEVI TVEE- SNTFC VDLDF TECHA FDKCY LS PYM VIDQERMELY LDDPY ILTHQEKI @S IQ-DLLPL
CHEL1 MYCLE ISK-ARDAVSEALLLVA TPVACKDAI TOVATV S5 R-D EQI A LV CEGHNIY ¢ TDIVY EVEE- S8 TLD TELEF TECY GFDECF LEATFVIDFDSQOAY LDDD LVLIHOEKISS LP -EL LPH
CHEL_MYCTU IGK-ARDAVERALLASA TPVECKTPIACVATV SER-D EQICD LVCEAMEKVOHDIVY EVEE- S8 TLG TELEF TECI FFDEGF LEATFVIDFDNQOAY LEDALILIHOOKISS LP-DLLPL
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Chapter 2

LEQ¥V¥D-QF-KP ILIIR EDVEG ERLATLVVNE LEGTFHAVAVELF GF CDRERKAMLED TRILTFFEVI T- EDL GLDLK SANT TOLERE SKVVY TREN TTIVEG - - RGESDRIAARVHQ TEL
LEQVV-QC-FI LLLIA BDVEC BALL TLYVNE LECTFNAVAVEL P CF CDRRKAMLED TAVLTCCEV I T- EDLCLDLE S TOI R QLR SEVV Y TENTTIVERZ - - ACETDK IS ARVIOIRL
LEQVVQ-QF-RPMLIIA EDVED EAQATLVINK LEGTFHVVAVELD GF CDRRKAMLED TAVLT?RVI T- EDL ?LELK TA TVDQLA TR NEVYY TFDD TTIVER - - ACDETRI S ARVHQ TRA
LEQ¥V¥D-QF-RPMLITA EDVES EAQATLVLINK LEGTFHNVVAVELP GF CDRRKAMLED TATLTFFIVI T- EDL GLELK TA TYD QL TR NEVYY THDD TTIVER - - AGD S TRI S ARVHO TRA
LEQVVO-QF-RP LLITA BDVEG BALA TLYVNE LEGTFHAVRVELP F CDRRE AMLED TAT LTFFEVI 5 - EELGRELK S TTTL SLERA SEVVY THETTTIVER - - AGD SKRTKARTHO TRE
LEQVVQ-QCF-RP LLITA EDVEZEALATLVVNK LRGTFHAVAVELD GF CDRRKAMLED TATLT?FEVI 5 - EELPRELK SATIA SLARA SKVVY TKEN TTIVER - - ACDEKRIKARINQ TRA
LEQVVQ-AS-RP ILIVADEVEGDALTH IVLNRMRGTF TRVAVELP GF CDRRKAMLED LAT LTFACYVI T-CDLALELKDAS LDPMLA TR NEVEY TRDHT TVVD? - ~-HGD ENNID ARV GO TEA
LEQILE- TN-RP LLIVADDVDG ERLF TLVLNK IKGVFNVVAVELP GF CDRRKAQLED LAILTFFTVI T- EELGLDLK DA TLEALGOR AKA TV DKDHT TIVER - - ARG5S ADATS DRVAI TEL
LEEVLE- IN-RP LLITADDVDC BALP TLVLNE IRCTFNVVAVELP CF CDRREAMLED TAT LTCRTVI T- EDLCLELK DA TMTALGOR 3 KT TV DFDE TVIVER - - SRS SEATANRIAL TES
LEQIVQ-QF-KKLLITADDVES EALATLVVNK LRGTFHCVAVELD GF CDRRKDHLED TATLT?FEVI £ - EEL CKDLEKDVEVEDL?EA EEVEI SKENTTIVH - - RCDEEATHDRVAQ IR
LEQIVD-AG-KKLLIIADDIES EAMTTLVVNE LEGTF TCVEVELP GF CDRRK EMLOD TATLT?EVYV L 5 -DEV GFDLE EA TLDMLEER ESVEY THES TTIVH G- - RGN SEEIKNRVHO TEL
LEQTVO-QF-FEKLVITA FDVEG BALATLLVNE LEGTF TCVAVELP GF GDRREAMLED TAT LTFFIVI T- SDLALELK D TTVEQLERE ROVEVOKEN TI TVDZ - - AGD PEETOHRTAS TES
LEQIVQ-QF-FKLLIIADDVEZEALATLIVHNK LEGTF TCVAVELD GF CDRRK EMLOD TATLT?RVI 5 - EEL FYDLEDVRLDMLARA ROVEY TKET TTIV?Z - - ACD PE EIKKERVHQ TEL
LoOVAE-S@-RP LLITAEDIBG EALATLVVNRIRGGFRVCAVELP GF GCDRRKAMLED TATLT?RLI 5 - EEL PHKLENAS LAMLAKAFFVIV SKED TTIVER - ~-MGEKEALD ARCES TEK
LOOVAE-SG-RP LLIIREDIEGEALATLVVNR IRGGFRVCAVELF GF CDRRKAMLED TRILTFFLI 5 - EEL CHKLENANLA MLFKRERVIV SKED TTIVER - ~-MGEKELLEARCES TEK
LoOWAE- SC-RI LLITABEIECEALA TLVVNRLEAGF RVCAVEL P CF CDRRKAMLED TAT LTCRAOLY S - EEL CHKLEN TTLA MLCKR FEV IV THEDTTIVE(R - - LENEPDIO A RCTN TEE
LoOVAE-SG-RPLLITAEDIEGEALATLVVHNR LEAGFRVCAVEAD GF CDRRKAMLED TATLT?RLI 5 - EEL CHKLEN TTLAMLAKAFKVIV EKED TTIVER - - LS KEDIESRCES TEK
LES¥IQ-30-KP LLIVAEDVEG EALATLVVNE LEGGLEIARVELP GF CDRRKAMLOD TATLTFRIVI 5 - EDL GHKLENV TIDMLERA KKV S INFDN TTIVD 7 - - AGEKAEI EARV SO TR
LEAVIQ- SQ-KP LLITA BDVEG BALATLVVNE LEGGLETARVELP GF GCDRREAMLOD TAT LTFRIVT 5 - EDLGHELENV TIDMLERAFET S THKDH TTT VDN Z - ~-NEDEARTD ARVAQ TR
LEAVIQ-ET-RPLIIVAEDVEGEALATLVVNK LEGCLEIAAVELD GF CDRRKAMLOD TAT LTV I 8 -CDL CHKLENV TLDMLARAFKV TT SKEN TTI VD2 - ~-HCDEAEINARVAHIRT
LEAVVQ-S@-KP LLVVA EDVEG EALATLVVNR LEGGLEVARVELP GF GCDRRKAMLED TATLT?R0AT 5- EDLAIKLENV TLEMLARAFKVY IDKEN TTIVH @ - - AFS EEDI BEARV T TEM
LEAV¥Q-SCG-KP LLIIR EDVEG ERLATLVVNE LEGGLEVARVELF GF CDRRKAMLED IRILTFFTVV 5 - EDLGIKLE SVILDMLERREKVS I EKEN TTI IDF - - RGS KADIEGRTRO TR
LEAVAME AC-FI LLITA BDVECBALL TLVVN THRCIVEVALVEL P CF CDRRKAMLOD TATLTCRTVIME EEI CHELEFA TLEDLGQR KRV INKDTTTL IDE - - VEEER A TO CRWACQ TRO
LEKVLO- TN-KP LLITAEDIBGDALRA LVINEVRGALEVCAIKE P OF CDRRKAMLED TAVLT VLI - EELCLTLE TVEIEQLAA KTIKVDFDN TTI IN TCNEEQTKERSEL KK
LEKVAQ-AG-KPLVIIS EEVEGEALATIVVNTLEKTI SCVAVELP GF CDRRK SMLED TATLTFRIVI 5 - EDL GHKLEN TTLOMLERANKY TYDREN TTL IEG - - KGR TKEIQ GRIGD TEK
LEEVALQ- T7-KP LLVIA BDVEG BEVLTTLYLNK LKGTLOS CAVELP GF GER RE AMLOD TAT LTRRVA S - EELGINLEDLTLEDLARADLVEVEFDETI T I 77 - - KD PEATK KR TAQ THL
LEQVAQ- T?-KP LLITA EDVEZEALATLVVNK LRGTLESVARVELD GF CDRRK EMLFD TAAVT?RTVI 5 - EEL FKLEMATLE MLARA ERVRI TFDETTIV?Z - - KK KEDI EARIMG TEK
LEQVAR-AG-KP LVITAEDIEK EALATLVVNR LEGVLNVARVELF GF GDRSKAMLED TAVLTAGVI A- EDA LELENAKLDHLGKA RRI TT TKDHTTIVA. ECNEKAVEARCEQIRE
LEQVAR-QF-KP LLITR EDIEK ERLATLVVNR LEGVLEVARVELF GF CDEREOMLED TATLTG VI 5 - EDA GLELE SATVD SLESA RRINT TRDHN TTIVA. EGNERAVKSRCEQIRE
LEQWVAR-AR-KI LFITAEDIEK BALA TLVVNE LECHLNVEAVEL P CF CDRRF AMMOD TAVLTN TOVI S - BQTCLRELD ST LD WLEKR ROVH T THDTTTVIL. ECNEECVEARCEJIRE
LEQIAK-TM-KPLLITAEDIEK EALATLIVHNKLRGILNVVAVEAP GF CDRRKSILED IATLTFOLI T- EDA CLELDEVDLE MLAOANKV IVNEES TTIIS
LEQIAK-T3-KPLLITAEDIEK EALATIVVNELEGILNVVAV RAF GF GCDRRK SLLEDHSILTFRLVI T- EDAGFSLD TVOLDHLGKA REVYY THDS TTL LA
LERVAR-SGF-RP LVITA BDVEG BALATLVVNE LEGVLNVVAVELPAF GERREAMLOD TAT LTRRIVT 5 - EEV CLTLEDVELTMLGER 5 SV TV THDTTI LV S - - EKGHEADTOFRVED TG
LEAVAR-AG-RPLLITAEDIEGEALATLVVNKARGVLNVARIKAPAF CDRRKAVLOD TATLTRREVI 8- EDI CLELD TVE LD L A0A VEA TL EKDN TI LVAGADER. VK ERIEQLRK
LEKVIQAG--KS LLIIAEDVEZEALS TLVVNEIRGTFESVAVELP GF CDRRKAMLODHAT LTRACVI 5- EEV GLTLENTDLS LLAKA REVVH TFDETTIVER - -ACD TDAIA GRVAQIRT
LEKVIGRG--KP LLIIREDVEGEALS TLVVNEIRGTFES VAVELP GF CDRRKAMLODHAT LTFRIVI 5 - EEV CLTLENADLS LLFKR REVYY TRDETTIVER - - RGD TOAIR GRVAQ TR
LEEVIQLG--KI LLITA BDVECEBALE TLVVNE IRCTFESVAVEL P CF CDRREAMLODHA T LTCR0VI S - EEVCLELESADIE LLGKR REVVY IFDETTIVER - - ACDEDATR CRVAQ TRT
LEKVHQE G--KP LLITAEDVEZEALE TLVVNK IRGTFESVAVELD GF CDRRKAMLGD TATLT?RTVI £ - EEV CLKLEMACLD LLARA REVV I TFDETTIVD? - - ACD TDOVH GRVAQ TRA
LEKVIQANASKP LLIIA EDLES EALS TLVVNOIRGTFHAVAVELP GF CDRRKAMLODHAVLTFATVI 5-EEV CLELD OV ELEVLETA RRI TV THDD TTIVDZ - - PGERDEVOQARTAQ TEA
LEEVIQANLSKP LLITA FDLEGBALS TLYVNE IRGTFNAVAVELP GF DR RE AMLODHAVLTFATVT 5 - EEV CLELDOVELEVLETRE RRT TV THDD T TT VDNZ - - AGK RDEW) GRTACQ TEL
LEEVIQAGREKP LLITA EDVEZEALE TLVVHNK IRGTFHAVAVELD GF CDRRKAMLGDHATLTCATV I A - EEV CLKLD QA LD VLATA RRVTY TFDD TTI VD Z - - GEN AEDVO GRVAQ TEA
LEKVTES G--KP LLIVAEDLEZ EALATLVVNS IRKTLEAVAVES PFF CDRRKAFLED LATV TRV VN -PETCLYLE EV@TD VLASA RRVVY SKDD TI IVD R - - PGPS HDAVAKRVHQ LEA
LEKVACTG--KP LLIVR EDVEG ERLATLVVNAI RKTLELVAVEGPYF CDRREAFLED LAVY TR VVH-PDR GHVLE EVFLEVLES R RRVYV SKDD TVIVDZ - - GFTRERVANRLKH LRL
* * ok % wE g

SrneTer WD P pradt 3 s R P R £ T Kl : 4

QIBEETTS DFD-KEKLOERLAKLAGEVAVLKV AL TETENKER KLEIEDALNE TRAAV EECIVAGGCTALVH - -VIKAVESIC - -AECDEATEVHIV, O IAMNAGLEGS VIV
OV ERTTS EFD-k BKLORERLAKLAGEVA VIV AL TRT] DTLHMA GLEGS VIV

M EETTS EFD -k EKLOE RLAKL A GOVAVVEV AL TET] D IAHMAGLEGS VIV

M BETTS EFD-F EKLGE RLAKL A GEVAVVEV FALTET] D IZMNAGLEGS VIV
QLEETTS EFD-REKLOERLAKLAGGVAVIKVGALTETELKERKLEIEDALNS TRAAV EEGI GAGGCTALMY - - THNKVARLIE -~ -AEGDEATFVEIV DIRONAGLEGSIIV
QLEETTS EFD-EEKLOBERLAKLACCVAVIKVZAL TETELKERKLRIEDALNE TRAAVY EECIVACCCTALMN - - VVSKVALIE -~ - AE CDEL TEVE LT, DIAOTR CLEGS LIV
QIEETDE ECD-KEKLOERVAKLAGIVAVIEVZALEDT] DIAEMAGLEGSIIV
I BKTTS DFD-R EKLGERLAKL A GEVAVVEV GALTET] DIABNAGYRGSVII
QLETTTSDFD-RF BELORRLAKLAGEVAVIKVFAP TETELKENKLETEDALNA TRAAY BEGT VARG TALTT- -VIEKVAALE -~ - LEGLDA TERNT T DTATHA GYRES VW
QIEETTEDFD-REKLOERLAKLAGIVAVVIV ZALCETELKERFHRIEDALAR THAAV EEGI I AGGOTATIN - - VLD EVRELTE-DED -DVQV @INIT DIAAMAGLEGEVII

LEATTS EFD-KEKLOERLAKLAGEVAVVEV AL TETELKES KLRIEDALAA THALV BRIV P FRPTATVH - -VINEVAKLTS-DIQ -DEGV @INIT OIAMNAGLEGSVII
QIEBEETTSDFD-REKLOERLAKLAGEVAVIOVCAL TETENKEK KELEIEDALAR THAAV EEGIVAGGCTALVY - -VIPKVARVLD-TVS GDERTFVQIT DILENRGLEGS VIV
QIEETTEDYD-RENLOERLAKLACCVAVIOL A TRETELKEK FHRIEDALLL THALV EECIV I ARCIALIN - - VIEDVOEVV D- S LE CDFETCAKTT, QILTHL CVDEE VIV
QIEDETEDVD-KEKLOERLAKL EGOVAVIRVZALTET DIZAMAGKEGAIIF
QIEDSSSDYD-KENLOERLAKL S GEVAVIRVFALTET OIAANAGKEGRAIIF
QT EDSTSDVD-KBELOR RLAKL SGEVAVIRV AL TR BMKEK FDRVD DROHE TTAAY BEGTLP RGTALVYR- - CTP TLEAFL PMLAN EDEAT ?TRTT OTLSHAGKEGRTITC
QI ELETEDVDL-KEKLOERLAKL S GOVAVIRV AL TET EHKEKKDRVD DAQHR TLAAV EEGILP GGOTALVR- - CIDTLEAFI PILTH EDEQI GARTV. DIZAMAGKEGAIIC
QI BETTSDVD-REKLOERVAKLAGIVAVIRVZCHTEL EVEERKDEVD DALNA TRAAVOEGIVV GV ALVO- - FAKY LEFLS G- -ANSDODARIATT D IAENA GVDGAVVE
QIEBETSSDYVD-REKLOERVAKLAGEVAVIRVGCHTEY BEVEERKEDEVD DALNE TRAAVOECIVV GGV ALIO- - FEEL LDGLTE- - EN PDONA GITIV. DIRONR GVDGESVVE
QI EETTEDYD- R EKLORE RVAKLACCVAVIRVZCHTEV BV ERFDRVDDALNA TRAAVOECT I VRAREV ALV - - AR LNDLTE- - AN SDODA IS TV, D ILEML CVDER TV
QIEETTEDVD-REKLOERLAKLAGIVAVIRVZCATEY EVEER KDRVD DAMHA TRAAV EEGILP GOCVALLR - - FLEA LDATK T- - VHADOKA VDIV, IVOMA GEDGE LY
QIBEETTSDYD-REKLOERLAKLAGEVAVIRVZGS TEV EVEEKKDEVD DALHA TRAAV EEGILP GGGV ALLR - -AVEA LDGLK T- - ANNDORVY VDLV, DIAENAGAEGSIIV
0T ERATS DYDME BELORE RVAKLAGEVA VIV AL TEV BMKEK KL RVEDRLHA TRALY BEGVV LFEEVALTRM VASK - LADLE G- - O BEDONV GTEWL TIVLMCGEEPS VWL
QI EDETE EVD-KEKLOERLAKLVGEVAVINY ZAVTEY ELKEK FHRVEDALSA TRAAV EECVV P GG0E TLIE- - VAMY LD TID TSKLE TEEKQ CFEIV] DIIEMAGFEGSIVI
QI EDTTS EVD-R EKLOERLAKLAGEIVAVIHVZALTEY EMKEK KA RVEDALSA TRAAV EEGIV P FOCL TLLE. —--AQEAVRSLELD FDEATFAKIT HITSHAGLEGS VIV
QIEBETTS EYE-KETLOERMAKLAGEVAVIKV AL TETELKEKFHRIEDALSE TRAAV EEGIV P GGGV TLLR- -AREAVERVI BE- ELE GDERT GRQTV DIAENRGYDGRVII
ELETIDE EYA-REKLOERLAKLACCVAVIRV AL TETELKEK FHRFEDALNA TRALY EECIV P 2P0V TLLE- - AISAVEELI K-KLECDEL TCAKTY, QILEMLCYECEVIV
QIEETDE SVD-KEKLOERLAKLAGIVAVIKV AL TETEMFDRKLELEDAINA THAAV EEGIV P GGOTTLVH- - LADELENHAAEHLTPEELT GANTV. RIAEMAGONCGAIIV
QIBEETDS SYD-KEKLOERLAKLAGEVAVIKV AL TETENFDRELELEDAINA THAAV EEGIV P GG TTLAH- - LAPQ LEDHA TGN LEDEELTFALIY. k. IAENA GONGAVIS
QT ERTDS AYBE-KEBKLOR RLAKLAGEVA VIV AL TRETEMFDEKLELEDRTHA THALY BEGTV P FRFTTLAH- - LAT ELENWV QSN LEHERLT GEM T R IVEML GONGAVIL
QIEITDE EVE-KEKLOERLAKLAGCIAVIKV AL TETEMFDKKLELEDAINA THAAT EEGIV P GGCA TLVH- - LAND LFNHAKCVLE EDELT GALIV. R IVOMEGFNGAIVY
QIBTSDS LYE-REKLOERLAKL S GEVAVIKV AL TETEMFDKELELEDAINA THAAL EEGIV P GG0S THVH- - ISGELFVHAKNNLF EDELT GALIV R IAFHA GDNGRAVVY
QLAETDS EVD-KEKLOERIAKLVEEVAVIKV AL TETELKDRELELEDALNE THAAVAEGIV P GGGV TLLH- - LASRIDALLPSLE- PEEQTEARTY. D ILDHR GREGRVVV
EfaasDEDYD-KENIOERTAKLACCVAVIKVZAL TETELFDRKLRIEDALNA THALY EECIV I RO TTLIR- - LACK IESFEKAQLENDEERVARDTI T, QLLENL CVECE VIV
EIENZDEDYD-REKLOERLAKLAGCVAVIFACALTEY ELKERKHRIEDAV RN AKALY EECIVACOOV TLLOA R - PALDKLEL - TEDEATEANIV] TAFME GHEPGVVA
EIENSDSDYD-REKLOERLAKLAGEVAVIKAGALTEY ELKERKHREIEDAVRN AKAAV EECIVAGGEV TLLOAR - PTLDELEL - EGDEATEANIV] IAFHNS GLEPGVVA
BIENSDSDYD-REBELORERLAKLAGEVAVIKAGALTEY BLKER FHRITEDAVRN AKALY BEGTVAGGFVALLIHA T - PALDELKP - EFERL TEANTY TLFHGGLEPGVVL
EIENZDEDYD-REKLOERLANVAGCVAVIKACALTEV ELKERKHRIEDAV RN AKALY EECIVACGOVALLOA S - SVF EKLEL - EGDEATEAALY] IAVHRELEGCVVY
EIENTDSDHD-REKLOERLAKLAGEVCVIKVFALTEY ELKEREHRLEDAT SA TRAAV BEEGIV S FR05 ALVHAVEVLE GHLGK - TEDEATEFVAVY. HIAENP GLEFYVIT
EIENTDSDHD-REKLOERLAKLAGEYCVIKVFRALTEY ELKERKHELEDAI SR TRAAV EEGIV S FG0S RLVHA VEKVLE GHLGK - TEDELRTEVATY. HILENLGLEFYVIT
EIESTDEDHD-RENLOERLAKLACCVCVIRVZALTEV BLKERFHRLEDAT SA TRALV EECIV S GC0E ALVHL VEVLDINLGR — TCEDEL TEVATY HILEMLCLECY VIT
EIEVEDE EHD-REKLOE RVAKLAGEVAVIKV AV TETALFK RKEEVEDAVAR AKA ST EECI I AGGOE ALVOC A-AALKOLRTE - - LTFDEAL FIDVEF, HILTHA GLDGAVVY
EIDKSDSDHD-REKLGE RLAKLAGEVAVIKV AL TETALKER KESVEDAVAR AKAAV EECIV P GGCAS LIHQARKAL TELRA S- - LTFDEVL ZVDVEF, H IAAHE GLDGS VWY
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CHE(_BLCHD
CHEO_BACSU
CHEO_LISIN
CHEO_LISHO
CHEO_BROPA
CHEO_BACST
CHEO_STREP
CHEO_LACLA
CHEO_STRPY
CHE 0 CLOLE
CHEO_CLOPE
CHE 0 CLOTH
CHE0_ THEEBR
CHE 0 CHLMIT
CHE 0_CHL TR
CHEO_ CHLPN
CHEO_CHLPS
CHEO_PARDE
CHE1”RHOSH
CHE0_RHOCR
CHE1 BRALJA
CHES_RHIME
CHEO_EOOLI
CHE 0_BOREI
CHEO_LEPIN
CHE 0 THEMA
CHE0_THETH
CHE1”SYNVY
CHE1_STHT?2
CHEO_ CYAPL
CHE0_GRLET
CHEO_ PORPU
CHE 2 SYNVU
CHEZ_STHT2
CHE 2 HYOLE
CHE 2_MYCTU
CHEO_HYOPL
CHEZ_STRAL
CHE1 STRLI
CHE1 STRCD
CHE1_ STRAL
CHE1 MYOLE
CHE1_MYCTU

Chapter 2

ERLFFE--ELGF GCFH-AATCEHVHMVELCIVD P TEVTREALOHALEV SAMFL TTEAY TADKT EENE- G- CHIDMG CMECH GEMM - - ———— ————— ———
ERLFNE--EIFV GFH-AATFEH VHHI EKGIVD P TRV TRSALONAREVALNFL TTEAV VADEE EENG- A - CHIDHG CHEEH ek - -
ERLFHE- -AVEV GFH-AANGEH VHHIDAGIVD P TV TREALONAS EVALLLL TTEAVVADOD DEN - — I A -1 TTHME -MEGH kb -
ERLFHE--AVFV GFH-ARNGEH VHMIDAGIVD P TRV TREALONASSVALLLL TTEAV VADEP DEN- - GPA-AVIPDHMG -MGGH GHH - -
ERLFNE--KP?I CFH-AATGEHVDHI EAQIVD P TEVTREALONAA SV AAMVL TTEA CVADKTD EEMNE - GHMN-NHITHI - -
ERLKTE--KPFI GFH-AATGEHVDHMIELGCTIVD P TRV TRSALONARSVALMFL TTEAV VADKE EENE - GGHP GCHPDMG -

ER[FMHL- -EAGV GFH-AATMEHVHHLEEQIVD P TV TRIALOHAR SV AAWFL TTEAVVASIT EPEN-NEQ- - - P CHG —— - GH I MM - -
DELREE--EVCTCFN-AATCOHVHHIEECIVD PAKV TREALONARSVACLIL TTELY VANKD EPA—— AT AM PP -MD P SMEM FEMM - -
DR LENS - -PAGTCFH-AATFEH VDHIK TCIID PVEV TRSALQNARSVASLIL TTELY VANKP EPAT- PAPAM PAGHD P CH-H GFF- -
ERIINE--EKQ?I GFD-ALHEKY VDHLE VEIVD P TEVTREALONALEVASTFL TTECAVADID ERKDED EMP @GR MG — - — - GOHYT - -
EXVENS--DAGY GFD-ALRGEY KD IKAGTIVD P TRV TREALONARSVASTFL TTEAR VADTP EK—— - EMPQGA - GHG —— - -MDEHT - -
EEVHAS - —EP A1 CFD-AYHNENY VHHIEAGTVD PAKV TREALONARSVASHVL TTESVVADI D EE
EXIKALK -DPNF GYD-AYHEEF TDHFEAGTVD P TRV TRTALONAR ST ASHTI L TTREA I WVD I P EE
COVMERE -AN-BEYD-ALRDAY TDH I BACTI LD PANV TREALESARSVACSLLLTTEALIARI P EEPARAT A - - - — -MPCAGHLT -
OOVMERE -AN-ECTD-ALRDAY TDHLEACT LD PAKV TREALESAREVACLLLTTEALIAEID EEKPARLI A -
QOVLARS -AN-EFYD-ALRDAY TDHIDAGTI LD P TRV TREALESARS I ACLLLTTEAL IADID EEKS S SAPA -
OOVLERE -SE-ECYD-ALRDAY TDHIEACTID P THV TRCALE SAREVACLLLTTEALIADTIDP EEKSS SAPA -
CRVRESS -DEAF GFH-AQTEEY CLHFE FEVIDPARVY RTALEDARSVACLLLI TTEAN TAEKE EPFA- PAGRG - - - ~HP DM EEH G-
CEVREEN-EKSF CFH-AQTEEY CDHFE FOVID AW RTALEDAASVASLLI TTEAH TADKTD EPES - PARATD ?- -MEFMAEH DM -
GEVRESL-DPAF GFH-AQTEEY GLMFG FEVID PAKVTRTALEDARST AGLLT TTECH IAEKP EPEAR PAGE - - - —MG GMEFEH M.
GELLEMS -SYNH GFH-AASGEY D LAK ACVID PAR VY RTALODARSVAATL LTI TTEAL TARKD -KESEIAPA -
GELREEKT-EFSY GHN-AQTHEY CDLYAMGVIDPAKVY RTALODARSVAGLLY TTEAM TR FHP ~-KE-EALPA - - -~ LP RGEGEHDF -
HTVE-FF-DENY CTHMAATEEY GHHIDHGI LD P TV TREALOTARSVACIMT TTECH VTDLE FMDAADLGAL G FH M CHAEH GG -
HOTKTEK -KG-LEFD-ASSFEHVHHIESCITD PAKV TREALONAR ST ACLLL TTECA ITDIK EEENTE FFGE - - ~ TP MDD M GHM - - -
EHAKRKE - N -EGFH-ALTVHEDHIQAGVVD PARVY REALONARS T ?SHILTTEV TITUKE DEDAF HPMA CH G- 36 CHEEH M - -
ERILEND-DPAY GFD-ALRGEY CHHFERGIIDPAEVTREALONARST ACHLL TTEVL IVEKT EEFEETI SHEP - -
O ILARTENPRY GFH-AATGEF VDMV ELGIVD PARVTRSALONARST GALTILTTELV VAEKP EKKES TPASA G-
ERVHEKD —- FDV YD-A AFDEY VHHFDAGTIVD PARVTREALONAR ST ACHVL TTECT IVDET EPEENNT 4GS GACHE GDFDT ——
ERVHEKE--FNV GYH-AASLEY VDM LA LGTVD PAKV TRSALONARST AGHVL TTRCI VVDEP E-KEK AP LG - - -APGCDFDT -
EQVHDKD —-FNI GYH-AAMAGFVYDHFEACGTIVD PARVTRE FLONAR ST ACHVL TTECI VVDEA ESQOK AL SVH - - - —RHESFDT ——
DEIFNLD--FEICYD-ASTEKFVHHYESCIID PAKV TREALONAS ST ACHT L TTECL VVD EM RN E VR - -
EEVETND —-FCI GYD-ASHGKI VHHYDAGTIID PAR VA RSALONATS I AAMVL TTECI VVDEL EL
EMVRAGD —-FNY GFH-AATGAY EDLVE AGTID PAR VY REALONAGET ACHVL TTEALVVERTD EPE - ALP AN FCHOGHZ - — MM - -
EXVHEAT--GHQ FTH-VITFKI EDLIALGTIID PARVY REALONARS T ACGHVL TTEA L VVENP EPALP AMPDH G CHECHEEH @ FHEHN - -
EEVRENLE —-V{H LN -AATCEY EDLLK AGVAD PVEVTREALONARST AGLFL TTEAV VADED EKTAL PASDE TRCHG GHMDF- -
EKVENLP —-AGH GLN-AQTEVY EDLLA AGVAD PVEV TREALONARST AGLFL TTELY VADKP EKERA SV 5- GEDHMG GMDF- -
EEVREMED —-AGTCLN-AATCEY EDLIKACTAD PVEV TREALONARST ACLFL TTEAV VADED EFALR PAGCDD TRCHE GHMDF- -
EKVENLS —-VGHGLN-A AT VDM IL BT LD PAKV TRSALONARST AATLFLTTEAY TADKP EKRAR RA P 5- GHF GEDMDF-
SEVADLD —-K&Q GFH-AATEEY GDLVEAGVIDPVEV TREALENPAS I ASLLL TTETL VVEFK EEEED AL 07 - HSHLGHSH- - -
SEVADLD —-K& CFH-AATCEY CDLVE LGV ID P VEV TREALENAR ST ASLLL TTETL VVEFK EEEED RA G2 -HEH-GCHEH- -
THVABLD —-K @ GFH-AATCFEY CDLVEAGVID PVEVTRSALENARS I ASLLL TTETLVV EKF AEEEF ELZ- - HFH- FHEH.
DEVEFLD —- AFH CLM-A S TLEY GDLVADGVVD PVEVTREAVLNAZ SV ARMML TTETL VVLED A TERHD -
HEVSELF —-AGH CLH-VHTLSY GDLAL DGV ID PVEV TRSAVLNAS SV ARMVL TTETY VVLEP AKAFLHDH- -
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2.4 CONCLUSIONS

The M. tuberculosis genes, ¢pn60.1 and ¢pn60.2, were cloned into suitable
expression vectors and the resultant proteins purified over the Ni-NTA affinity
column. Size exclusion chromatography of Cpn60.1 and Cpn60.2 established the

oligomeric state of the proteins.

Sequence comparison of the M. tuberculosis Cpn60s with the other known
homologues identified a few natural amino acid occurrences in Cpn60.1 that were
otherwise conserved among all the Cpn60s. Mutagenesis of these residues in E. co/i

was carried out in order to assess their importance to the Cpn60.1 structure.

Exhaustive attempts to solubilize Cpn60.1 were made by expression of the
protein in the presence of different Cpn60s and other known expression strains.
Solubility was finally achieved by inclusion of sarcosyl during cell lysis. Both, Cpn60.1
and Cpn60.2 were purified to ~98% homogeneity.
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3.1 INTRODUCTION

Proteins play a large variety of important roles in the maintenance of life.
Structures and dynamics of these macromolecules provide information about their
molecular function. Crystallography is a tool that can be used to determine the three-
dimensional structure of proteins - an information that provides valuable insights into

the specific biological roles that these molecules play.

The first step towards X-ray structure determination is to obtain suitable
single crystals of the protein. Crystal growth can be achieved by obtaining a right
combination of different factors including protein concentration, ionic strength,
temperature, organic solvents, pH, cofactors etc. (Blundell and Johnson, 1976).

Crystal growth is followed by the measurement of intensity diffraction data.

The next major challenge in structural determination using X-ray
crystallography is known as the "phase problem". The phase problem arises from the
fact that the diffraction data contains information only about the amplitudes but not
the phases of structure factors. Over the years many methods have been developed to
deduce the phases for reflections, including direct methods, isomorphous
replacement, multi-wavelength anomalous dispersion (MAD) and molecular
replacement. The isomorphous replacement and MAD methods require collection of
additional experimental data that includes diffraction data on heavy metal soaked
derivative crystals, or collection of diffraction at different wavelengths on crystals
containing anomalous scatterers. The molecular replacement method utilizes

homologous structures to provide a set of initial, approximate phases.

Initial structure information can be obtained by calculation of electron density
by Fourier transforming the structure factor amplitudes along with their phases. For
more reliable information and finer details, however, the structure must be refined.

Refinement is the process of adjusting the model to find a closer agreement between
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the calculated and observed structure factors. The various refinement techniques

available are thus used to approach the final structure.

Structural studies of M. tuberculosis chaperonins combined with biochemical
analysis would enable us to understand the multiple functional roles of these proteins.
Structural analysis of M. tuberculosis Cpn60s was thus undertaken as a part of this
study. A combination of techniques was attempted for solving of the crystal structure

of Cpn60.2, which are described in this chapter.
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3.2 CRYSTALLIZATION OF Mycobacterium tuberculosis
CHAPERONING0s

Preliminary crystallization trials with the M. #berculosis Cpn60s were carried
out with different arrays of random conditions. 96 random conditions of Magic-96
(Hol and Sarfaty, personal communication) were screened at 4°C and 25°C. In
addition, the 96 random conditions of Straight-96 (Hol and Sarfaty, personal

communication) were also explored at the two temperatures.

Prior to crystallization, the proteins were suspended in a low ionic strength
buffer, 10mM Tris-Cl, pH 8.0. Crystallizations were set up using the hanging drop
vapour diffusion method wherein 2pl of the protein was mixed with an equal volume
of the reservoir solution. The plates were left undisturbed for 7 days for crystal

growth and then observed under the microscope.
3.2.1 Crystallization of Cpn60.1

Crystallization of Cpn60.1 was attempted at protein concentrations of 6mg/ml
and 15mg/ml. Initial trials resulted in extensive precipitation in a large number of

conditions.

As part of the TB Structural Genomics Consortium, crystallization of Cpn60.1
was sought at their facility. Crystallization of Cpn60.1 at a concentration of 10mg/ml
was attempted. While the protein precipitated in most of the conditions, crystals were
obtained in the following condition (Fig. 3.1).

Tris-Cl, pH 8.5 100mM

Lauryl di-methylamine N-oxide (LDAO) 0.5%

PEG3350 14.5%
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Figure 3.1 Crystal of Cpn60.1 obtained at the TB Structural Genomics Consortium Facility

Crystals appeared after a long incubation period of more than two months.

In an attempt to reproduce these crystals several crystallizations were set up
with minor variations of this condition at 25°C. The conditions tested, however,
resulted in precipitation of the protein. Further crystallization trials of Cpn60.1 are

underway.
3.2.2 Crystallization of Cpn60.2

Crystallization of Cpn60.2 was attempted at a concentration of 10-25mg/ml.
Preliminary trials did not yield any promising result with the protein getting
precipitated in most of the conditions of Magic-96 and Straight-96. However,
promising crystals were obtained in the following conditions with 14mg/ml of

Cpn60.2

HEPES, pH 7.5 100mM

PEG3350 25%

n-propanol 10%

Similar crystallization conditions were then screened varying pH, precipitant

and co-solvent concentrations and the plates left undisturbed for 3-4 days. Crystals

were obtained in 2 days that further grew to their optimal size in a period of 7 days
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(Fig. 3.2). Similar crystallization conditions have also been reported by Adir ez al.
(2002).

Figure 3.2 Crystals of M. tuberculosis Cpn60.2 Crystals were obtained in 25% PEG3350 and 10%

n-propanol at pH 7.5. These crystals were used for data collection at the BESSY synchrotron.

The crystals of Cpn60.2 diffracted to a resolution of 4A when exposed to the
in-house X-ray source. The resolution remarkably improved to 3.2A when exposed to

the synchrotron X-ray beam at BESSY, Berlin.
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3.3 X-RAY DIFFRACTION AND DATA COLLECTION
OF Cpn60.2 CRYSTALS

3.3.1 Data Collection at Room Temperature

Crystals of Cpn60.2 grown as described in the previous section were mounted
in glass capillaries and were exposed to X-rays. The intensity data were collected on a
MAR345 image plate scanner with the monochromatic CuKa radiation from a

Rigaku RU300 rotating anode generator operated at 40kV, 100mA. The crystals

diffracted to a modest resolution of 4A.
3.3.2 Data Collection at Cryo Temperature

Collection of X-ray data at cryo temperature of 100K offers a number of
benefits including minimization of radiation damage, an effective increase in
resolution limit and reduction of background scatter and absorption (Rodgers, 1997).
A large number of reagents have been suggested as cryoprotectants including

ethylene glycol, glycerol, glucose, MPD, PEG400 etc.

Crystals of Cpn60.2 were soaked in the artificial mother liquor supplemented
with PEG400 or glycerol as cryoprotectants. The minimum concentration of the
cryoprotectant was determined by flash cooling the cryoprotective harvest solution.
Visual assessment of the glassiness of the frozen solution was used to define the
optimum concentration of the cryoprotective agent. Further, the stability of crystals

in the cryoprotectant was assessed by their examination under the microscope.

In order to minimize possible non-isomorphism, crystals were allowed to
equilibrate in the artificial mother liquor supplemented with 35% PEGA400 for a
petiod of 1-2 hours. The crystals diffracted to a resolution of 3.8A but with a high
mosaic spread. Flash annealing of crystals has been shown to improve diffraction

quality and reduce mosaicity of crystals (Yeh and Hol, 1998). Alternate freeze-thaw of
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the Cpn60.2 crystals, however, resulted in a highly mosaic and poor diffraction. In an
attempt to reduce crystal damage, gradual increase in the cryoprotectant
concentration was performed. This was done by a serial transfer of crystals in
increasing concentrations of PEG400 ranging from 5-35% in steps of 5%. This step-
wise increase in concentration of the cryoprotectant improved the quality of
diffraction with a much reduced mosaic spread. However, these crystals too

diffracted only upto a maximum resolution of 3.8A.

Further, cryoprotection of Cpn60.2 crystals was attempted by a brief soak in
artificial mother liquor supplemented with glycerol as the cryoprotectant. A short
soak of a few seconds in 10% glycerol proved to be an ideal condition resulting in
diffraction upto 3.2A resolution on a synchrotron source with a reasonable mosaicity
(Fig. 3.3). X-ray diffraction data were thus collected using crystals soaked in 10%
glycerol for a few seconds prior to data collection. Data were collected at the BESSY

synchrotron using MAR CCD detector.

Figure 3.3 Diffraction pattern of one of the Cpn60.2 crystals covering 1° oscillation range The

crystals diffract modestly upto a resolution of 3.2A.
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3.3.3 Data Collection at Synchrotron

X-ray diffraction data for two Cpn60.2 crystals, Crystal 1 and Crystal 2, were
collected at 100K using the fast scanning MAR CCD-detector of 165 mm diameter.
The crystal to detector distance was maintained at 250mm for both the data sets. 1°
oscillation frames were collected covering a range of 180° and 150° for the two
crystals. The exposure time for each frame was 15 seconds. The data were processed,
scaled and merged with DENZO and SCALEPACK (Otwinowski and Minor, 1997).
When processed independently, useful data could be obtained upto a resolution of
3.5A for Crystal 1, and 3.1A for Crystal 2. Although Crystal 2 diffracted to a higher
resolution than Crystal 1, the data completeness was only about 90% through all
resolution ranges (Table 3.1). Therefore, both the data sets were integrated upto
3.0A resolution and then scaled together. The merged and scaled data were found to
be useful upto a resolution of 3.2A. Data collection and reduction statistics of the

two crystals and the merged data set are listed in Table 3.1.

Table 3.1 Data collection statistics of native crystals of Cpn60.2 Numbers in parentheses

represent statistics in the last resolution bin.

Crystal 1 Crystal 2 Merged Data

Space group P2y P2, P2y
a (A) 58.7 58.8 58.7
b (A) 113.8 114.0 113.8
c(d) 79.5 80.0 79.5
B () 94.6 94.6 94.6
Maximum resolution (A) 3.5 3.1 3.2
Matthews number 2.4 2.4 2.4
No. of unique reflections 14,325 17,404 17,489
Redundancy 33 (2.2 2.1 (1.9 5.0 (3.0)
Completeness (%) 97.5 (84.2) 90.9 (88.0) 99.5 (98.0)
Average I/0(I) 15.7 (2.0) 29.3 (1.8) 20.2 (2.6)
Ruerge (%0) 6.6 (36.1) 4.9 (29.0) 10.0 (41.5)
Range of the last 3.48-3.4 3.17-3.1 3.31-3.2
resolution bin (A)

Rinerge = 2 | Tt - <Iw>| / 2 | Tnwa |
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Inspection of (0 k 0) reflections showed very weak intensity values for k=odd
reflections, thus suggesting that the correct space group was P2; (Table 3.2). The
Matthews coefficient as calculated from unit cell parameters, suggested presence of

two molecules in the crystal asymmetric unit.

Table 3.2 Intensities of (0 k 0), k=odd reflections, in the merged data set

h k1 Intensity Sigma 1/Sigma
030 0.4 1.9 0.2
050 2.2 4.7 -0.5
070 -1.8 2.4 -0.8
090 -6.9 3.4 -2
o1 o 0.9 34 0.3
013 0 5.9 4.6 1.3
015 0 -5.7 3.6 -1.6
017 0 6 4.4 1.3
019 0 -6.4 7.8 -0.8
021 0 -10.4 7.9 -1.3
023 0 -10.1 6.8 -1.5
025 0 1.4 7 0.2
027 0 -22.8 12.8 -1.8
029 0 9.3 41.5 0.2
031 0 5.1 9.5 0.5
033 0 -2.8 9.6 -0.3
035 0 1.9 11.7 0.2

The possibility that the data could be twinned was ruled out by inspection of
cumulative intensity distribution, as shown in Fig 3.4. The cumulative intensity
distribution for both acentric and centric reflections matched well with the theoretical
pattern. ‘That the data were not twinned was further confirmed by 2rd and 4t

moments tests.
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No. of reflections (%)

Cumulative intensity (Z)

Figure 3.4 N-Z distribution of the centric and acentric reflections observed in the Cpn60.2
data The cumulative intensity is plotted against the number of reflections obtained for theoretical

acentric (—e—), theoretical centric (—m—) and the observed centric (—0-) and acentric (-V-).

Wilson plot analysis showed a typical distribution of intensities as observed for
proteins with a characteristic trough at 5.5A and a peak at 4.5A (Fig. 3.5). The overall
B-factor was estimated to be 88A2 although admittedly this estimation is inaccurate

due to the low resolution of the data.

In(<I=/Zf)
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Figure 3.5 Wilson plot for Cpn60.2 with data to 3.2A resolution The fall off of intensity values is

as expected for protein crystals.
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The data quality therefore appeared to be reasonable with no evidence for
twinning. All further work, including structure solution and refinement, was carried

out with the data merged from the two crystals.
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3.4 STRUCTURE DETERMINATION

One of the central difficulties in structure determination using X-ray
crystallography is the "phase problem". Different techniques are available for solution

of the phase problem. These include:

1. Isomorphous Replacement, requiring the attachment of heavy atoms to the

protein molecules in the crystal.

2. Multiple wavelength Anomalous Dispersion (MAD), requiring the presence of
anomalous scattering atoms within the protein structure. Incorporation of seleno-
methionine in protein provides the necessary anomalous scatterer for

determination of the correct phase angles.

3. Molecular Replacement, requiring the availability of the structure of a

homologous protein.

Simultaneous attempts to solve the X-ray structure of Cpn60.2 by the above
mentioned methods were made. Since Cpn60.2 bears high homology to GroEL,
molecular replacement was the method of choice for structure determination.
Attempts to solve the structure by molecular replacement were made with the
different crystal structures of GroEL available in the Protein Data Bank. Initial
attempts to get the correct solution, however, did not yield satisfactory results, as
discussed later. As an alternative, therefore, structure solution was attempted by the

methods of isomorphous replacement and MAD.
3.4.1 Isomorphous Replacement
3.41.1  Heavy Atom Derivative Screening

Determination of the initial phases of the crystal was sought by the method of

single or multiple isomorphous replacement. Numerous heavy atom derivatisations of
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the Cpn60.2 crystals were attempted. Heavy atom derivatisation was performed at
room temperature by transferring the crystal from the mother liquor drop to the
artificial mother liquor supplemented with the heavy atom. Concentrations varying
from 3mM to 10mM were tried for most of the heavy atoms with the exception of
Potassium lodide that was tested at 500mM (Table 3.3). The soak time varied from 2
minutes to 2 days depending on the heavy atom and the concentration used. In cases
where high concentration of heavy atoms resulted in poor diffraction, lower

concentrations or shorter soak periods were attempted.

Typically for each heavy atom soaked crystal, intensity data were collected for
10 frames of 2° oscillation each. The data were processed with DENZO/
SCALEPACK, and merged with the native data. %2 analysis was used to assess if
there were significant intensity differences between the native and heavy atom soaked
crystals. While y?2 values close to 1 suggested no heavy atom substitution, values

greater than 10 suggested non-isomorphism.

Results of diffraction obtained from the different heavy atom soaked crystals
are summarized in Table 3.3. Crystals that diffracted to a resolution less than 5A were

not pursued any further.
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Table 3.3 Conditions of various heavy atom soaks The remarks column lists if the heavy atom

data were pursued for further analysis, and the reasons for abandoning (poor resolution, i.e. less than

5A; non-isomorphism, i.e. high %2 values; or poor substitution of heavy atoms, i.e. ¥2<2).

Heavy metal Concentration S?ak M. 3X1'{11 um Remarks
(mM) time  resolution (A)
Cesium chloride 1 Shrs 7 Poor resolution
Europium chloride 5 30min 7 Poor resolution
Europium nitrate 5 Shrs 4.5 ><1
Gadolinium acetate 5 8hrs 4 Non-isomorphous
Gold tetra-cyano platinate 5 90min 3.6 y2<2
Lanthanum chloride 5 24hrs  No diffraction  Poor resolution
Lead nitrate 1 4hrs  Poor diffraction High mosaicity,
poor resolution

Mercuric acetate 1 Shrs 5 Non-isomorphous
Mercuric chloride 5 2 days 7 Poor resolution
Mercuric iodide 5 28hrs 4 Non-isomorphous
Mersalyl acid 2.5 30min 5 ><2
Palladium chloride 5 40min 7 Poor resolution
PCMBA 1 4hrs 3.5 Non-isomorphous
PCMBS 5 3hrs 3.6 Y2<2
Phenyl mercuric acetate 1 Shrs 3.5 Non-isomorphous
Potassium hexa-chloro 1 5hrs 6.5 Poor resolution
platinate
Potassium iodide 500 1min 5 x><1
Potassium tellurite 5 4hrs 4.5 High mosaicity
Potassium tetra-chloro 5 1hr 4 <1
aurate
Potassium tetra-chloro 5 28hrs 6 High mosaicity,
platinate poor resolution
Samarium chloride 10 24hrs  No diffraction  Poor resolution
Samarium nitrate 1 4hrs 3.5 Non-isomorphous
Samarium oxide 5 7hrs 4 High mosaicity
Silver nitrate 1 30min 6.5 High mosaicity
Sodium tungstate 10 24hrs 4.5 Not a derivative
Stannous chloride 5 3.5hrs  No diffraction  Poor resolution
Thallium chloride 5 4hrs 3.5 x>=1
Thallium nitrate 5 8hrs 7 Poor resolution
Uranyl acetate 1 30min  No diffraction  Poor resolution
Uranyl nitrate 1 30min  No diffraction  Poor resolution
Uranyl sulphate 5 S5hrs  No diffraction  Poor resolution
PCMBA: Phenyl Chloro Mercury Benzoic Acid; PCMBS: Phenyl Chloro Metrcury Benzene
Sulfonic acid
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Cpn60.2 crystals soaked in mercuric acetate diffracted to a resolution of 5A.
Merging of the derivative data set with that of the native resulted in Riso of 20.1% and
an overall %2 value of 5.5 suggesting a potential derivative. Difference Patterson with

|Fpu — Fp |2 as coefficients, where Fpy and Fp are the derivative and the native

structure factor amplitudes respectively, was computed. The Harker section in the

difference Patterson is shown in Fig. 3.6.
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Figure 3.6 | Fpa — Fp |2 Patterson Harker section Contours are drawn at arbitrary intervals.

A consistent set of heavy atom positions could not be obtained by analysing
the Patterson. Moreover, the heavy atom positions identified could not be refined

well in MLPHARE (CCP4, 1994). It was therefore inferred that these crystals were
either non-isomorphous resulting in a high Ris, or the heavy atom substitution in the

crystals was not sufficiently high to be able to detect the sites in the difference

Patterson.

As indicated in Table 3.3, for a large number of compounds or conditions

attempted, useful data could not be obtained for further analysis. Therefore, even as

the attempts to find more derivatives continued, structure solution was sought

simultaneously through MAD and molecular replacement techniques.
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3.4.2 Multiwavelength Anomalous Dispersion

The multiwavelength anomalous dispersion method for structure
determination offers some advantages over the isomorphous replacement method. In
this method all the required data can be measured from a single crystal and therefore
problems arising due to lack of isomorphism do not arise. Thus, phase determination
by the method of multiwavelength anomalous dispersion, using Selenium

incorporated crystals was undertaken.
3.42.1  Generation of Selenomethiony! Cpn60.2

Expression of selenomethionyl (Se-Met) Cpn60.2 was achieved by growth of
E. coli BL21 (DE3) harboring pET28.3GL2, in M9 minimal medium supplemented
with selenomethionine (as listed in Table 2.1 of Chapter 2). Single colony of the
transformants was grown overnight in LB medium supplemented with 30ug/ml of
kanamycin. 1ml of the overnight culture was gently centrifuged for 2 minutes at room
temperature and the cell pellet resuspended in 1ml of M9 minimal medium. The
resuspended culture was used to inoculate 1litre of M9 medium supplemented with
all amino acids except methionine at a concentration of 50mg/1 each. Methionine was
instead replaced with selenomethionine at the same concentration. Growth was
continued at 37°C and the culture induced with 0.2mM IPTG. Growth of the

induced culture was allowed for 16hts.

Purification process of the Se-Met protein was similar to that for the native

Cpn60.2 as described in Chapter 2.

3.4.2.2  Crystallization of Selenomethiony! Cpn60.2

Crystals of Se-Met Cpn60.2 were grown at conditions similar to those of the
native protein. The crystals of Se-Met derivatized Cpn60.2 were more fragile than the
native crystals and readily developed cracks when transferred to artificial mother

liquor.
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3.4.2.3  Absorption Edge of Selenomethiony! Cpn60.2

A fluorescence scan of the Se-Met Cpn60.2 crystal was measured in order to
determine the absorption edge of the anomalous scatterer. Comparison of the
fluorescence scan with the theoretical anomalous scattering coefficient of Selenium
showed that maximum in f’ occurred at 12,660eV as expected. The fluorescence scan

thus confirmed the incorporation of selenomethionine into the protein (Fig. 3.7).
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Figure 3.7 Fluorescence scan of selenium (a) Experimental curve of Se-Met Cpn60.2 The red
curve shows fluorescence of selenium as a function of incident energy, while the blue curve

represents the first derivative of the fluorescence curve. Maximum in the derivative curve represents
the inflection point, where the ' component of the absorption curve would be minimum. The
maximum in the red curve represents the maximum absorption coefficient, where " would be
maximum. (b) Theoretical cutve Theoretical scattering coefficients, f and ', of selenium showing

the maximum f"’ at 12,660eV.
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Se-Met derivatized crystals of Cpn60.2 were exposed to the XRD1 beam at
ELETTRA, Trieste. The Se-Met crystals, however, did not yield a good diffraction,
resolution being limited to 6A. No useful data could thus be collected with these

crystals. Structure determination through MAD was thus not pursued further.
3.4.3 Molecular Replacement

While structure solution was being attempted by isomorphous replacement,
exhaustive attempts were also made to determine the structure by molecular
replacement. Matthews coefficient had suggested presence of two molecules in an
asymmetric unit. Calculations of self-rotation function to establish the non-
crystallographic symmetry were performed in different resolution ranges and using
different radii of integration. The self-rotation functions showed distinct peaks for
k=180° along the a- or c- directions (Fig. 3.8). These peaks typically were 5 levels

above the mean value.

Figure 3.8 A representative self-rotation function plot at k=180° The rotation function was
calculated with a radius of integration of 27A in the resolution range of 8 to 3.2A. The map is
contoured at equal intetvals of 0.50 starting from 26. The strong peak at ®=90° and ¢=90°

corresponds to the crystallographic two-fold axis along the b-direction.
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The two peaks correspond to the two pairs of non-crystallographically related
molecules in the unit cell. Thus, the non-crystallographic symmetry could be

established through self-rotation function.

M. tuberculosis Cpn60.2 shares 59% sequence identity with the E. ¢/ and
Paracoccus  denitrificans Cpn60s. Structure solution of Cpn60.2 was attempted by
molecular replacement using the AMoRe package in the CCP4 suite (Navaza, 1994).
Poly-Ala coordinates of the monomers of available crystal structures of E. /i Cpn60
(GroEL) and that of the P. denitrificans Cpn60 were used as the search models.

Temperature factors of the available coordinates were left unaltered.

The GroEL molecule has approximate dimensions of 72 x 60 x 54 A,
Molecular replacement calculations were attempted with radii of integration ranging
from 25 to 35 A. The models were placed in primitive triclinic unit cell of
dimensions 100 x 100 x 100 A, in order to prevent overlaps between translation
related molecules. Different resolution ranges were tried in rotation function
calculations. Typically the best solutions were obtained in the resolution range 20 to 4
A, As suggested by Navaza (1994), correlation coefficient between Fobs and Feue (in
P1 unit cell) is a good indicator of the rotation function. The solutions were hence
sorted on the basis of correlation coefficient between Fops and Feae. The top 100

solutions from each rotation function were subjected to translation searches.

Translation function calculations were performed using either the Crowther
and Blow method, or correlation coefficient searches as available in AMoRe.
Translation searches were attempted in different resolution ranges varying from a
lower limit of 30A and upper limit of 4A. In many of the translation searches, the
structure factor amplitudes were sharpened with B-factor upto 90A2. The space
group of Cpn60.2 being P21, placement of the first molecule was sought only in the
x-z plane. Due to the possibility of choosing multiple origins in this space group,
searches were limited to 0-0.5 in the x-, and 0-0.5 in the z-directions. Position of the

second molecule was searched in the entire asymmetric unit, since the origin was
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determined by the prior placement of the first molecule. The translation searches for
the second molecule were performed for all the remaining rotation function
solutions. Validity of translation search was assessed by discrimination between the
highest and the next highest peaks, and also by inspection of packing of molecules in

the unit cell.
3.4.3.1  Search Models for Molecular Replacement

Molecular replacement was attempted using the different models available in
the PDB (Table 3.4). The models vary in the relative orientation across the various

domains in GroEL subunits.

Table 3.4 Crystal structures used as search models for molecular replacement

Model PI%B Res(oﬁ)ztmn Details of the model Reference

E. coli GroEL laon 3.0 Asymmetric complex with GroES (Xu efal, 1997)
and ADP.  GroEL coordinates
available in two forms: ¢s (GroES
bound state) and #ans (uncomplexed

form)
E. coli GroEL 1grl 2.8 Uncomplexed GroEL Braig e al., 1994
E. coli GroEL loel 2.8 Refined coordinates of uncomplexed Braig e al., 1995
GroEL
E. coli GroEL 1kp8 2.0 Complex of GroEL with ATP-K*- Wang and
Mg+ Boisvert, 2003
P. denitrificans liok 3.2 Fukami ez a/., 2001

Cpn60

Cross rotation searches were performed in a primitive triclinic unit cell as
described above. However, for all the models used in these searches, the signal/noise
ratio for the different solutions was indistinguishable. Identification of the correct
solution was therefore difficult. The best cross rotation solutions obtained with the

different models are listed in Table 3.5.
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Table 3.5 Cross rotation solutions from AMoRe for the different search models a, [, y
represent the orientation as defined by the three Eulerian angles. The solutions for each model are
sorted according to the correlation coefficient (CC_F) as explained in the text. RF_F is the R-factor
of the solution. The corresponding signal to noise ratio is listed in the last column, while the highest
signal/noise ratio of the rotation function is indicated in the second column. It is apparent that the

highest signal to noise ratio peak did not correspond to the best correlation peak.

Model fziﬁ;’ a® PO w9 CCF REF Signal/noise
trans-GroEL (laon) 42 122 84 187 445 559 3.2
236 90 50 445 563 2.8
62 90 18 444 560 23
307 90 229 442 562 2.8
116 88 30 441 559 3.1
cis-GroEL (laon) 44 119 84 205 440 556 24
79 67 213 440 557 35
206 75 209 440 553 2.9
111 88 218 439 561 3.1
104 68 36 437 556 25
1grl 49 80 79 25 449 555 3.8
43 64 68 446 558 3.2
263 69 24 446 557 40
142 83 215 445 559 35
132 71 189 441 562 3.9
1oel 44 67 90 19 447 553 3.5
111 90 196 438 557 35
251 78 20 435 554 3.7
148 67 176 433 555 3.6
234 87 49 431 555 3.8
tiok 48 121 90 219 448 565 3.0
65 85 33 424 572 35
110 90 210 417 573 3.0
252 75 30 416 573 3.1
214 90 52 415 576 25
1kp8 53 259 84 23 484 568 4.1
281 90 203 481 569 2.7
68 88 28 474 569 33
12 90 210 470 571 3.2
242 83 46 464 574 53
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One of the reasons for not obtaining a distinct rotation solution could be large
deviations in the relative movements across the domains in the structure in
comparison to the search model. Thus, an individual domain-wise search was
attempted using the apical and equatorial domains of the E. co/i and P. denitrificans
Cpn60s. The highest resolution structure of GroEL was taken as a representative

trom E. coli. Cross rotation searches were performed as described for complete

subunits (Table 3.0).

Table 3.6 Cross rotation solutions from AMoRe for different domains as search models o, 3,

Y represent the orientation as defined by the three Eulerian angles. The solutions for each model are

sorted according to the correlation coefficient (CC_F).

Model fggﬁ;’ a® B(® w°) CCF REF Signal/noise
liok
Equatorial domain 38 92 55 37 448 556 37
68 90 28 443 552 37
112 90 209 443 552 37
121 78 221 443 552 3.1
251 81 32 441 550 2.7
Apical domain 3.6 309 90 239 473 60.3 1.9
233 80 72 463 60.7 2.5
51 76 54 457 613 3.6
202 90 56 452 615 2.6
153 73 186 450 614 2.8
1kp8
Equatorial domain 4.4 253 21 330 445 551 2.6
59 30 355 444 551 2.5
60 61 310 442 560 38
137 36 111 440 555 38
306 45 106 440 553 2.6
Apical domain 35 3 90 124 409  57.3 3.0
335 64 251 394 577 2.9
176 79 305 393 57.6 35
313 77 310 391 581 23
188 90 122 387 582 2.9
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Cross rotation search using the equatorial domain of liok resulted in the
highest solution 3.8c above the mean (Table 3.6). The solution was indistinguishable
from the other rotation solutions that varied from 2.7-3.7c. Moreover, translation
search with the highest peak resulted in the correlation coefficient of 0.442, which
was not remarkably different than the other solutions. The solution was thus not

pursued any further.

Cross rotation search with apical domain of liok as the search model resulted

in the highest peak, 3.60 above the mean. When sorted according to correlation

coefficient, however, the best solution was only 1.96 above the mean (Table 3.0).
Moreover, a good solution could not be obtained upon translation search for either
of the solutions. Similarly rotation and translation searches using individual domains

of 1kp8 did not yield any satisfactory solution (Table 3.06).

Since none of the models attempted for molecular replacement seemed to
yield any promising translation solution, accuracy of the cross rotation solution was
re-assessed. This was done by bringing the various search models to a common frame
of reference and a comparison of the various rotation solutions thereby obtained.
Comparison of the cross rotation solutions obtained for the various models yielded
similar orientation parameters suggesting that the rotation solution was essentially

cortect.
3.43.2 E. coli (GroEL-ATP-K*-Mg?*)14 as the search model

The crystal structure of E. cw/i GroEL in complex with 7 ATP molecules is
available at 2A resolution (Wang and Boisvert, 2003). Molecular replacement was
attempted with one GroEL subunit from the (GroEL-ATP-K*-Mg?*)14 complex as
the search model. The highest peak in the cross rotation function was 5.3¢ above the
mean. The Eulerian angles of this solution were very similar to the solution with the
highest correlation coefficient (Table 3.5). The highest solution in rotation function

is shown in Fig. 3.9.
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Figure 3.9 B=84° section of the ctoss rotation search petformed in AMoRe with 1kp8 as the

search model The highest peak listed in Table 3.5 is marked as 1.

Translation search was performed for all the obtained cross rotation function
solutions. For every rotation function solution, the best translation solution defined

by its correlation coefficient is listed in Table 3.7.

Table 3.7 Solutions from AMoRe obtained upon translation search

a(®) B 7°) Tx Ty 7z CCF RFF
259 84 23 0.297 0 0.238 64.7 55.8
281 90 203 0.047 0 0.441 63.7 56.1
68 88 28 0.484 0 0.083 62.4 56.4
112 90 210 0.016 0 0.417 62.1 56.0
54 53 88 0.453 0 0.107 61.9 57.1
242 83 46 0.031 0 0.083 61.8 57.1
109 59 218 0.250 0 0.262 61.4 56.8
186 90 21 0.469 0 0.441 61.3 56.6
30 65 234 0.234 0 0.214 61.3 56.8
22 70 35 0.469 0 0.238 61.3 57.4
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As is apparent, a significantly distinct translation solution could not be

identified on the basis of correlation coefficient, or the R-factor. As described eatlier,

different models used in molecular replacement calculations had yielded similar

orientation parameters in cross rotation functions suggesting that the solution with

0=259°, B=84° and y=23°, in cross rotation function might represent the correct

orientation of the model. Translation function was therefore once again calculated

only for this orientation. Table 3.8 and Fig. 3.10 show the different solutions

obtained upon translation search for this cross rotation solution.

Table 3.8 Different translation solutions for the highest cross rotation solution

a(®) B (%) Tx Ty Tz CCF RFF
259 84 23 0.297 0 0.238 64.7 55.8
0.484 0 0.048 64.3 56.3
0.156 0 0.274 63.6 56.3
0.359 0 0.155 63.5 56.1
0.484 0 0.298 63.2 56.7
0.453 0 0.131 62.9 56.5
0.281 0 0.321 62.7 56.5
048 g @
2
0
=0
T N
ooz —= 0.5

Figure 3.10 y=0 section obtained after the translation search of the highest cross rotation
solution The two peaks labeled 1 and 2 represent the two most probable translation solutions.
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As is apparent, the difference in correlation coefficients and R-factors is once

again not significantly high for the obtained peaks.

Search for the second molecule was initiated by fixing the first molecule in the
asymmetric unit according to the different solutions in translation function described
above (Table 3.8). Fixing the molecule with the topmost translation vector listed in
Table 3.8 did not yield a distinct translation solution for the second molecule. A
reasonable solution was however obtained when the second translation vector (Table
3.8) was used. A remarkable improvement in the correlation coefficient to a value of

0.68 and a simultaneous drop in the R-factor to 0.525, was observed (Table 3.9).

Table 3.9 Translation search solutions obtained for the second molecule in the asymmetric
unit The two sets of searches were performed using the two different translation solutions for the
first molecule. As is apparent, while there is no significant difference seen in the correlation
coefficients for the first solution, a distinct improvement in the correlation coefficient is obtained for
the second one. Rows labeled Molecule 1 represent the parameters used for orientation and position

of the first molecule.

a(°) B () Tx Ty Tz CCF RFF
Molecule 1 259 84 23 0.297  0.000  0.238
68 88 28 0.986 0.105 0.088 65.3 54.3
105 62 18 0.825 0.173  0.367 64.7 54.0
230 33 102 0.567 0.861  0.006 64.5 54.6
191 73 163 0.809 0.748 0.812 64.5 55.1
315 53 171 0.944 0420 0.038 64.4 54.9
Molecule 1 259 84 23 0.484 0.000 0.048
68 88 28 0.982 0.721  0.585 68.1 52.5
112 90 210 0.011  0.223 0417 67.5 52.7
179 19 309 0.927 0.528 0.042 65.8 53.9
281 90 203 0.525 0495 0951 65.5 54.3
315 53 171 0.406  0.153  0.105 65.3 53.9
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Fig. 3.11 shows the translation solution for the second molecule obtained

upon fixing the first molecule.

1.0

S 4 L S J

7=0.58

“T@ ﬁ A

Figure 3.11 z=0.58 section obtained after the translation search of the highest cross rotation

solution The peak labeled 1 represents the translation solution for the second molecule.

Packing of the two molecules was checked on graphics for the different
translation solutions. The orientation parameters of (259°, 84°, 23°) and (68°, 88°,
28°) of the two molecules and their positions of (0.484, 0.0, 0.048) and (0.982, 0.721,

0.585) yielded a reasonable packing without any overlaps between symmetry related

molecules. The resulting solution was therefore pursued for refinement of Cpn60.2.

Crystallographic Studies on M. tuberculosis Chaperonin60.2 84



Chapter 3

3.5 STRUCTURE REFINEMENT OF CHAPERONING0.2

The molecular replacement model obtained using a subunit of GroEL from
1kp8 (GroEL-K*-Mg?*-ATP)14 was refined using REFMAC5 (Murshudov ez al,
1997) and CNS (Briinger ez al., 1998). 5% of the randomly chosen reflections were set
aside for calculation of Ree. The same set of test reflections was maintained in either
of the refinement programs. Non-crystallographic symmetry constraints between the
monomers were not enforced in order to ensure that potential structural differences

between monomers were not obscured.

Refinement was initiated considering the two molecules in the asymmetric unit
as distinct rigid bodies. Rigid body refinement upon definition of the apical,
intermediate and equatorial domain as rigid entities dramatically reduced the R and
Rfree from 0.526 and 0.509 to 0.477 and 0.480, respectively. A key to this reduction
was refinement with the low resolution data, the data being restricted to 3.8A.

Inclusion of high resolution data upto 3.2A did not lower the R and Rree.

Rigid body refinement was followed by several cycles of restrained positional
refinement. All reflections in the resolution range 50-3.2A were used for the
refinement. A tight molecular geometry was enforced by maintaining a high weight
on the geometric terms throughout the refinement. Individual isotropic B-factors

were refined for all the atoms. Refinement cycles were interspersed with model
building in O (Jones et al, 1991) using oa weighted 2Fo-Fc and Fo-Fc electron

density maps.

The Fo-Fc map calculated in the initial stages of refinement indicated a major
conformation change in the first helix present in the equatorial domain (Chapter 5).
This could be detected upon omission of the coordinates of this helix from the
molecular replacement model. Fitting of the helix as indicated by the electron density

dramatically reduced the R and Rgee from a value of 0.395 and 0.452 to 0.323 and
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0.413, respectively (Table 3.10). Further sessions of model building and restrained
refinement gradually reduced the R and Reee to 0.267 and 0.385, respectively.

At this stage, conjugate gradient minimization and restrained, individual B-
factor refinement in CNS was initiated. During the initial stages of refinement in
CNS, the lower resolution data was truncated at 6A and no bulk solvent corrections
were applied. Moreover, reflections with an observed magnitude less than 26 were
rejected during refinement. In the final stages, however, the lower resolution data
upto 50A were included and simulated annealing refinement initiated with 100 initial
steps of minimization. The molecule was heated to 3000K and slowly cooled to 300K
at a rate of 25K per cycle. This was followed by 1000 steps of constant temperature
annealing and 100 steps of minimization performed at 300K. The refinement was
completed with REFMACS5 using target maximum likelihood function, and with bulk

solvent correction. The final R and Reree are 24.1% and 28.5%, respectively.

Table 3.10 Improvement of R and Rge. at the different steps of refinement

Stages Different refinement methods undertaken R(%) Rpee(%0)
1  Refinement of molecules as a single rigid body 54.5 52.8
2 Rigid body refinement of each molecule divided into 5 distinct domains 47.7 48.0
3 Restrained refinement with 65 residues at N-terminus deleted 40.8 47.6
4  Restrained refinement with 90 residues at N-terminus deleted 39.7 46.2
5  Model adjustment and restrained refinement 35.8 44.0
6  Restrained refinement with 11 residues at C-terminus deleted 35.4 43.3
7  Addition of helix 60-79 in chains A and B in electron density followed by  39.5 45.2

rigid body refinement with the two helices as rigid bodies

8  Model adjustment and restrained refinement 32.8 42.6

9  Model building with help of omit maps at region 383-403 in chain B 32.3 413
10  Model adjustment and restrained refinement 32.7 41.0
11 Loop 80-87 deleted in A and B 32.2 41.7
12 Side chains mutated to match the M. tuberculosis sequence in chains Aand B 29.6 42.4
13 Model building followed by restrained refinement 27.5 39.5
14 Fit helix 60-79 better in electron density 26.9 38.4
15  Fit region 175-181 in electron density in chain A 26.7 38.5
16  Several cycles of model building and refinement 24.1 28.5

Crystallographic Studies on M. tuberculosis Chaperonin60.2 86




Chapter 3

3.6 STRUCTURE VALIDATION OF CHAPERONING60.2

The refined model of Cpn60.2 was subjected to a variety of checks in order to
assess its quality. Among the checks included were PROCHECK (Laskowski ez af,
1993) and WHATCHECK. Deviations in bond lengths and bond angles as obtained
from the check results were manually removed in O. Side-chain flips and assessment
of the H-bond acceptors and donors were manually performed. Residues lying in the
disallowed regions of the Ramachandran plot were corrected in O. Short contacts
within a molecule of across the symmetry related molecules were manually removed
in O. The final model showed an overall good geometry as assessed by the
Ramachandran plot (Fig. 3.12). The overall statistics of the final structure from

PROCHECK is given in Table 3.11.

Table 3.11 Summary of PROCHECK results of the final Cpn60.2 structure

Property Statistics
Ramachandran plot
Core 87.2%
Generously allowed 0.3%
Allowed 12.5%
Disallowed 0.0%
Residue properties
Bad contacts 0
Maximum standard deviation in bond 3.1
lengths and bond angles from mean value
Main chain bond lengths and angles 99.9% within limits
Planar groups 100.0% within limits
G-factors
Dihedrals -0.09
Covalent 0.58
Overall 0.17
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Figure 3.12 Ramachandran plot of the final structure of Cpn60.2 The residues E331 in chain A

and A381 in chain B lie in the high temperature factor regions of the structure.

The final structure of Cpn60.2 is deposited in the Protein Data Bank with the

accession code 1SJP.
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3.7 CONCLUSIONS

Crystallizations of the M. tuberculosis chaperonins, Cpn60.1 and Cpn60.2, were
attempted in a large number of random conditions. While only a limited success was
obtained in crystal growth for Cpn60.1, crystals of Cpn60.2 were obtained at room

temperature and diffraction data collected up to a resolution of 3.2A.

Different techniques to the solution of the X-ray structure of Cpn60.2 were
employed. The method of isomorphous replacement was attempted with a number
of different heavy atom compounds. Almost all the conditions and compounds tested
yielded either poor diffraction or a non-isomorphous crystal thus making structure
solution by this method difficult. Further, attempts were also made to obtain
anomalous signals in the data set by incorporation of selenomethionine in Cpn60.2.

Poor diffraction quality however limited its use in structure determination.

While attempts were on for structure solution by isomorphous replacement or
MAD phasing, major stress was laid on determination of structure by the method of
molecular replacement. Considering a high sequence homology of Cpn60.2 with the
E. cli GroEL structure solution was attempted by molecular replacement using
GroEL as the search model. Solution of molecular replacement seemed reasonable

and was pursued for refinement.

In the crystal M. tuberculosis Cpn60.2 exists as a dimer with two molecules in
the asymmetric unit. The two molecules are related by an approximate 2-fold
symmetry with the rotation angle of 173°. Assessment of molecular packing in the
crystal showed absence of any short contacts between the different symmetry related

molecules. The structure was refined with REFMAC5 and CNS.

The structure refined to 3.2A resolution has the final R and Reee of 24.1% and

28.5%, respectively. The structure coordinates have been deposited to the PDB.
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41 INTRODUCTION

Molecular chaperones are a diverse set of proteins that mediate the correct
folding, assembly, transport and degradation of other proteins zz vivo (Saibil and
Ranson, 2002). Chaperonins form a sub-group of molecular chaperones that are
found in all domains of life. Group I chaperonins comprise a family of highly
conserved proteins, approximately 60kDa in molecular weight that form a cylindrical
assembly of two heptameric rings. Unfolded polypeptides bind and undergo
productive folding within a large central cavity of this gigantic cylindrical assembly
(Langer e# al., 1992). The Escherichia coli chaperonin, GroEL, has provided a paradigm
in understanding protein folding mechanisms mediated by the chaperonins (Xu ez 4/,
1997). GroEL promotes de novo folding of ~10-15% of all proteins in bacterial cytosol
in co-ordination with the heptameric co-chaperonin, GroES (Ewalt ¢z al., 1997). ATP
dependent conformational changes in GroEL have been shown to be necessary for

proper chaperonin function 7 vive (Saibil and Ranson, 2002; Rye ez al., 1997).

Chaperonins in all bacteria are encoded by the essential groEL and groEES
genes, also called ¢n60 and ¢nl10 arranged on the bicistronic groEESL. operon
(Bachman, 1990). The operon arrangement of the two genes is highly conserved
among all known bacterial species. Interestingly, Mycobacterium tuberculosis contains
two copies of the ¢pn60 genes (Kong ez al, 1993). One of these genes, ¢pn60.1, is
organized on the operon with ¢n70, while the second copy, ¢n60.2, is arranged
separately on the genome. A similar arrangement of ¢p#70 and ¢pn60 genes has been
described in Streptomyces spp. Mazodier et al., 1991) and Mycobacterinm leprae (Rinke de
Wit et al., 1992).

The E. coli chaperonin, GroEL, is known to be essential at all temperatures of
growth (Fayet ez al, 1989). Ubiquitous presence of chaperonins, and their high
conservation suggests a similar indispensable role that these proteins play in all life

forms. A high sequence similarity that M. tuberculosis Chaperonin60s (Cpn60s) exhibit
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with E. cli GroEL, suggests that these might also perform similar role in this
organism. The existence of a duplicate set of ¢pn60 genes in M. tuberculosis, however,
has been perplexing. Plant chloroplasts also possess two copies of Cpn60s that are
known to form a hetero-oligomeric assembly (Dickson ez al, 2000). The two M.
tubercnlosis GroEL homologues may similarly be interdependent for the assembly of
the protein into a functional hetero-tetradecamer. Duplication therefore might
suggest either an interdependence of the gene products or alternatively, the necessity

for a redundant function.

While reasons for gene duplication remain unclear, both the Cpn60s of M.
tubercnlosis have been shown to be highly antigenic in nature, eliciting strong B-cell
and T-cell immune responses. Cpn60s have also been proposed to play roles as
virulence determinants and as inducers of host inflammatory responses (Lewthwaite
¢t al., 1998). Moreover, both Cpn60.1 and Cpn60.2 of M. tuberculosis have been shown
to be potent cytokine inducers (Lewthwaite ¢f /., 2001). The Cpn60s might therefore
represent important components of M.  tuberculosis, playing roles  as
immunomodulators, and perhaps also required for proper protein folding and

transpott.

Biochemical properties of M. tuberculosis Cpn60s, especially their role as
molecular chaperones, have not been characterized yet. Moreover, presence of two
copies of these genes in the M. fuberculosis genome is intriguing. To address these
questions and to elucidate their role in protein folding, the M. fuberculosis ¢pn60 genes

were expressed in E. co/i.
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4.2 EXPERIMENTAL PROCEDURES

4.2.1 Purification of M. tuberculosis Cpn60s

¢pn60.1 and ¢pn60.2 were cloned in suitable expression vectors and the gene
products purified by affinity chromatography over Ni-NTA agarose column as
described in Chapter 2. Purification of Cpn60s was also carried out in the presence of
10% glycerol, 1mM ATP-y-S or 10uM M. tuberculosis Cpnl0. These supplements
were present in the buffers throughout the purification procedure. E. co/i GroEL and
GroES were overexpressed in E. co/i BL21 (DE3) harbouring the plasmid pKY206
and purified using minor modifications of the published procedure (Clark ez /., 1998).
Purification of (His)e-tag-less chaperonins of M. tuberculosis was performed as
described in Chapter 2. Purification of M. tuberculosis Cpnl0 was performed as

previously described (Taneja and Mande, 2001).
4.2.2 Reconstitution of Cpn60 Oligomers

Reconstitution was performed essentially as described earlier with slight
modifications (Ybarra and Horowitz, 1995). Briefly, 10uM Cpn60 (protomers) was
incubated with 4M urea on ice for 90 minutes. Reconstitution was initiated by a rapid
10-fold dilution of the monomeric Cpn60 in the buffer containing 50mM Tris-Cl, pH
8.0, 10mM MgClz, 5mM ATP, 1M ammonium sulphate or 10% glycerol and E. co/i or
M. tuberculosis Cpnl0 in a 1:1 molar ratio. The reconstitution mix was incubated at

25°C for 2 hrs and then analyzed on a 6% Native-PAGE.
4.2.3 Circular Dichroism Measurements

Circular Dichroism (CD) spectra of the M. tuberculosis Cpn60s were recorded
using a Jasco J-715 spectropolarimeter at room temperature. The proteins in 10mM
Tris-Cl buffer, pH 8.0 were used at a concentration of 1mg/ml. Far UV-CD

spectrum was recorded using a 0.01cm path length cuvette.
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4.2.4 Protein Analysis by Native-PAGE and Immunoblotting

Native proteins of M. tuberculosis were resolved on a 6% Native-PAGE. The
proteins were then transferred onto HybondC (Amersham) nitrocellulose sheet by
the method of Towbin e# 4/ (1979). Monoclonal antibodies, I'T-56 (anti-Cpn60.1) and
mAbG67-2 (anti-Cpn60.2), kindly provided by John Belisle (Colorado State University)
and A. H. Kolk respectively, were used for detection of proteins. HRP-labeled goat
anti-rabbit IgG (anti-anti-Cpn60.1) and goat anti-mouse IgG (anti-anti-Cpn60.2) were
used at dilutions of 1:2000 and 1:10,000, respectively. The proteins were visualized

using standard protocols.

4.2.5 Analysis of Urea-Promoted Dissociation of the E. coli GroEL

Mutant

Point mutant of E. c/i groEL. was generated using the Quick-Change site
directed mutagenesis kit as described in Chapter 2. GroEL mutant was purified using

similar protocol as that for the native GroEL.

Urea induced dissociation of E. /i GroEL and its mutant was performed as
previously reported (Horowitz ef al., 1993). Briefly, 10ul samples containing 10.6pg of
the native or mutant GroEL (13.3pmol of oligomer) in 100mM Tris-Cl, pH 8.0
supplemented with 10mM MgClz, 100mM KCI and 4.5mM dithiothreitol were pre-
incubated for 5min at 25°C. This protein was then mixed with an equal volume of 0
to 9M urea. The samples were incubated for 40min at room temperature and then

analyzed on a 6% Native-PAGE.

4.2.6 ATP Hydrolysis by Cpn60s

The Cpn60 ATPase activity was quantitated by a colorimetric assay performed
in microtiter plates as described eatlier (Henkel ez a/, 1988). Briefly, the reaction

buffer containing 100mM Tris-Cl (pH 8.0), 10mM KCl, 10mM MgClz, 2.5uM GroEL
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and varying concentrations of ATP was incubated at 37°C for 15 minutes. The
enzymatic reaction was terminated by addition of 200ul of the acidic solution of
malachite green, ammonium molybdate and polyvinylalcohol. The activity was
measured as the amount of inorganic phosphate (Pi) liberated at 655nm in an ELISA
plate reader. The values obtained were corrected by subtracting the blank readings for
non-enzymatic release of Pi due to hydrolysis of ATP and Pi contamination in the
absence of enzyme as well as substrate. A standard curve with monobasic potassium
phosphate was run concurrently with each experiment and thus nanomoles of Pi

released were calculated.
4.2.7 bis-ANS Fluorescence Assay

Binding of bis-ANS to M. tuberculosis Cpn60s was monitored by exciting the
probe at 395nm and recording the emission spectra in the range of 400-600nm. The
protein and bis-ANS were used at a concentration of 20uM. Fluorescence intensity
measurements were carried out at room temperature on a Varian Eclipse
spectrofluorimeter. The fluorescence of buffer (100mM Tris-Cl, pH 8.0) and bis-

ANS alone were measured as controls.
4.2.8 Aggregation of Citrate Synthase

Citrate synthase (0.015mg/ml) was incubated at 43°C in 50mM HEPES-KOH
buffer, pH 7.5, in the presence or absence of M. tuberculosis Cpn60.1 and Cpn60.2.
Aggregation was monitored for 20min on a Hitachi F-4000 spectrofluorimeter with
emission and excitation wavelengths set at 465nm and corresponding band passes set
at 3.0nm. Temperature of the sample was maintained using a Julabo circulating water-
bath. Internal temperature of the cuvette was monitored using a Physitemp type T

microcouple.
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4.2.9 Chemical Denaturation and Refolding of Citrate Synthase

Denaturation and refolding of citrate synthase was carried out as previously
described (Zhi et al, 1992). Briefly, 15uM citrate synthase from pig heart was
denatured by 6M guanidine-HCI in 100mM Ttris-Cl buffer, pH 8.0 containing 20mM
DTT. The enzyme was incubated in the denaturant for 2hrs at room temperature.
Renaturation was carried by a 100-fold dilution into 100mM Tris-Cl buffer, pH 8.0,
10mM KCl and 10mM MgCl> containing the Cpn60, Cpnl0O and ATP to final
concentrations of 1uM, 2uM and 2mM, respectively. Aliquots were withdrawn at

different time points and tested for the recovery of activity at room temperature.

Citrate synthase activity was measured as described by Srere (1966). The
reaction was monitored as a decrease in absorbance at 233nm due to cleavage of
Acetyl-CoA and utilization of oxaloacetate at 25°C. The reaction mix contained
100mM Tris, pH 8.0, 0.15mM Acetyl CoA and 0.1mM oxaloacetate. The reaction was

initiated by addition citrate synthase to a final concentration of 3nM.
4.2.10 Chemical Denaturation and Refolding of Rhodanese

Denaturation of rthodanese to a final concentration of 9uM was carried out in
100mM Tris-Cl, pH 8.0 containing 6M guanidine-HCl and 1mM dithiothreitol (DTT)
for 2hrs at room temperature. Refolding was initiated at 37°C by a rapid dilution in
50mM Tris-Cl, pH 8.0 supplemented with 20mM MgCl,, 10mM KCI, 50mM
NaxS203 and 5mM DTT in the presence or absence of the different Cpn60s. The
final concentration of rhodanese in the refolding mix was 108nM. The protomer
concentrations of Cpn60s and Cpnl0 were maintained at 2.5pM and 2.4pM,
respectively. 2mM ATP was added to the refolding solution, containing the
chaperonins, just before initiation of protein refolding. An aliquot from the refolding

mix was withdrawn at different time points and assayed for the recovery of activity as

described eatrlier (Sorbo, 1953).
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4.3 RESULTS

4.3.1 Purification of M. tuberculosis Cpn60s

As described in Chapter 2, the full length chaperonin ¢n60.7 and ¢pn60.2
clones were obtained and overexpressed in FE. ¢/ The two chaperonins were
expressed in large quantities and exhibited a protomer molecular mass of ~60kDa. As
judged by SDS-PAGE (Fig. 2.6 and 2.7, Chapter 2), both the proteins were more

than 98% pure after the metal affinity purification.
4.3.2 Quaternary Structure Determination

A tetradecameric structure for native Cpn60 has been established for a
number of chaperonins from different species (Hubner e a4/, 1996; Fukami ez al.,
2001). In a few cases, however, Cpn60 homologues have also been reported to exist
as heptamers (Viitanen ez al, 1992). The native molecular mass of the purified M.
tuberculosis proteins, Cpn60.1 and Cpn60.2, was established by size exclusion
chromatography. Intriguingly, the purified Cpn60.1 and Cpn60.2 eluted as sharp
homogenous peaks at volumes corresponding to molecular mass of approximately

110kDa when compared to standard molecular weight markers (Fig 4.1).
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Figure 4.1 Gel filtration chromatograms of M. tuberculosis Cpn60s Elution profile of the

purified (a) Cpn60.1 and (b) Cpn60.2 on a Superdex-200 HR 10/30 column. Comparison with

standard molecular-mass markers showed that Cpn60.1 and Cpn60.2 elute as homogenous dimers.
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Neither Cpn60.1 nor Cpn60.2 eluted at the position where E. co/i GroEL and
canonical Cpn60 14-mers would appear. Elution profile on the size exclusion
chromatography of the two Cpn60s lacking the (His)s-tag was consistent with that of
the (His)s-tagged proteins, suggesting that presence of (His)s-tag did not interfere in

oligomerization.

Osmolyte stabilizers, such as glycerol, are known to promote stability of
oligomeric state of proteins. Similarly, presence of ATP and the co-chaperonin,
Cpnl10 may also be crucial to the oligomeric assembly of the M. tuberculosis Cpn60s.
Purification of Cpn60.1 and Cpn60.2 was therefore performed in the presence of
glycerol, or in presence of ATP-y-S and M. tuberculosis co-chaperonin, Cpnl0. Their
oligomeric state was then tested on Native PAGE. Proteins purified under these

conditions, however, did not exhibit oligomerization (Fig. 4.2).

Cpn60.1 Cpn60.2

M. tuberculosis Cpn10 Ny
M. tuberculosis Cpn10 + +
Glycerol + +
ATP-y-S + +

Figure 4.2 Native gel electrophoresis of purified M. tuberculosis Cpn60s demonstrating their
dimeric state Cpn60.1 and Cpn60.2 were purified in presence of glycerol, ATP-y-S and M.

tuberculosis Cpnl0. The purified Cpn60s migrate as low molecular weight proteins showing their

inability to assemble into oligomers in the presence of these supplements.
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Thus, purification of M. tuberculosis Cpn60s, either in presence of co-
chaperonin or other osmolyte stabilizers did not seem to promote the oligomeric
assembly of these proteins. The size exclusion chromatography and Native-PAGE
data hence suggest that the M. fuberculosis GroEL homologues might intrinsically exist

as dimers.

4.3.3 Reconstitution of M. tuberculosis Cpn60s

4.3.3.1  Reconstitution in Presence of Protein Stabilizers

In order to functionally reconstitute the chaperonins in their canonical
oligomeric forms the purified Cpn60.1 and Cpn60.2 were subjected to zn vitro
reconstitution experiments under a variety of conditions. It has previously been
reported that urea-dissociated E. co/i GroEL 14-mers are capable of reassembling into
the tetradecameric state upon removal of the chaotrope (Lissin e al, 1990).
Reconstitution of the E. /i GroEL tetradecamers from the disassembled monomers
requires the presence of Mg?" and adenine nucleotides. Presence of ammonium
sulphate has also been reported to be essential for the oligomer reassembly (Ybarra
and Horowitz, 1995). When subjected to similar refolding conditions, neither of the
two M. tuberculosis GroEL homologues spontaneously assembled into tetradecamers
(Fig 4.3). Reconstitution was also attempted in the presence of glycerol. However,
none of the various combinations of nucleotides, GroES, ammonium sulphate,
glycerol, K* or Mg?*, promoted oligomeric assembly of the M. tuberculosis chaperonins

(Fig 4.3).
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Cpn60.1 Cpn60.2 Cpn60.1+Cpn60.2

E.coliGroEL »

M- -

(NH4),80,, Mg, ATP | + | + + |+ + |+
Glycerol, Mg?*, ATP + | + + |+ |+
E. coli GroES + + + + + +

Figure 4.3 Reconstitution of M. tuberculosis Cpn60s demonstrating their dimeric state [n-vitro
reconstitution of Cpn60 oligomer was attempted in the presence of ammonium sulphate and glycerol
as described in “Experimental Procedures”. Presence of either ammonium sulphate or glycerol in the
reconstitution mix does not alter the oligomeric state of Cpn60.1 (lanes 1-4) or Cpn60.2 (lanes 5-8)
irrespective of the presence or absence of E. w/i GroES. Simultaneous presence of the two Cpn60s
(lanes 9-12) also does not promote the oligomeric assembly of the M. tuberculosis Cpn60s. Lane 13

indicates the oligomeric state of the native E. co/i Cpn60.

Plant  chloroplast  chaperonins are known to oligomerize as
heterotetradecamers of two different polypeptide chains (Hubner ez a/, 1996). In
order to test the possibility whether the two M. tuberculosis Cpn60s were similarly
interdependent on each other for reassembly into oligomeric state, reconstitution of
the two proteins was attempted in presence of each other. Incorporation of both
Cpn60.1 and Cpn60.2 in the reaction mix, however, did not alter the oligomeric state
of the reconstituted proteins (Fig 4.3). Moreover, the oligomeric state remained
unaltered irrespective of the presence or absence of the nucleotides or GroES. These
results thus further corroborate that the M. fuberculosis GroEL homologues are

dimeric proteins, unlike their E. co/i counterpart.
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4.3.3.2  Reconstitution in Presence of co-Chaperonin

GroES has previously been shown to facilitate the assembly of GroEL (Seale
et al., 1996). Reassembly of the M. tuberculosis Cpn60s was thus performed in the
presence of the cognate Cpnl0. Presence of the M. fuberculosis co-chaperonin, Cpnl0
in the reconstitution mix however, had no effect on the oligomeric assembly of the
purified proteins (Fig. 4.4). Failure to reconstitute the M. fuberculosis chaperonins in
higher oligomeric states, thus suggested that their existence as dimers might be an

intrinsic property of the two Cpn60s.

E. Coli GroEL Cpn60.1 Cpn60.2

Reconstituted s s
oligomers

M. tuberculosis Cpn10

(NH4),S0,,Mg?*, ATP | + + + + + + + +
E. coli GroES + +

M. tuberculosis Cpn10 + + +

Figure 4.4 Native gel electrophoresis of M. tuberculosis Cpn60s reconstituted in the presence
of Cpn10 I vitro reconstitution of Cpn60 oligomers was attempted in the presence of the cognate
co-chaperonin, M. tuberculosis Cpnl0. E. coli GroEL monomers subjected to reconstitution in the
presence of ammonium sulphate (lane 1) and M. fuberculosis CpnlO (lane 2) readily reassemble as
tetradecamers. On the other hand, M. fuberculosis Cpn60.1 and Cpn60.2, subjected to reconstitution
in the presence of ammonium sulphate (lanes 3 and 7), E. w/i GroES (lanes 4 and 6) and M.

tuberculosis Cpn10 (lanes 5 and 8), clearly are unable to reconstitute as tetradecamers.
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4.3.4 Circular Dichroism Measurements of M. tuberculosis Cpn60s

The above data indicate that the two M. tuberculosis GroEL homologues
possess an unusual quaternary structure. The possibility that their dimeric structure
might have arisen due to the loss of secondary and tertiary structure was tested by
measuring the CD spectrum of the proteins. The far UV-CD spectrum of M.
tuberculosis Cpn60.1 and Cpn60.2 (Fig. 4.5) is characteristic of highly helical proteins

with signature bands for helical structure at 208 and 222nm (Johnson, 1990).
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Figure 4.5 Far UV-CD spectrum of M. tuberculosis Cpn60.1 and Cpn60.2 Mean residue
ellipticity versus wavelength was measured at 25°C in 10mM Tris-Cl, pH 8.0. Signature bands for

helical structure are seen at 208 and 222nm suggesting a well-formed secondary structure for the

Cpn60 dimers.

The CD data suggest that the M. fuberculosis chaperonins are in a significantly
folded conformation. The unusual properties of the M. tuberculosis chaperonins thus

do not appear to be due to absence of secondary structure of the proteins.
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4.3.5 Oligomeric State of M. tuberculosis Cpn60s in vivo

As mentioned above, Cpn60s from other prokaryotes exist as tetradecamers in
their cellular environment and the same oligomeric state is also observed iz vitro. In
vitro purification and reconstitution results show that the M. fuberculosis Cpn60s exist
as dimers, a state surprisingly different from that observed for other Cpn60s. To
discount the possibility that the unusual behavior of chaperonins as dimers was a
result of their heterologous expression, the oligomeric state of these proteins in their
homologous cellular environment was assessed. This was tested by resolving the
cellular fraction of M. tuberculosis proteins on Native-PAGE followed by Western blot
analysis (Fig. 4.6). Upon immunoblotting, both, Cpn60.1 and Cpn60.2 appeared as
lower oligomers, and not tetradecamers, reconfirming the 7z vitro data (Fig. 4.6). In
conclusion therefore, absence of the oligomeric state of the M. tuberculosis Cpn60s, 7n

vivo and 7n vitro, indicates the natural tendency of these proteins to exist as dimers.

M. Tuberculosis crude culture filtrate
IT56 mMAb67-2

Expected position of oligomer »

Lanes 1 2

Figure 4.6 Western blot analysis of M. tuberculosis culture proteins demonstrating dimeric
state of the mycobacterial Cpn60s Culture extracts of M. tuberculosis were subjected to 6% Native-
PAGE and probed with monoclonal antibodies, I'T-56 and mAb67-2, against Cpn60.1 (lane 1) and
Cpn60.2 (lane 2) respectively. Western blot analysis indicates that Cpn60.1 and Cpn60.2 migrate at a
molecular weight much lower than that of the expected oligomer thus suggesting that Cpn60s of M.

tuberculosis exist as dimers in vivo. Expected position of the oligomeric species is indicated.
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4.3.6 Importance of A2 and E76 in Oligomerization

Multiple sequence alignment of 43 Cpn60 protein sequences was generated by
ClustalW as described in Chapter 2. The alignhment suggested that residues at
positions 2 and 76, which occur at inter-monomer interface in the tetradecameric
GroEL structure, are strictly conserved as Alanine and Glutamate (Fig. 4.7 and 2.8,
Chapter 2). These positions are, however, occupied by Serine in M. tuberculosis
Cpn60.1. To assess the importance of these residues in maintenance of the

oligomeric structure an A2S/E76S mutant of E. co/i GroEL was generated.

Figure 4.7 Crucial side chain — main chain interaction at E. coli GroEL’s oligomeric
interface involving E76 Interaction between the side-chain carboxyl of E76 and main-chain amide
of E386 across two subunits in E. ¢/ GroEL has been suggested to be important for the
oligomerisation of the protein. A natural occurrence of Serine at position 76 in M. tuberculosis Cpn60.1
may disrupt this interaction and is hypothesized to contribute to the loss of its oligomeric structure.
The two polypeptide chains have been colored in different shades of gray. Other crucial interface
residues important for maintenance of the oligomeric state are indicated in Fig. 2.8, Chapter 2. This

figure was generated using MOLSCRIPT (Kraulis, 1991).
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The monomer - tetradecamer equilibrium of the native as well as that of
A2S/E76S mutant was analyzed as a function of urea concentration on Native-
PAGE. In accordance with an earlier report, the native protein dissociates into
monomers at a urea concentration greater than 3M (Fig. 4.8). The mutant, however,
disassociated into monomers at a much lower concentration of urea than the wild
type GroEL (Fig. 4.8) (Arai e al, 2003). The results thus indicate that the
thermodynamic stability of the GroEL oligomeric assembly is significantly reduced
upon mutation of A28 and E76S. A natural occurrence of Serine at residue positions
2 and 76 in Cpn60.1 might thus be responsible for the lower oligomeric state of this

protein.
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E. coli GroEL
Bt — — E. coli GroEL A2S/E76S
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Figure 4.8 Effect of urea concentration on dissociation of E. Coli GroEL Urea induced
dissociation of the (a) native and (b) A2S/E76S GroEL mutant was analysed on a 6% Native-
PAGE. (c) Ratio of the oligomeric to monomeric forms of GroEL plotted against urea
concentration indicates that the mutant dissociates into monomers at 2.5M urea concentration, in

comparison to 3M for the native.
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4.3.7 ATPase Activity of M. tuberculosis Cpn60s

E. coli GroEL possesses a weak Kt stimulated ATPase activity, an essential
component of the chaperonin mediated protein folding reaction (Viitanen ez al,
1990). Due to their unusual quaternary structure, measuring the ATPase activity of
the recombinant M. fuberculosis Cpn60 proteins was an important test for their
functional characterization. Fig. 4.9 compares the ATPase activity of M. tuberculosis
Cpn60.1 and Cpn60.2 with that of the E. w/i GroEL. E. co/i GroEL catalyzed the
hydrolysis of ATP with a kear of 2.6min! at 37°C. Cpn60.1 and Cpn60.2 exhibited a
kear of 0.16 and 0.28min! respectively. The data thus suggest absence of ATPase

activity in the GroEL homologues of M. tuberculosis.
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Figure 4.9 ATPase activity of M. tuberculosis Cpn60s and E. coli GroEL ATP hydrolysis by E.

coli GroEL, M. tuberculosis Cpn60.1 and Cpn60.2 was measured as a function of ATP concentration at
37°C in the presence of 10mM MgCl, and 100mM KCI for 15 minutes. Cpn60.1 (—0—) and Cpn60.2
(— ¥ ) cleatly show very little ATPase activity compared to GroEL (-e-).

4.3.8 bis-ANS Fluorescence Assay for Cpn60s

Loss of oligomerization would have led to the exposure of large hydrophobic
regions on the surface of M. tuberculosis Cpn60s that were otherwise buried. Also the

apical domain in a GroEL oligomer is known to possess exposed hydrophobic area
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where substrate polypeptides are known to bind in the central cavity (Xu e al., 1997).
Presence of such hydrophobic patches on the surface of M. tuberculosis Cpn60s was

probed by binding to 1,1-bis (4-anilino) naphthalene-5, 5’-disulfonic acid (bis-ANS).
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Figure 4.10 Fluorescence intensity enhancement of bis-ANS upon binding to M. tuberculosis
Cpn60s The fluorescence intensity of bis-ANS is observed to increase significantly in presence of
both Cpn60.1 (dashed line) and Cpn60.2 (dashed-dotted line), suggesting presence of hydrophobic
surfaces on the proteins. Solid line represents the enhancement seen for E. /i GroEL in presence of
bis-ANS. Fluorescence intensity for the buffer (dotted line) and bis-ANS (short dotted line) were

measured as controls.

As shown in Fig. 4.10, interaction between bis-ANS and Cpn60s is
significantly enhanced in presence of Cpn60s suggesting binding of bis-ANS to the
hydrophobic surfaces of these proteins. The fluorescence enhancement in Cpn60.1 is
comparable to that observed for E. cw/ GroEL. In comparison, the increase
observed for Cpn60.2 is much lower, suggesting smaller percentage of hydrophobic
surface exposed in Cpn60.2. The results clearly indicate the presence of hydrophobic

surfaces on the Cpn60s, a larger surface in Cpn60.1 than in Cpn60.2.
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4.3.9 Effect of M. tuberculosis Cpn60s on Aggregation of Citrate
Synthase

E. coli GroEL is known to facilitate refolding of denatured citrate synthase by
suppressing its aggregation (Buchner ez al., 1991). Exposed hydrophobic patches on
M. tuberculosis Cpn60s suggested that these might exert similar effect on substrate
proteins. Fig. 4.11 compares the ability of Cpn60.1 and Cpn60.2 to prevent the

aggregation of citrate synthase at 43°C measured by light scattering.

Light scattering (a.u.)

Time (min)

Figure 4.11 Aggregation of citrate synthase as a function of time Aggregation of citrate synthase
at 43°C in the absence (—®—) and presence of equimolar ratios of M. tuberculosis Cpn60.1 (-V-); and
Cpn60.2 (—0-), measured as a function of light scattered at 465nm. Increase in molar excess ratio of
Cpn60.2 to 2-fold (—o—) or 14-fold (— A -) resulted in suppression of aggregation of citrate synthase
to a better extent. Both the Cpn60s are cleatly able to prevent light scattering by citrate synthase

when present in molar excess. Citrate synthase in the presence of BSA (—m—) was taken as a control.

Cpn60.1 was more potent in suppressing aggregation when used in equimolar
ratio (Fig. 4.11). In molar excess, however, both the chaperonins were observed to

completely prevent aggregation of citrate synthase.
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4.3.10Effect of M. tuberculosis Cpn60s on Refolding of Rhodanese

In order to assess the ability of the M. tuberculosis Cpn60s to facilitate refolding
of substrate proteins we tested 7z vitro refolding of rhodanese. Cpn60.2 was seen to be
able to promote the refolding of guanidine-HCI denatured rhodanese (Fig. 4.12). The
percentage recovery was however less than that obtained by spontaneously refolded
rhodanese. Intriguingly, this ability of Cpn60.2 was independent of the presence or
absence of the co-chaperonin or ATP. Cpn60.1 did not seem to promote the
refolding of rhodanese. This might have been due to the tight binding of Cpn60.1 to
the substrate preventing its release. It is known that a GroEL bound polypeptide is
initiated to refold by hydrolysis of ATP. In absence of ATP, however, the
polypeptide remains bound to GroEL tightly. Cpn60.1 might similarly bind denatured

rhodanese, thus preventing its successful refolding.
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Figure 4.12 Effect of M. tuberculosis Cpn60s on refolding of chemically denatured rhodanese

Refolding of denatured rhodanese was monitored in the absence (—e—) or presence of E. co/i GroEL,
GroES and ATP (—m-); GroEL, in absence of GroES or ATP (=V—); M. tuberculosis Cpn60.1 (=0-)
and M. tuberculosis Cpn60.2 (— A —). Activity of M. tuberculosis Cpn60s was measured in the presence of

cognate M. tuberculosis Cpnl0 and ATP as mentioned in the text. Activity obtained when rhodanese

was refolded in presence of E. co/i GroEL for 90 minutes was considered to be 100%.
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4.3.11Effect of M. tuberculosis Cpn60s on Refolding of Citrate
Synthase

The ability of M. tuberculosis chaperonins to refold a wider range of substrate
proteins was tested by 7z vitro refolding of citrate synthase. Cpn60.1 was capable of
promoting refolding of citrate synthase, to an extent comparable to that obtained by
Cpn60.2 (Fig. 4.13). Moreover, the presence or absence of co-chaperonin or ATP did

not affect the extent of recovery of citrate synthase activity.
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Figure 4.13 Effect of M. tuberculosis Cpn60s on refolding of chemically denatured citrate

synthase Refolding of denatured citrate synthase was monitored in the presence of E. /i GroEL,
GroES and ATP (-V-); M. tuberculosis Cpn60.1 (=0—) and Cpn60.2 (—m-). Spontaneous refolding of
unfolded citrate synthase was monitored similatly (—®—) as described in Experimental Procedures.
Refolding of denatured citrate synthase by M. #uberculosis Cpn60s was performed in presence of M.
tuberculosis Cpnl0 and ATP. Activity obtained when denatured citrate synthase was refolded in

presence of E. co/i GroEL for 60 minutes was considered as 100%.

The results therefore suggest that the M. #uberculosis Cpn60s are efficient in
preventing aggregation of denatured proteins, but do not possess ATP-dependent

chaperoning activity.
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4.4 CONCLUSIONS

GroEL is the major heat shock protein present in all forms of life guiding
several essential steps during synthesis, folding, transport and degradation of proteins.
In E. coli, groEL is known to be an essential gene for growth at all temperatures (Fayet
et al., 1989). Upon thermal stress, nearly 15% of the normal protein mass of the cell
consists of the GroEL and GroES proteins (Herendeen ez al, 1979). Over 150
homologues of Cpn60 sequences are currently available with a pair-wise similarity
extending from 40 to 100% at the amino acid level (Brocchieri and Karlin, 2000).
High conservation of Cpn60s across species suggests that they play an important role

in physiology of all species.

Heat shock proteins, including Cpn60s, are not only induced under thermal
stress, but also show elevated expression levels under a variety of other unnatural
conditions. Not surprisingly therefore, heat shock proteins are induced within
pathogenic organisms upon invasion of host cells, presumably contributing to their
survival within the hosts (Monahan e a/, 2001). Study of regulation of heat-shock
proteins in M. tuberculosis has shown enhanced expression of both the Cpn60s upon
thermal shock to the bacteria (Stewart ¢f al, 2002), as well as upon phagocytosis by
macrophages (Monahan e# al, 2001). It is therefore reasonable to believe that
Cpn60s of M. tuberculosis contribute to its defensive response against external stress

conditions.

The study shows interesting biochemical characteristics of the two Cpn60s of
M. tuberculosis. A major surprising outcome of the study has been that the two Cpn60s
are distinct from the canonical GroEL homologues. The most distinctive feature of
M. tuberculosis Cpn60s is their oligomeric nature, where unlike the known Cpn60s,
they do not form a 14-mer oligomeric assembly. The proteins rather exist as dimers
irrespective of the presence or absence of nucleotides. Several attempts to

reconstitute the M. tuberculosis Cpn60.1 or Cpn60.2 under a variety of conditions did
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not yield higher oligomers. The lower oligomeric state of M. tuberculosis Cpn60s also
appears to be their natural state of existence as shown by our Western blot analysis
on Native PAGE. Current understanding of the chaperonin function assumes a strict
oligomeric assembly of GroEL, a tetradecameric state, which is the functional unit
for protein refolding (White ef al, 1995; Weber e al, 1998). Thus, the functional

relevance of the dimeric state of mycobacterial chaperonins is still not clear.

Interestingly, many of the highly conserved residues, listed with “conservation
index” better than 0.4 of Cpn60s (Brocchieri and Karlin, 2000) are observed to be
different in M. tuberculosis chaperonins. For example, a crucial Glutamate at position
76, involved in an important side chain - main chain interaction across two
monomers, is conserved in all Cpn60 sequences (Fig. 4.7, see Fig. 2.8 for the multiple
sequence alignment). The conserved Glutamate is, however, replaced by a Serine in
M. tuberculosis Cpn60.1.  Several other alterations have been observed to occur at the
interface of Cpn60.1 (Fig. 2.8, Chapter 2). Similarly, presence of an Alanine at
position 2 has earlier been reported to be crucial for maintenance of the oligomeric
state of GroEL. Mutation of Alanine to Serine at this position was shown to weaken
the intersubunit interactions in GroEL destabilizing its oligomeric structure
(Horowitz et al., 1993). Interestingly, this position is occupied by a Serine in M.
tuberculosis Cpn60.1. It is thus hypothesized that crucial changes in the interface
residues might have resulted in the loss of oligomerization of the M. tuberculosis
Cpn60.1. In an attempt to verify this hypothesis, site directed mutagenesis of these
residues was performed in the E. cw/i GroEL. Urea induced unfolding transition show
that the mutation A2S/E76S indeed destabilizes the oligomeric structure of GroEL.
Similarly, other identified positions in Cpn60.1, which largely occur at oligomeric

interface in GroEL, might further contribute to the loss of 14-meric state of Cpn60.1.

Another interesting observation in the study is the loss of the ATPase activity
of the M. tuberculosis Cpn60s. The protein folding cycle of GroEL has been reported

to be largely dependent on the ATPase activity of the protein. Evidence indicating
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that the M. tuberculosis chaperonins have lost their ATPase activity is presented.
Interestingly however, despite the loss of canonical oligomeric state and ATPase
activity, the M. tuberculosis Cpn60s retain their ability to suppress aggregation of
substrate proteins. However, the extent to which the two Cpn60s suppress
aggregation is different, possibly due to variation in the exposed hydrophobic
surfaces of the two proteins. The results indicate that Cpn60.1 is more potent in
preventing aggregation than Cpn60.2. For substrate proteins such rhodanese,
Cpn60.2 is able to bind these proteins reversibly giving them a chance to fold to their
native conformation. Cpn60.1, on the other hand, remains tightly bound to the
substrate protein. The substrate protein is thus prevented from aggregating but does
not get refolded. Substrates such as citrate synthase on the other hand by reversible

binding to Cpn60s are refolded more efficiently.

The ability of M. fuberculosis Cpn60s to promote refolding in the absence of
ATP is similar to that observed for other known chaperones. For example,
functionally active monomeric minichaperones containing part of the polypeptide
binding domain of GroEL are known to be effective 7z vitro and in vive (Zahn et al.,
1996; Chatellier ef al, 1998). Also, monomeric Cpn60 from Thermus thermophilus has
been shown to possess the ability to suppress aggregation and promote protein
folding with no requirement for ATP or GroES (Taguchi ez al, 1994). Thus, M.
tubercnlosis Cpn60s too, in a similar fashion might have evolved to function in lower

oligomeric state with no ATP requirement.

A recent study surprisingly shows the presence of the mycobacterial Cpn60s in
the plasma membrane fraction although the major functional role of these proteins
lies in the cytosol (Sinha e al, 2002). Moreover, various other reports suggest
alternative roles for the GroEL homologues. For example, a GroEL homologue in
Buchnera, an intracellular symbiotic bacterium of aphids, is not only a molecular
chaperone but also a phosphocarrier protein, suggesting that the protein plays a role

in a signal transducing system (Matsumoto ef al, 1999). The M. leprae Hsp65
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(Cpn60.2) has been shown to display proteolytic activity that is catalytically related to
the HsIVU protease (Portaro ef al., 2002). By similarity, the M. tuberculosis Cpn60.2 too

may have gained such a role.

Judicial utilization of energy sources in a cell is important to the organism for
its survival. The protein folding cycle by the Cpn60s in all life forms is an ATP
dependent pathway utilizing seven ATP molecules in each reaction cycle (Todd ez a/,
1994). Ability of an organism to promote protein folding without energy utilization
would prove to be economical. It is hypothesized that high demands of energy
resulting from its extremely slow rate of metabolism have led M. tuberculosis to devise
an altered route to protein folding, avoiding the usual energy dependent pathway.
Cpn60s, through such a route, thus continue to fold substrate proteins within the
cytosol sparing ATP for other crucial processes of the cell. Thus loss of an oligomeric
state of Cpn60s of M. tuberculosis, yet retaining their chaperoning role is suggestive of
a design in evolution to save the energy sources of the bacterium. It is pertinent to
note in this context that other ATP-dependent enzymes, such as RecA, also have
reduced ATPase activity in M. tuberculosis (Datta et al., 2000). Further analysis of the
role of GroEL homologues would lead to a better understanding of the importance

of the presence of two Cpn60s in M. tuberculosis.
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51 INTRODUCTION

Chaperonin60 (Cpn60), also commonly referred to as heat shock protein 60
(Hsp60), is one of the major molecular chaperones present ubiquitously in all forms
of life. These molecular chaperones are known to assist the folding, assembly and
transport of several cellular proteins (Hartl, 1996). Cpn60s have been shown to be
over-expressed under a variety of unnatural conditions such as thermal stress,
hypoxia, nutrient deprivation, phagocytosis etc. Invasion of a host being an apparent
form of a stress, induction of Cpn60s has also been observed within pathogenic
organisms, presumably contributing to their survival within the host. The
overexpressed pathogen derived Cpn60s act as major antigens resulting in strong

immune responses from the host (Ziigel and Kaufmann, 1999).

In Escherichia coli, the chaperonin, GroEL, has been shown to be essential for
growth at all temperatures (Fayet ez al., 1989). The E. co/i chaperonin has provided a
paradigm in understanding protein folding mechanisms mediated by the chaperonins
Xu et al., 1997). GroEL promotes de novo folding of ~10-15% of all proteins in
bacterial cytosol in co-ordination with the heptameric co-chaperonin, GroES (Ewalt

et al., 1997).

X-ray studies combined with electron microscopy studies have provided
valuable insights into the functional cycle of this chaperonin. (Braig e a/, 1994, Xu ez
al., 1997 ; Chen et al, 1994). Crystal structures of the unliganded GroEL and the
GroEL-GroES complex show a cylindrical complex with subunits of GroEL
assembled into two heptameric rings stacked back-to-back to form the native 14-mer.
The two rings enclose a large central channel that facilitates proper protein folding in
an ATP-dependent manner (Braig e al, 1994; Boisvert et al., 1996; Xu et al, 1997).
Crystal structure of Cpn60 from Paracoccus denitrificans also shows a similar

arrangement of Cpn60 subunits as a tetradecamer (Fukami ez a/, 2001).
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GroEL is assisted in its function by a 10kDa co-chaperonin, GroES. The co-
chaperonin exists as a heptamer and adopts a dome-like structure that can bind to
either GroEL ring to enclose the central cavity (Hunt e /., 1996; Langer ez al., 1992).
GroES acts as a lid to seal off the folding chamber and helps displace bound
substrate protein into the cavity where the protein can undergo productive folding.
Binding of GroES to GroEL is dependent on adenine nucleotide. ATP dependent
conformational changes in GroEL have been shown to be necessary for proper

chaperonin function iz vivo (Rye et al., 1997).

In most prokaryotic organisms, a single copy of ¢p#60 gene usually occurs on
the chromosome and is found on the groEESL operon along with ¢p#70. Some of the
actinomycete species, however, are known to express multiple ¢pn60 genes. For
example, Mycobacterium tuberculosis contains two copies of the ¢pn60 genes (Kong e# al.,
1993). One of these, ¢pn60.1, is organized on an operon with ¢#70, while the second,
¢pn60.2, is arranged separately on the chromosome. Study of regulation of heat-shock
proteins in M. tuberculosis has shown overexpression of the two Cpn60s upon thermal
shock to the bacterium (Stewart e al, 2002), as well as upon phagocytosis by
macrophages (Monahan ef al, 2001). It is therefore reasonable to believe that
Cpn60s of M. tuberculosis contribute to its defensive response against external stress
conditions. Moreover, both Cpn60.1 and Cpn60.2 of M. tuberculosis have been shown
to be highly antigenic and potent cytokine inducers (Lewthwaite e 4/, 2001; Young
and Garbe, 1991). The Cpn60s therefore might represent important components of
M. tuberculosis, playing roles as immunomodulators, and perhaps also required for

proper protein folding and transport.

Although the biochemical and functional properties of gene product of ¢n60
occurring on the gwESL operon have been studied extensively, the necessity of a
duplicate ¢pn60 gene in certain bacteria is not known. Functional role of the second
copy of Cpn60 as a chaperonin is poorly understood. A recent study suggests a

proteolytic role for the second Cpn60 in M. leprae (Portaro et al., 2002). The second
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copy of Cpn60 might thus possibly play alternate roles in the physiology of bacteria
possessing multiple ¢#60 genes. Structural studies on the second Cpn60 would
therefore provide valuable insights into its functional properties. In this study the
crystal structure of the M. fuberculosis Cpn60.2 and its relevance to the functional

properties is presented.
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5.2 EXPERIMENTAL PROCEDURES

5.2.1 Cloning, Expression and Purification of Cpn60.2

The full-length gene coding for the M. tuberculosis GroEL homologue,
Cpn60.2, was PCR amplified as described in Chapter 2. The gene was over-expressed
in E. coli BL21 (DE3) and purified by Ni-NTA affinity chromatography. Protein for
crystallization was dialyzed extensively against 10mM Tris-Cl, pH 8.0 and

concentrated to a final concentration of 14mg/ml.
5.2.2 Protein Analysis by Immunoblotting

Native proteins of M. tuberculosis were resolved on a 10% SDS PAGE. The
proteins were then transferred onto HybondC (Amersham) nitrocellulose sheet by
the method of Towbin ez a/. (1979). The anti-Cpn60.2 monoclonal antibody, mAb67-
2, was used for the detection of proteins. HRP-labelled goat anti-mouse IgG was

used at a dilution of 1:10,000. The proteins were visualized using standard protocols.
5.2.3 Crystallization and Data Collection

Crystals were grown at room temperature by hanging drop vapour diffusion
method against a reservoir solution containing 100mM HEPES, pH 7.5, 25% PEG
3350 and 10% n-propanol. These conditions were similar to those reported by Adir ez
al. (2002). Crystals were frozen after cryoprotection with the addition of 10% glycerol
to the mother liquor. X-ray diffraction data for Cpn60.2 were recorded, for two
crystals, under standard cryogenic conditions at Beamline BIL1 at the Protein
Structure Factory, BESSY. The data were processed, scaled and merged with
DENZO and SCALEPACK (Otwinowski and Minor, 1997).
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5.2.4 Structure Determination and Refinement

The structure of Cpn60.2 was solved by molecular replacement method using
the program AMoRe (Navaza, 1994) with crystal structure of E. /i GroEL (PDB ID:
1kp8) as the search model. The search model was a monomer of the E. cw/i GroEL.
The rotation and translation parameters of the second molecule were obtained by
fixing those of the first molecule. Refinement was undertaken using REFMAC5
(Murshudov ez al., 1997) and CNS (Briinger ez al., 1998). Initial refinement consisted
of rigid body, positional and B factor refinement. Models were rebuilt in O (Jones e#
al., 1991) using o weighted 2Fo-Fc and Fo-Fc electron density maps. The progress
of refinement was monitored by crystallographic R-factor, and parameterization at
each stage was monitored throughout using Reee from a set of randomly selected 5%
reflections. The quality of the structure was monitored using PROCHECK
(Laskowski e# al, 1993). Refined coordinates and structure factors have been

submitted to the Protein Data Bank with the accession code 1SJP.
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5.3 RESULTS

5.3.1 Purification and Determination of Quaternary Structure of

Cpn60.2

Cpn60.2 was expressed in large quantities and exhibited a protomer molecular
mass of ~60kDa (Fig. 2.7b, Chapter 2). Intriguingly during size exclusion
chromatography, the purified Cpn60.2 eluted as a homogenous dimer, unlike the
tetradecameric E. co/i GroEL (Fig. 4.1b, Chapter 4). This finding was surprising since
Cpn60.2 shares a high sequence homology with other chaperonins that exist as higher
oligomers. Attempts to reconstitute native-like tetradecamers 7z vitro, or by following
different purification procedures described in Chapter 4, did not yield the

tetradecameric protein suggesting that Cpn60.2 might exist as a dimer physiologically.

SDS-PAGE analysis of the purified Cpn60.2 had earlier shown that the
protein migrated as a doublet with the high molecular weight band corresponding to
~60kDa (Fig. 2.7b, Chapter 2). N-terminal sequencing revealed the higher molecular
weight band sequence to be AKTIAYD, while that of the low molecular weight band
to be WGAPTITNTG. The former corresponds to the intact protein, while the
latter corresponds to Cpn60.2 truncated at K41. In an attempt to prevent degradation
of Cpn60.2, several combinations of protease inhibitors, such as leupeptin, aprotinin,
soyabean trypsin inhibitor, PMSF or EDTA, were included during purification.
However, none of the inhibitors, used separately or in a cocktail, prevented the

proteolytic cleavage

The observation that cleavage of Cpn60.2 could not be prevented even in the
presence of standard protease inhibitors was suggestive of its intrinsic instability. In
an attempt to assess the stability of Cpn60.2 in its native environment, M. tuberculosis

extracts were probed with anti-Cpn60.2 monoclonal antibody. Appearance of
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degraded products in Western blot analysis of M. fuberculosis extracts confirmed its

tendency to degrade (Fig. 5.1).

— 60kDa

Figure 5.1 Western blot analysis of native M. tuberculosis proteins Soluble cell wall fraction of
M. tuberculosis was resolved on SDS PAGE and probed with anti-Cpn60.2 antibody. Western blot

analysis indicates the degradation of Cpn60.2 in the native extracts.

These results are in accordance with a previous study showing degradation of
mycobacterial Cpn60.2 (De Bruyn ez a4/, 2000). A high propensity of Cpn60.2 to

degrade suggests that the protein is intrinsically unstable.

The altered quaternary state of Cpn60.2, different than the expected 14-meric
association, probably arose because of the protein’s degradation. In the
tetradecameric GroEL, inter-subunit contacts are formed by a 3-sheet contributed by
the N- and C- termini of neighboring subunits. Earlier reports have confirmed that
mutations at the N-terminus of GroEL destabilize the oligomer (Horowitz ef al.,
1993a; 1993b). Cleavage of Cpn60.2 at K41 possibly led to the loss of these crucial

interactions and hence its failure to form a tetradecamer.

Although Cpn60.2 appeared to have lost its canonical oligomeric state, it was
able to act as a molecular chaperone. As described in Chapter 4, when present in

molar excess ratio Cpn60.2 was able to completely prevent the aggregation of citrate

synthase at 43°C.

Prevention of aggregation of citrate synthase suggested exposure of

hydrophobic surface in the Cpn60.2 structure. Presence of such hydrophobic
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patches on the surface of Cpn60.2 was probed by binding to bis-ANS. Interaction
between bis-ANS and Cpn60.2 was accompanied by a significant fluorescence
enhancement clearly suggesting the presence of surface exposed hydrophobic patches
in Cpn60.2 (Fig. 4.10, Chapter 4). These hydrophobic patches in Cpn60.2 thus might

serve as binding sites for non-polar molecules.
5.3.2 Crystallization, Structure Determination and Refinement

Cpn60.2 was crystallized in space group P2;. MALDI-TOF analysis of the
crystals indicated a molecular mass of ~53kDa, smaller than the expected size and
corresponded to the fragment truncated at K41. Thus, although Cpn60.2 used for
crystallizations was a mixed population of the intact and the truncated protein, it was
the latter that selectively crystallized. Matthews number suggested the presence of a
dimer in the crystallographic asymmetric unit. Useful diffraction data could be
collected on crystals soaked in glycerol for a short period and frozen in liquid No.
Long soaks in glycerol, or other cryoprotectants, worsened the diffraction quality

significantly.  Data from two crystals could be merged well with an overall

completeness of more than 99% (Table 3.1, Chapter 3 and Table 5.1).

Table 5.1 Data collection statistics of the merged Cpn60.2 crystals

Data collection

Space group P2,
a (A) 58.7
b (A) 113.8
c (A) 79.5
B(®) 94.6
Matthews number 2.4
No. of unique reflections 17,489
Redundancy 5(3)
Completeness (%) 99.5 (97)
Average I/o(I) 20.2 (2.0)
Runerge (%0) 10.0 (41.5)
Rierge = 2 | Tt - <Inwa>| / 2 | Thiat |
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Molecular replacement calculations using E. co/i GroELL monomers as the
search models were attempted. E. /i GroEL is known to exist in two distinct
conformational states - one corresponding to cis, the GroES bound state, and #rans,
the uncomplexed form. Several crystal structures of GroEL are available in the
Protein Data Bank. However, none of these yielded a convincing molecular
replacement solution. Finally, the best solution in molecular replacement was
obtained using the E. co/i (GroEL-K*-Mg?*-ATP)14 complex structure (1kp8) as the
model (Wang and Boisvert, 2003). The rotation function showed a weak signal with
the highest solution being only 46 above the background, and the best translation
peak with a correlation coefficient and R-factor of 0.64 and 0.56, respectively. This
solution was only marginally better than the other possible solutions. The solution
improved when the second molecule was also placed appropriately in the unit cell,
with the correlation coefficient and R-factor improving to 0.68 and 0.53, respectively.
The two molecules were seen to be related by approximately 173° rotation along the

a-axis.

The first round of rigid body refinement showed a major conformational
change from the starting coordinates. The apical and intermediate domains, as
defined for the E. /i GroEL structure, showed a dramatic conformational change
with respect to the equatorial domain. The movement was observed in both the
molecules present in the asymmetric unit. After several iterative rounds of refinement
and manual rebuilding in O (Jones ¢# al., 1991), the R and Reee converged to 24.1%
and 28.5%, respectively. The final structure showed an excellent geometry with
87.2% of the residues within the most favored regions of the Ramachandran plot

(Table 5.2).
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Table 5.2 Refinement statistics of Cpn60.2

Refinement statistics

No. of protein atoms 6595
Resolution range (A) 50-3.2
No. of reflections used in refinement 16,335
No. of reflections used for calculation of Re. 870
Ryork (%0) 241
Rfree (0/0) 28.5
Root mean square deviation

Bond distances (A) 0.008

Bond angles (°) 1.003

Torsion angles (°) 3.017

Planarity (A) 0.004
Average B factor (A2) 82

Main chain (A2) 80

Side chain (A2) 84
Ramachandran plot most favored (%) 87.2
PDB ID code 1SJP

Ryork = 2 | Fobs - Feaie| / 2 | Fobs|; Reree = R factor calculated from a
subset of reflections excluded from refinement

5.3.3 Overall Structure

The final refined structure consists of residues 60-514 in chain A and 62-514
in chain B. No interpretable density could be obtained for residues 42-59 in chain A,
42-61 in chain B and residues 80-87 and 515-519 in both the chains. These regions
were hence not modeled. The final model therefore comprises 447 amino acid

residues in chain A and 445 residues in chain B.

The overall molecular architecture of the protein, as shown in Fig. 5.2, was
similar to that of E. /i GroEL with the protein comprising of three distinct domains,

equatorial, intermediate and apical, with the domain nomenclature as in E. co/f GroEL

(Braig ez al., 1994).
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Apical

Intermediate

Figure 5.2 Overall molecular architecture of Cpn60.2 Cpn60.2 shows a fold similar to E. coli
GroEL with the protein divided into three domains, equatorial, intermediate and apical. The hinge
residues resulting in the movement across the domains with respect to GroEL are shown as spheres.
Figures 5.2, 5.3 and 5.7 were generated using MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt
and Bacon, 1997).

Size exclusion chromatography had eatlier suggested the molecule to be a
homogenous dimer (Fig. 4.1b, Chapter 4). This observation was also confirmed using
Native PAGE (discussed in Chapter 4). Buried accessible area between two
molecules in asymmetric unit was estimated to be 1384A2. This value, although not
very high for the formation of a strong dimer, appears to be comparable to the typical
values observed in protein oligomers. The two molecules in the asymmetric unit
interact with each other principally through their apical domains. Dimerization is
mediated by several main chain as well as side chain charge - charge interactions
across the two subunits. Several van der Waals, hydrophobic and hydrogen bonding
interactions are also observed. Thus, the two Cpn60.2 molecules might represent a

physiological dimer.
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Intriguingly, whereas the two molecules in the asymmetric unit share a large
solvent inaccessible interface, unlike anticipated they are not related by closed point
group symmetry. The two monomers are related by a 173° rotation. The quaternary
structure therefore can be defined as “open”. Although not favored, the “open”
quaternary structure has earlier been observed in a few protein structures (Banerjee ez
al., 1994; Skordalakes and Berger, 2003). As a consequence of lack of closed point
group symmetry two types of non-crystallographically related pairs of dimers exist.
Interactions between the two different dimer pairs are hence not identical. One of
the two pairs buries an area of 1384A2 area, while the other pair buries 1039A2. The
pair burying a larger accessible area was considered as the physiological dimer (Fig.

5.3).

Figure 5.3 Association of Cpn60.2 subunits in the crystal lattice Chain A is coloured in green.
Area buried between the subunits green and pink is 1384A2 while that between green and blue is
1039A2. The dimer constituted of the green and pink coloured chains was considered as the

physiological dimer.
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5.3.4 Comparison Between Two Cpn60.2 Molecules

An overall superposition between the two molecules in the dimer showed a
somewhat high rms deviation of 1.71A for 439 equivalent C* atoms (Fig. 5.4). The
high rms value resulted from differences in relative orientations of the three domains
with respect to one another, with the largest deviations occurring in the apical
domain. Of the regions that deviate the most, residues 349-359 are involved in
crystal packing.  Crystal packing requirements thus seem to enforce local
conformational changes in the two molecules within the asymmetric unit. The
individual domain-wise superposition resulted in lower rms deviations. The rms
deviation for the equatorial domain was 0.74A for 170 atoms, 0.62A for 92 atoms in
the intermediate domain and 0.73A for 183 atoms in the apical domain. The
individual domains of Cpn60.2 thus seem to retain a high degree of similarity to each

other.

rms deviation

E | A I E

100 200 300 400 500

Residue number

Figure 5.4 Plot of rms deviation (in A) between chains A and B of Cpn60.2 The apical,

intermediate and equatorial domains are indicated as A, I and E, respectively.

The overall B-factor of the two chains is 82A2. The high temperature factor
corresponds approximately to the B-value obtained from Wilson scaling. Analysis of

domain-wise temperature factors showed interesting differences between the two

molecules (Fig. 5.5, Table 5.3).
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Figure 5.5 Plot of average residue temperature factor (in A2) of chains A and B of Cpn60.2
The dotted line represents Chain A while the solid line represents Chain B. The apical, intermediate

and equatorial domains are represented by A, I and E, respectively.

Temperature factors of all the three domains of chain A are similar to the
average temperature factor (Table 5.3). On the other hand in chain B, the apical
domain shows a lower average B-value of 69A2 and the equatorial domain shows a
higher value 104A2.  The reason for this difference in temperature factors is,
however, not obvious. The higher disorder in equatorial domain as compared to the
apical domain is perplexing, since in all the previous structures of GroEL and its
homologues, the apical domain was found to be more dynamic than the equatorial

domain.

Table 5.3 Domain-wise average temperature factors for the two Cpn60.2 chains

Domain Chain A Chain B
oma A2) A)
Apical 79 69
Intermediate 81 85
Equatorial 78 104
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5.3.5 Comparison of Cpn60.2 with E. coli GroEL

When compared with the GroEL structure in the (GroEL-K*-Mg?*-ATP)14
complex, Cpn60.2 showed rms deviation of 1.81A for 339 equivalent C* atoms.
Comparison of individual domains of the two proteins showed better superposition
with rms deviations of 0.86A for the equatorial domain (146 atoms), 1.28A for the
intermediate domain (88 atoms) and 0.78A for the apical domain (181 atoms). The
largest deviation was observed in the helix 60-79. Orientation of this helix was
dramatically changed when compared to the E. /i GroEL. This change was evident
in the early stages of refinement with clear indication from the electron density maps

(Fig. 5.6). The possible reasons for this conformational difference are discussed later.

Figure 5.6 Conformational change in the 60-79 helix of Cpn60.2 || Fo |- | Fc|| map
contoured at 16 level clearly show a different orientation for this helix. The C” trace for GroEL is

shown in green, while that for Cpn60.2 is in magenta. This Figure was generated using Bobscript

(Esnouf, 1999) and Raster3D (Merritt and Bacon, 1997).

Cpn60.2 has a more open tertiary conformation than the E. w/i GroEL (Fig

5.7). This open conformation resulted from a large e# bloc motion of the apical
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domain away from the equatorial domain and a concomitant inward movement of

the intermediate domain.

thCpne0. 2

Figure 5.7 Superposition of Cpn60.2 with E. coli GroEL The two molecules were superposed
with respect to the intermediate domain. Comparison reveals the outward movements of the apical
and equatorial domains in Cpn60.2 with respect to GroEL. The outward movement is more

prominent for the apical domain.

These movements were considered as rigid body motions across two distinct
hinge points, one at the interface of the apical and intermediate domains, and the
other at the interface of the intermediate and equatorial domains. The hinge points

were identified by inspection of difference dihedral angle plots (Fig. 5.8).
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Figure 5.8 Difference ¢-y plot of Cpn60.2 upon comparison with GroEL The maximal
deviations occur at residues 132 and 133 between the equatorial and intermediate domains, and 188
and 189 between intermediate and apical domains. Solid bar indicates the Ad while the open bar

shows Awy.

At the interface of the intermediate and equatorial domains, the plot showed
maximal deviation at the y and ¢ of G132 and A133, respectively (Fig. 5.8). Changes
in the dihedral angles at residues G132 and A133 may be considered as a rigid body
rotation across the virtual C*- C* bond between these residues. These alterations in
the dihedral angles resulted in a rotation of 14° of the intermediate domain towards
the equatorial domain. A concomitant 19° swing of the apical domain relative to the
intermediate domain resulted in an outward movement of the apical domain at
residues E188 and G189. These differences once again may be considered as a
rotation across the virtual C*- C* bond between E188 and G189. Corresponding
residues in the E. /i GroEL-GroES complex bring about similar movements across
the three domains. Differences in the relative arrangement of different domains in
Cpn60.2, when compared with GroEL, might have arisen due to the different

quaternary associations of subunits.
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The interfaces between the domains are remarkably populated with charged
residues. Sequence comparison of the known Cpn60s indicated high conservation of
these charged residues suggesting the importance of the charged interfaces
(Brocchieri and Karlin, 2000). In the Cpn60.2 structure, these residues exhibit
extensive interaction networks. R318 of the apical domain is involved in interdomain
salt bridges with E185 and E175 of the intermediate domain. The orientations of the
guanidino group of R318 and carboxylates of glutamates are determined by their
interactions with E331 and K377, respectively. The other region, where extensive
charge-charge interactions are observed involves residues E394 and K390 of the
intermediate domain and R207 and E209 of the apical domain. Though K390 does
not interact directly with E209, these residues juxtapose the charge groups of E394
and R207 in an appropriate orientation for strong interactions. The equivalent
residues in E. o/, however, do not show similar interactions. lLoss of these
interactions in E. co/i seems to have arisen due to the closed tertiary conformation of
the protein. Interestingly, the charge network in Cpn60.2 continues across the other
monomer with the involvement of R281 and D358 from the other subunit. The
extensive charge-charge interaction networks therefore might stabilize the open

tertiary conformation of Cpn60.2.

5.3.6 Consequences of Loss of N-terminal Residues on the Cpn60.2

Structure

Loss of the first 41 residues in the Cpn60.2 might have led to serious
consequences on its structure due to exposure of large hydrophobic surface of the
protein. However, an elegant conformational change results in an alteration in the
orientation of the N-terminal helix (residues 60-79) (Fig. 5.6). This structural
alteration, in both the molecules in the asymmetric unit, thus shields hydrophobic
residues of the equatorial domain that would otherwise have been exposed. In
addition, this conformational change appears to promote the packing of the helices

spanning residues 87-107 and 60-79.
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The equatorial domain also spans the nucleotide-binding pocket in E. co/i
GroEL and therefore the loss of first 41 residues in Cpn60.2 might affect binding of
nucleotides (Boisvert e# al, 1996). Several charged and small hydrophobic residues
from region 480-500 (residue numbers as in E. co/) contribute to the ATP-binding
site in GroEL. In addition, residues at the N-terminus of the protein also contribute
to this site. For example, G31 is crucial for interaction with the a-Phosphate of ATP
while P33 is involved in hydrophobic interactions with the adenosine moiety.
Moreover, residues D87 and T91 in GroEL are involved in hydrogen bonding with
Mg?* and B-phosphate of ATP. Absence of N-terminal 41 residues leads to the loss
of the nucleotide-binding pocket in Cpn60.2. Furthermore, electron density of the
loop (residues 83-90) involved in B-phosphate binding was not interpretable. The
absence of ATP-binding site resulting from deletion at the N-terminus in the protein,
and disorder in the 83-90 loop therefore might lead to the loss of ATPase activity of

Cpn60.2.

Characterization of ATPase activity of Cpn60.2 had earlier shown that, in
comparison with E. ¢/ GroEL, Cpn60.2 did not exhibit any ATPase activity
(Described in Chapter 4). Thus, the loss of N-terminal residues of Cpn60.2 seems to
abolish its ATPase activity.

5.3.7 Surface Properties of Cpn60.2

Prevention of citrate synthase aggregation and binding to bis-ANS suggested
presence of hydrophobic areas on Cpn60.2 surface. The crystal structure reveals
that Cpn60.2 has at least two hydrophobic patches exposed on its surface. One of
these is in the equatorial domain, and possibly arises due to the loss of first 41

residues (Fig. 5.9).
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Figure 5.9 Comparison of surface properties of Cpn60.2 monomer with those of the GroEL
monomer Hydrophobic regions exposed on the surface of GroEL and Cpn60.2 are indicated in
green. While in GroEL, hydrophobic surfaces of a monomer bury upon oligomeric assembly of the
protein, in Cpn60.2 these regions remain exposed even upon dimerization. The regions might thus
serve to bind non-native polypeptides preventing their aggregation. This Figure was generated using

GRASP (Nicholls, 1991).

As mentioned previously, conformational change involving the N-terminal
helix (residues 60-79) partially shields this patch. However, some amount of
hydrophobic surface still remains exposed. Another hydrophobic patch occurs in the
apical domain. Its equivalent region in GroEL has been shown to bind substrate
proteins. Moreover, light scattering experiments showed that Cpn60.2 prevents
aggregation of citrate synthase when used in molar excess. Thus, the two
hydrophobic patches in each of the Cpn60.2 monomers might serve a role in binding

unfolded polypeptides thereby preventing their misfolding and aggregation.
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5.3.8 Structural Comparison with HslVU Protease

The Mycobacterinm leprae Cpn60.2 has recently been shown to possess HsIVU-
like proteolytic activity (Portaro ez al, 2002). Considering the high sequence identity
of 95% between the M. tuberculosis and M. leprae Cpn60.2, crystal structure of M.
tuberculosis Cpn60.2 presents us with an opportunity to probe the possible role of
Cpn60.2 in proteolysis. Portaro et al, on the basis of 20% sequence similarity with
HsIVU protease, suggested two catalytic triads, T136-K168-Y264 and T375-K409-
S502 (corresponding to residues T88-K120-Y216 and T327-K361-S454 in M.
tuberculosis). The Cpn60.2 crystal structure, however, reveals that the residues
suggested to be part of the triad were placed very far apart in space. In the first
putative triad, T88 and K120 are located in the equatorial domain, 23A apart from
one another, while Y216 is present on the apical domain and is 44A and 54A away
from residues T88 and K120, respectively. The structure does not seem to suggest
any possible conformational movement to bring these three residues together for the
activity. In the second suggested triad, while residues T327 and K361 are present on
the apical domain, 18A apart from one another, residue S454, in the equatorial
domain, is 42A and 50A away from T327 and K361, respectively. Thus, although the
suggested triads might not be responsible for the proteolytic role of Cpn60.2, some

other residues might contribute to this activity.

Structural comparison of Cpn60.2 with that of the HsIVU protease (Bochtler
et al., 2000) revealed that S177-T179-K377 in Cpn60.2 were spatially arranged as in
the HsIVU protease (T1-K33-S124). Structural superposition of the triads in the two
crystal structures suggests that the proteolytic activity may be a consequence of this
triad. Further interpretations of the role of Cpn60.2 and the possible residues
involved in its activity can be drawn upon mutagenesis of the potential residues and

their analysis experimentally in conjunction with the crystal structure data.
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5.4 CONCLUSIONS

E. cli GroEL has been one of the best characterized ATP-dependent
molecular chaperones, with the chaperoning ability intricately related to its oligomeric
state. M. tuberculosis possesses two copies of GroEL homologues known as Cpn60.1
and Cpn60.2. Sequence identity of more than 50% of both the proteins with GroEL
suggests that these might also function as molecular chaperones in M. fuberculosis.
Interestingly, the mycobacterial chaperonins have previously been shown to be
secreted in the extracellular environment although their role as molecular chaperones
is limited to the cytosol (De Bruyn e @/, 2000). Their existence in extracellular
environment suggests a possible alternate functional role. Both the proteins have
long been known to be strong antigens responsible for inducing humoral and cellular
immune responses (Zugel and Kaufmann, 1999). The two chaperonins are also
known to be involved in cell signaling at very low concentrations (Ranford ez a/,
2000). It is thus possible that both the M. #uberculosis chaperonins have moonlighting

functions.

Cpn60.2, also known as Hsp65, or the 65kDa antigen, can elicit a strong
delayed-type hypersensitivity reaction in experimental animals infected with A
tuberculosis (Silva et al., 1995). Being one of the major immunoreactive proteins of M.
tuberculosis, its immunodominant epitopes have recently been identified. It has
therefore also been explored for its possible inclusion in a recombinant vaccine
(Tascon et al, 1996). Moreover, Cpn60.2 has been shown to enhance cross
presentation of exogenous proteins by dendritic cells to the CD8* T-cells (Chen ef a/.,
2004). Crystal structure of Cpn60.2 thus presents an opportunity to correlate the

interesting structure-function properties of this protein.

Western blot analysis of M. fuberculosis extracts and difficulties in obtaining
intact homogeneous recombinant protein suggested an intrinsic instability of

Cpn60.2. SDS PAGE invariably showed two major bands in the purified
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recombinant protein. N-terminal sequencing identified one of them as the native
protein, while the other was a proteolytic product cleaved at Lysine 41. The truncated
protein, which exists as a dimer for reasons discussed above, might represent a
partially stable form. Crystal structure of the truncated Cpn60.2 of M. fuberculosis is

presented in this chapter.

The structure shows interesting conformational changes that might be needed
to accommodate the loss of first 41 residues. Despite these changes, however,
hydrophobic regions of the equatorial domain remain exposed to the solvent.
Moreover, hydrophobic patches were also exposed in the apical domain of Cpn60.2.
Since it is unusual for proteins to expose hydrophobic regions, it is speculated that
these exposed regions might have functional significance. In E. /i GroEL, the
hydrophobic residues of the apical domain are known to bind unfolded polypeptides
in the central cavity. The corresponding exposed residues in Cpn60.2 might similarly
bind unfolded polypeptides. Interestingly, Cpn60.2 does not possess an ATPase
activity. Prevention of aggregation of citrate synthase by binding through the
exposed hydrophobic residues, but in absence of any discernible ATPase activity,

therefore suggests that Cpn60.2 acts as an ATP-independent chaperone.

In addition to their role as molecular chaperones, heat shock proteins are
known to be strong stimulators of the immune system. Cpn60.2 of M. tuberculosis has
been shown to be a potent antigen capable of inducing strong immune responses in
the host. The response achieved against this protein has been shown to be largely T-
cell mediated. Regions of Cpn60.2 from M. tuberculosis and M. leprae have been
identified that serve as potent T-cell epitopes. Intriguingly, when mapped onto the
three-dimensional structure, the T-cell epitopes of Cpn60.2 lie largely on the
equatorial domain. The apical domain on the other hand is essentially devoid of these
immunogenic determinants. Structural significance of such a distribution on the

Cpn60.2 surface, however, cannot be inferred easily.
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One of the functions attributed to Hsps is their ability to bind cellular peptides
and present them to the T-cell receptors. Presentation of antigenic peptides requires
their uptake and intracellular processing by the antigen presenting cells. Hsps in
complex with the bound peptides are taken up by the antigen presenting cells and
processed similarly. Prevention of citrate synthase aggregation had suggested that
Cpn60.2 is capable of binding non-polar peptides. This was further corroborated by
surface properties of its structure. Cpn60.2 might thus act as a vehicle of antigenic

peptides presenting these to the T-cell receptors.

Hsps in addition to their role as carriers might also present bound peptides to
the T-cell receptor directly in a manner similar to CD1 mediated presentation of
glycolipids. The crystal structure of Cpn60.2 reveals exposed hydrophobic patches
on its surface thereby suggesting that the protein may act as an antigen presenter by

binding to peptides on its hydrophobic surfaces.

Interestingly, Cpn60s of M. tuberculosis have been shown to be potent cytokine
stimulators. This property of Cpn60s is also observed at very low concentrations of
the proteins. Presence of these proteins in extracellular milieu, and the very small
concentrations at which these exist in the extracellular medium, suggests that the
proteins can exist in lower oligomeric form. As the area buried between different
monomers in the dimeric Cpn60.2 is very small, it is conceivable that Cpn60.2 exists
as a monomer at very low concentrations. The monomeric or dimeric states might
be important in the cytokine stimulation ability. Since it would be difficult to
crystallize proteins at such low concentrations, the dimeric form that was obtained
fortuitously might serve as a good model to understand cell signaling properties of

these proteins.
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A1.1 INTRODUCTION

Chaperonin60s are a class of molecular chaperones that mediate the correct
folding of newly synthesized polypeptides in an ATP-dependent manner (Hartl,
1996). The GroE complex of Escherichia coli, encoding the chaperonins GroEL and
GroES, has been shown to be essential for bacterial growth at all temperatures (Fayet
et al., 1989). The chaperonin GroEL is involved in the de novo folding of 10-30% of
all the proteins in the bacterial cytosol. It is in the central cavity of GroEL that the
unfolded polypeptides undergo productive folding. This central cavity has been

shown to be essential for its role as a molecular chaperone (Weber ez a/., 1998).

GroEL was first identified by the isolation of temperature sensitive E. co/i

mutants that were defective for the assembly of the head proteins of bacteriophage A
and T4 and the tail proteins of bacteriophage T5 and were also affected for cellular
growth at elevated temperatures (Sternberg, 1973a; 1973b). One such mutant
groEIL A4 represents the E191G substitution in GroEL (Zielstra-Ryalls ez a/, 1993).
The mutant exhibits normal growth at 30°C however survival at 43°C requires the
external contribution of a functional groEEl-homologue. The strain thus becomes
suitable for testing the ability of various genes to complement the Ts phenotype of

the mutant.

Biochemical analysis of the M. tuberculosis Cpn60s showed that the proteins do
not exist as tetradecamers, the canonical form of Cpn60s, but rather as dimers
(Described in Chapter 4). Moreover, the activity of the M. tuberculosis Cpn60s when
compared with E. /i GroEL showed that these proteins do not exhibit ATPase
activity unlike GroEL. The proteins, however, were capable of complete prevention
of substrate aggregation suggesting their role as ATP-independent molecular
chaperones. Since the M. tuberculosis Cpn60s behaved in a manner much different
from the usual chaperonins their role as chaperones was studied by 7 wvivo

complementation using the gnEI 44 mutant strain.
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A1.2 EXPERIMENTAL PROCEDURES

Al1.2.1  Cloning of E. coli and M. tuberculosis cpn60s

The genes coding for the E. co/i groEL and M. tuberculosis ¢pn60.1 and ¢pn60.2,
were PCR amplified and cloned in the low-copy-number plasmid vector, pCILL1920,
through an intermediate sub-cloning step in pBluescript (SK+). The previously
described expression plasmid, pKIKKGL1, cosmid A10 and vector, pKY206 served as
the templates for PCR amplification of ¢pn60.1, ¢pn60.2 and groEL, respectively. The
amplified products were ligated at the Smal site of pBluescript (SK+) and the
transformants in E. co/f DH5 selected on the basis of blue-white selection. From the
positive clones obtained the three genes were subcloned in the spectinomycin
resistant (Sp*) plasmid, pCL1920 (Fig. Al.1). Table Al.1 describes the different

primers used for PCR amplification and the designation of the different clones.

Table Al.1 Primers used for cloning of cpn60s in pCL1920 Restriction endonuclease (RE) sites

are highlighted as undetlined sequences.

Primer name  RE site Primer sequence Designation

ECGLPCL.FOR Sall 5'TACTATAGTCGACTATGGCAGCTAAAGACG 3'

pCLECGL
ECGLA2S.REV SacI 5 ATATACGAGCTCTCATGCCGCCCATGCC 3
GLIPCL.FOR Pstl  5'ATAGATCTGCAGGATGAGTAAGCTGATCGAAT
ACG 3 pCLGLI

GLIPCL.REV  BamHI 5' TACTATAGGATCCTCAGTGCGCGTGCCC 3'

GL2PCL.FOR  HindIIIl 5 TAGATGAAGCTTAATGGCCAAGACAATTGCG3' pCLGL2

GL2PCL.REV ~ Smal 5 AGCTAGCCCGGGTCAGAAATCCATGCCACC 3'

In vivo Complementation Studies of M. tuberculosis Cpn60s 151




Appendix A

T 2 & .4

500bp

Figure Al.1 Agarose gel scans showing cloning of cpn6ts into pCL1920 (a) Cloning of E. coli
groEL Lane 1: Sall/Sacl digested clone showing the 1.6kb fall out of gwEL. Lane 2: Positive clone
linearized with BamHI. Lane 3: Undigested clone as a control. Lane4: A-HindIII DNA digest as the
marker. (b) Cloning of cpn60.1Lane 1: HindIII digestion of positive clone yielding the 1.1kb fall
out. Lane 2: BamHI/Pstl digest giving the 1.6kb fall out confirming the positive clone. Lane 3:
Positive clone linearized with Sall. Lanes 4 and 7 correspond to the undigested positive clone and
pCL1920 as controls. Lanes 5 and 6 correspond to the lineatized pCL1920 as control. Lane 8: A-
HindIIT DNA digest as matker. (c) Cloning of ¢pn60.2 Lanes 1 and 4: Smal/HindIII digested
positive clone and pCL1920. The 1.6kb fall out confirms the clone. Lanes 2 and 5: Sacl digested

positive clone and the vector as a control. The positive clone releases the 1.1kb fall out. Lanes 3 and

6: Undigested positive clone and pCL1920 as controls. Lane 7: A-HindIII DNA digest as marker.

Al1.2.2  In vivo Complementation in E. coli

Complementation experiments were performed at 43°C as described by
Chatellier ez a/. (1998). Plasmids pCLECGL, pCLGL1 and pCLGL2 containing the
E. coli and M. tuberculosis ¢pn60 genes, along with the plasmid vector pCL1920 as
negative control, were transformed into the temperature sensitive (T's) E. co/i strain,
SV2 (kindly provided by Jean Chatellier and Alan Fersht). SV2 has the grol=1 44 allele,
representing an E191G substitution in GroEL (Zeilstra-Ryalls ¢z al, 1993). Spr
transformants were selected at 30°C and the efficiencies of plating (EOP) for each

determined at 43°C, relative to that at 30°C. 3ml cultures of appropriately
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transformed cells were grown overnight at 30°C in LB medium supplemented with
spectinomycin. Cells were serially diluted 10-fold in LB medium and from each
dilution 100ul aliquot was spread on LB plates containing spectinomycin. Similatly,
5ul from each 10-fold dilution was spotted onto two LB plates, one of which was
incubated overnight at 30°C and the other at 43°C. The number of viable cells/ml of

culture was deduced from the number of colonies obtained at the different dilutions.
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A1.3 RESULTS

In order to investigate the functional properties of M. tuberculosis Cpn60.1 and
Cpn60.2, we sought complementation of a Ts groEL E. coli mutant, SV2. The results,
presented in Table Al.2, indicate that the SV2 derivative carrying the plasmid,
pCLECGL (with E. co/i groEL") exhibited an EOP of 0.05 at 43°C (relative to that at
30°C). The SV2 derivatives carrying pCLGL1 and pCLGL2 (with M. tuberculosis genes
tor ¢pn60.1 and ¢pn60.2, respectively) behaved like that carrying the vector pCL1920,
with an EOP of <10->.

Table Al.2 Test for complementation of the Ts E. coli groEL44 mutant Complementation was

performed with plasmids expressing E. co/i groE1. ot M. tuberculosis cpn60.1 ot ¢pn60.2

Plasmid (Description) Colony Forming Units

EOP

B/A
30°C 43°C B4

(G ®)

pCL1920 (Vector) 1x108 <103 <1075

pCLECGL (E. coli groEL) 1.3x108 6x10¢ 0.05
PCLGL1 (M. tuberculosis cpn60.1) 4x108 <103 <10
pCLGL2 (M. tuberculosis cpn60.2) 5x108 <103 <10->

Fig. Al1.2 clearly shows the ability of the E. w/i gEL to complement the
mutant groEZlL gene in the T's mutant. The presence of neither ¢pn60.7 nor ¢pn60.2

could promote the growth of the Ts groEI 44 E. coli mutant at 43°C.
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30 <C 43°C

Plasmids

pCL1920 (Vector)

pCL-ECGL (E. cofi groEL)
pCL-GL1 (M tuberculosis cpn60. 1)
pCL-GL2 (M. tuberculosis cpn60.2)

Figure Al.2 Test for complementation of the T's groEL44 E. coli mutant Complementation was
carried out with plasmids expressing E. coii groEL or M. tuberculosis ¢pn60.1 or ¢pn60.2. Spr
transformants of strain SV2 carrying plasmids as indicated at the right were grown overnight at 30°C
in LB medium supplemented with spectinomycin, serially diluted and five microlitres from each 10-
fold dilution spotted onto two LB-spectinomycin plates (from left to right in each row of the figure).

One plate was incubated overnight at 30°C and the other at 43°C.
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A1.4 CONCLUSIONS

The inability to achieve 77 vivo complementation of a T's gro2L. E. coli mutant
with the M. tuberculosis ¢pn60 genes suggests that the mycobacterial counterparts of
GroEL might have lost their function as molecular chaperones. Intriguingly,
however, biochemical characterization of these proteins had suggested otherwise
(Chapter 4). Thus, mere suppression of aggregation of substrate protein 7z vitro does
not seem to impart the ability of GroEL-like function to the M. tuberculosis Cpn60s 7n

Vivo.

I propose that the anomaly between the 7z vitro and in vivo results can be
explained by two possible means: (a) Cpn60s of M. tuberculosis require their cognate
co-chaperonin for the role as molecular chaperones iz vivo or (b) the two proteins,
Cpn60.1 and Cpn60.2, are required simultaneously for effective 7 wivo
complementation. In an attempt to resolve these questions, expression of the M.
tuberculosis ¢pn60.1 as a part of the gwESL operon and co-expression of the ¢n60.1
and ¢n60.2 genes needs to be studied.
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Our abilities to predict three-dimensional conformation of
a polypeptide, given its amino acid sequence, remain
limited despite advances in structure analysis. Analysis of
structures and sequences of protein families with similar
secondary structural elements, but varying topologies,
might help in addressing this problem. We have studied
the small B-barrel class of proteins characterized by four
strands (n = 4) and a shear number of 8 (S = 8) to
understand the principles of barrel formation. Multiple
alignments of the various protein sequences were generated
for the analysis. Positional entropy, as a measure of residue
conservation, indicated conservation of non-polar residues
at the core positions. The presence of a type II B-turn
among the various barrel proteins considered was another
strikingly invariant feature. A conserved glycyl-aspartyl
dipeptide at the B-turn appeared to be important in guiding
the protein sequence into the barrel fold. Molecular
dynamics simulations of the type II B-turn peptide sug-
gested that aspartate is a key residue in the folding of the
protein sequence into the barrel. Our study suggests that
the conserved type II B-turn and the non-polar residues in
the barrel core are crucial for the folding of the protein’s
primary sequence into the B-barrel conformation.
Keywords: B-barrel/molecular dynamics/protein folding/SH3/
type II B-turn

Introduction

The landmark work of Anfinsen indicated for the first time
that the primary structure of a protein dictates its tertiary
structure (Anfinsen, 1973). In a sequential protein folding
model the primary structure of a protein initially yields o-
helices, B-sheets and turns, the predominant secondary struc-
tural elements in proteins. By arranging these simple elements
in precise patterns, complex protein structures assemble to
achieve the diversity of protein functions. A major goal in
understanding how the amino acid sequence of a protein
specifies its structure is to understand how these elements of
secondary structure are organized onto a tertiary scaffold. This
requires learning how properties of individual amino acids are
exploited in guiding an amino acid sequence into a particular
fold. Much progress has been made in the last decade towards
understanding the relationship between a protein’s sequence
and structure, yet the protein folding problem remains a
captivating puzzle.

Researchers have learnt several rules governing the forma-
tion of helices and turns. However, the principles behind [-

© Oxford University Press

sheet formation are much less understood (Serrano, 2000). It
is therefore especially intriguing to speculate how [-sheet
proteins, having complex topologies and involving numerous
contacts between residues distant in sequence, acquire their
native structure. Several features of 3-sheet proteins have been
suggested to be important for efficient folding and stability.
The overall hydrophobic and polar pattern of amino acids may
be a dominant driving force for defining a protein’s topology
(Eisenberg et al., 1984; Bowie et al., 1990; Kamtekar et al.,
1993). Recognition between amino acid side chains on neigh-
boring B-strands may guide a correct strand register and hence
stabilize the resulting B-sheets (Merkel er al., 1999; Mandel-
Gutfreund et al., 2001). Another possibility is the formation
of turns at critical locations in the protein structure. Turns may
be particularly important for anti-parallel sheet formation and
hence defining the protein topology. Supporting this hypothesis,
recent studies indicate that the residues in the distal loop in
the SH3 domain are important for nucleation of protein folding
(Martinez and Serrano, 1999; Riddle et al., 1999). Different
combinations of these possible interactions are the most likely
determinant of B-sheet topology and hence protein stability.

In the course of evolution, three-dimensional structures of
proteins are conserved to a greater degree than their sequences,
which determine their structure. Residue substitutions, which
tend to destabilize a particular site, would probably be com-
pensated by other substitutions that confer greater stability on
the structure. For example, if volume conservation were
important to structure and function, a substitution involving a
reduction of volume in the protein core might result in a
destabilizing pocket in the core. In this case, it might become
necessary to substitute another residue at a position distant in
the sequence but near in space. This second substitution should
then have a larger side chain in order to conserve the overall
volume of the core and therefore the overall folded structure.
Thus, if structural compensation is a general phenomenon,
neighbouring sites in the three-dimensional structure will tend
to evolve in a correlated fashion owing to the compensation
process. In the past decade there has been a great deal
of progress in the development of methods for predicting
interactions in protein structures by analysis of correlated
changes in sequence evolution (Altschuh et al., 1988;
Shindyalov et al., 1994; Pollock and Taylor, 1997).

In this study, we have undertaken a comprehensive analysis
of the sequence and structural variation seen in the small -
barrel proteins. A [-barrel is essentially identified by two
geometric characteristics: the number of B-strands in the barrel
(n) and the number of B-bridge staggers across the [-sheet
(the shear number, S) (Murzin et al., 1994). Within the all-8
protein class in the Structural Classification of Proteins (SCOP)
database there exist five folds which can be grouped together
as small B-barrels (Murzin et al., 1995). These barrels are
characterized by the presence of four B-strands (n = 4) and a
shear number of 8 (S = 8) (Murzin et al., 1994). Although
the five folds have similar secondary structure composition,
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each has a distinct topology. The goal of this study was to
identify conserved features across these B-barrel folds, which
may also be important in the initial steps of the folding
pathway and in guiding the protein’s primary sequence into a
B-barrel with the specific topology. In the work described here,
we constructed and analyzed multiple sequence alignments for
protein sequences in each of these five barrel folds. We also
aligned structures of the different proteins, within and across
the folds. In order to determine certain structural features
common to the barrel folds at both the sequence and structural
level, we studied the conservation and covariation in the
SH3-like barrel, GroES-like and the PDZ domain-like folds.
Molecular dynamics (MD) simulations on a GroES peptide,
derived from a conserved B-turn, were also carried out in order
to address its role as a possible nucleation site in the folding
pathway. By combining sequence and structural analysis it
was possible to interpret the pattern of conservation seen in
the three protein folds.

Materials and methods

The SCOP database classifies all-B proteins into 93 folds
according to their topology and evolutionary relationships
(Murzin et al., 1995). Each fold is divided into superfamilies
which are further classified into different families, that is, a
group consisting of proteins with residue identities of 30%
and greater or those having similar structure and function.
The five folds include the SH3-like barrel, GroES-like, PDZ
domain-like, N-terminal domains of the minor coat protein
g3p and the Sm motif of the small nuclear ribonucleoproteins,
SNRNP. A total of 42 different protein structures are grouped
together in the SH3-like barrel fold. In the GroES-like and
PDZ domain-like folds a total of nine and eight different
structures have been solved, respectively. Only one structure
each has been solved for both the N-terminal domains of the
minor coat protein, g3p fold and the Sm motif of small nuclear
ribonucleoproteins, SNRNP fold. A representative structure
from each family within a fold was considered for the sequence
and structure comparisons carried out in this study. Table I
lists the initial target sequences considered for initiating
the analysis.

Structure comparison

A total of 20 structures were considered for structural compar-
ison of proteins (Table I). Of these, 13 belonged to the SH3-
like barrel fold, three to the GroES-like barrel and two to the
PDZ domain-like barrel fold. One structure was selected for
each of the N-terminal domains of the minor coat protein g3p
and the Sm motif of small nuclear ribonucleoproteins, SNRNP
fold. Coordinates for each of these proteins were retrieved
from the PDB (Bernstein et al., 1977). Superimpositions were
done among the structures within the same and also across the
various [-barrel folds. For inter-fold superimpositions, one
representative from each fold was taken. The representative
structure corresponded to any one protein in a fold for which
complete sequence analysis was done as per the criteria of
more than 30 sequences in the multiple sequence alignment
(addressed later). Hence, the structures chosen for the inter-
fold comparison were the o-spectrin SH3 domain protein,
1shg; the Escherichia coli GroES, laon and the rat neuronal
nitric oxide synthase, 1qav from the SH3-like barrel, GroES-
like and the PDZ domain-like fold, respectively. The structures
were superposed by visualization, followed by least-squares
fitting using the 1sq commands of O (Jones ez al., 1991).
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Residue conservation

To measure the level of conservation at each position in the
alignment, the frequency of occurrence of an amino acid at
each position was determined. This was achieved by the
calculation of the positional entropy at each position in the
alignments obtained. A positional entropy of n is equivalent
to the diversity of n residues occurring at the position with a
frequency of 1/n. A position that is completely conserved will
thus have a positional entropy of 1. For position i, with
residues r = (A, C, D, ..., V, W, Y) occurring at frequencies
pi(r), the entropy H(i) is defined as

H(i) = —pi(nin[p(r)]

This entropy is known as the Shannon informational entropy
(Shenkin et al., 1991).
The positional entropy is expressed as

N@G) = eH
Volume correlation

The correlation coefficient at each residue position in the
alignment was calculated as a measure of covariation in the
volumes of the side chains. The side-chain volumes were taken
from Harpaz et al. (Harpaz et al. 1994). A pairwise correlation
coefficient, r(x,y) determined the correlation between two
residue positions and was expressed as

noxy — 2%y
\] [(12) - (2] [(n2°) - (Z)°]

rxy) =

where r = correlation coefficient, » = number of sequences,
x = volume at residue position i and y = volume at residue
position j.

Sequence alignment

A total of 20 initial target sequences corresponding to the
representative protein in each family were considered for the
analysis (Table I). The chosen target sequence was used for a
BLAST search (E < 0.001) of the non-redundant database
compilation (Altschul et al., 1997). Homologous sequences
were retrieved and the stretch of residues, aligned to the initial
target domain, extracted from each protein sequence. Two or
more domains within a protein sequence were considered as
separate sequences. Thus, a sequence having two domains was
split into two, each corresponding to a different domain, within
the protein. These sequences were aligned using the Clustal W
program (Thomson et al., 1994). Once the initial alignment
was constructed, sequences with ClustalW score of >90 were
removed in order to remove any bias in the sequence analysis
due to high degree of similarity. To avoid artifactual results
arising out of inaccurate sequence alignments, sequences with
a score of <25 were also removed. The remaining sequences
were realigned such that, in the final alignment, no two
sequences had a score of <25 or >90. Families where, after
the editing, the number of sequences in the alignment was
<30 were not considered for further analysis.

Only five of a total of 20 families in the n = 4, S = 8 -
barrel protein folds fulfilled the criterion of >30 sequences in
the multiple alignment. These included the SH3 domain and
the C-terminal domain of ribosomal protein L2 in the SH3-like
barrel fold, GroES and alcohol dehydrogenase-like, N-terminal



Conserved residue features in -barrel proteins

Table I. B-Barrel proteins considered for sequence and structure comparisons

B-Barrel fold Classification within the fold

Proteins used for sequence alignment construction PDB ID

SH3-like barrel

C-Terminal domain of biotin and diphtheria toxin repressors

Biotin repressor (BirA)

Diphtheria toxin repressor (DtxR)

SH3 domain

SH3 domain

Myosin S1 fragment, N-terminal domain
Myosin S1 fragment, N-terminal domain
Translation proteins — SH3 like domain
Ribosomal proteins L24p and L21e

Biotin repressor/biotin holoenzyme synthetase, C-terminal domain 1bia

N-Terminal domain of eukaryotic initiation translation factor 5a N-Terminal domain of eukaryotic initiation translation factor 5a  2eif

C-Terminal domain of ribosomal protein L2
Electron transport accessory proteins
Photosystem I accessory protein E(PsaE)
Nitrile hydratase -chain

Ferredoxin thioredoxin reductase (FTR), alpha (variable) chain

R67 dihydrofolate reductase

CcdB

CcdB

DNA binding domain of retroviral integrase
DNA binding domain of retroviral integrase
GroES-like

GroES

Alcohol dehydrogenase-like, N-terminal domain

SacY-like RNA-binding domain
BglG-like antiterminator proteins

PDZ domain-like
PDZ-domain
Interleukin 16

GroES-like

PDZ domain-like

N-Terminal domains of the minor coat protein, g3p
N-Terminal domains of the minor coat protein, g3p

N-Terminal domains

of the minor coat protein
23p

Sm motif of small Sm motif of small nuclear ribonucleoproteins, SNRNP

nuclear ribonucleoproteins, Sm motif of small nuclear ribonucleoproteins, SNRNP
SNRNP

Diphtheria toxin repressor (DtxR) 2dtr
a-Spectrin SH3 domain 1shg
Myosin S1 fragment 2mys
Ribosomal proteins L.24 (L24p) 1ffk
C-Terminal domain of ribosomal protein L2 1112
Photosystem I accessory protein E (PsaE) 1psf
Nitrile hydratase B-chain 2ahj
Ferredoxin thioredoxin reductase (FTR), alpha (variable) chain 1dj7
R67 dihydrofolate reductase lvie
CcdB 2vub
DNA binding domain of retroviral integrase lex4
Chaperonin-10 (GroES) laon
Alcohol dehydrogenase 3bto
SacY lauu
Neuronal nitric oxide synthase, NNOS Iqav
Interleukin 16 lill6
N-Terminal domains of the minor coat protein, g3p 2g3p
D1 core SNRNP protein 1b34

domain in the GroES-like fold and PDZ-domain in the PDZ
domain-like fold. Sequence alignment data corresponding to
these families were considered for statistical analysis.

Molecular dynamics simulations

MD simulations for a small peptide of the E.coli GroES were
performed using the Discover module in the InsightIl molecular
modelling package (MSI/Biosys, San Diego, CA, 1997). The
simulations were performed with a cubic periodic boundary
condition (box dimensions 25X25X25) and consisted of the
peptide solvated with water molecules. The effective water
density in the solvation box was 0.96 g/cm?. All atoms were
considered explicitly and their interactions were computed
using the CVFF force field. The time step in the MD simulations
was 1 fs. All simulations began with 100 iterations of the
energy minimizations of the peptide to relax the local forces.
Subsequently, MD simulations were performed at 300 K for
500 ps. A seven-residue peptide with the original conformation
as in the protein with an intact type II turn was the starting
structure. Simulations were performed for the wild-type
sequence of the peptide and also on two other peptides. In
one of these, the aspartate was mutated to asparagine and in
the second the aspartate was mutated to alanine. The native-
like side chain—main chain hydrogen bond was retained in the
aspartate to asparagine mutant.

Results

The study involved comparison of sequence and structure data
for the different four-stranded B-barrel folds. According to the

a

Fig. 1. Topologies of the B-barrel folds characterized by n = 4 and § = 8
according to the SCOP classification. The folds included in this category are
(a) SH3-like barrel, (b) GroES-like, (¢) PDZ domain-like, (d) N-terminal
domains of the minor coat protein, g3p and (e¢) Sm motif of small nuclear
ribonucleoproteins, SNRNP. The Sm motif of small nuclear
ribonucleoproteins, SNRNP fold has the same topology as the SH3-like
barrel. B-Strands are indicated by arrows. The boxes indicate the helices in
the different folds.

number of strands forming a compact globular structure, these
constitute the smallest barrels known. The difference among
these different folds essentially lies in the manner in which
the four B-strands are connected, thereby generating a unique
topology (Figure 1). In each topological class multiple sequence
alignments were generated for the sequence analysis and
structures of proteins within a B-barrel fold superimposed on
one another.

Comparisons within the SH3-like barrel fold

Superpositions were done among 13 structures in the SH3-
like barrel fold (Table I). These structures superposed well on
one another with a maximum r.m.s. deviation of 2.24 A for
29 atoms between the DNA binding domain of HIV-I integrase,
lex4 and the diphtheria toxin repressor, 2dtr (Table Ila). The
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Table IL Pair-wise r.m.s. deviations (A) when superimposing structurally equivalent Co; positions within a B-barrel fold. The numbers in parentheses
represent the equivalent residues considered during the superpositions

(a) SH3-like barrel fold

lvie  2dtr 1dj7 1pst 2vub 2mys 1shg 2ahj 1bia 1r12 2eif lex4 1tk
lvie 0.0 1.85(29) 1.49 (46) 1.34 (40) 1.71 (47) 141 (37) 190 (33) 1.98(53) 1.90 (36) 1.74 (42) 1.70 (44) 1.71 (32) 1.53 (42)
2dtr 0.0 1.99 36) 1.69(32) 1.87 (34) 196 (28) 1.81(35) 1.28(28) 1.73(37) 1.87 (42) 1.66 (21) 224 (29) 1.47 (28)
1dj7 0.0 1.45 (53) 149 (39) 1.83 (46) 1.56 (44) 0091 (46) 1.84 (41) 1.72 (42) 1.60 (36) 1.56 (37) 1.26 (45)
Ipst 0.0 1.51 (38) 1.87 (36) 1.88 (41) 1.31(48) 1.82(37) 1.69(38) 1.41(33) 1.65(38) 2.03 (54)
2vub 0.0 129 (35) 123 (38) 1.72(47) 1.74(37) 194 (40) 197 34) 1.39 (33) 1.69 (37)
2mys 0.0 1.94 (40) 1.75(43) 1.87(32) 148 (35) 1.41(34) 1.85(39) 1.72(36)
Ishg 0.0 1.61 (41) 1.89(37) 2.21(38) 1.94(30) 1.35(42) 1.81(38)
2ahj 0.0 1.62 (37) 146 (41) 148 (41) 1.54 (38) 1.84 (50)
Ibia 0.0 1.89 (39) 1.49(22) 1.99 35) 1.97 (39
Ir12 0.0 1.93 (44) 1.96 (42) 1.88 (42)
2eif 0.0 1.50 (33) 1.80 (34)
lex4 0.0 1.86 (37)
1ffk 0.0
(b) GroES-like fold

laon  3bto lauu
laon 0.0 1.35 (51) 1.69 (37)
3bto 0.0 1.61 (34)
lauu 0.0

minimum r.m.s. deviation of 1.23 A for 38 atoms was seen
between the o-spectrin SH3 domain protein, 1shg and the
CcdB protein, 2vub.

Of interest is the region at the type II B-turn of SH3-like
barrel fold proteins. The turn, referred to as the diverging turn
in the SH3 domain (Yi et al., 1998), is present in the loop
connecting strands 1 and 2 of the SH3-like barrel fold.
Intriguingly, the occurrence of the type II turn in the SH3-like
barrel fold proteins seems to be related to the length of the
loop preceding the diverging turn. Of the 13 different SH3-
like barrel fold structures studied (Table I), the type II turn
was present in six. None of the remaining seven structures
contained the type II turn. A common feature among these
seven structures, lacking the type II turn, was the presence of
a short loop between strands one and two of the barrel. The
presence of a short intervening loop probably reduces the
likelihood of the polypeptide chain from deviating from the
folded barrel structure. Proteins containing the type II turn
included the o-spectrin SH3 domain, 1shg; photosystem I
accessory protein, 1psf; diphtheria toxin repressor, 2dtr; nitrile
hydratase B-chain, 2ahj; the ribosomal protein L.24, 1ffk and
ferredoxin thioredoxin reductase, 1dj7. A stretch of >11
residues in the loop connecting strands 1 and 2 of the B-barrel
necessitated the presence of the type II turn, as observed in
five of these structures. The presence of the turn, in these
structures, appears to guide the polypeptide into the B-barrel
helping in the formation of the folded barrel structure.

Multiple sequence alignments for each of the 13 proteins
considered for structural comparisons were generated as
described in Materials and methods. A BLAST search with
the amino acid sequence of the o-spectrin SH3 domain (SH3
domain family) gave 219 hits with £ < 0.001. Splitting
of multi-domain sequences augmented this number to 302.
Exclusion of sequences with ClustalW scores of <25 and >90
drastically reduced the number of sequences in the final
alignment to 30. A BLAST search for the sequence of the C-
terminal domain of ribosomal protein L2 (translation proteins —
SH3-like domain family) resulted in an initial number of 132
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hits with £ < 0.001. A total of 65 sequences homologous to
the ribosomal protein were finally obtained by editing the
sequences in a manner similar to that described above. For all
the remaining sequences subjected to BLAST search, the
number of sequences after editing was <30. These sequence
alignments were hence not considered for further analysis for
reasons described in the Materials and methods section.

The degree of conservation at each position in the multiple
alignment generated was determined using the Shannon
Informational entropy calculation (Shenkin ez al., 1991). Tables
IITa and b give the positional entropy values at the core residue
positions for the SH3 domain and the C-terminal domain of
ribosomal protein L2 families, respectively. Core residue
positions for the representative proteins in each family were
identified by calculating the percentage accessibility of side
chains using the NACCESS program (Hubbard et al., 1991).
Residues with side chain accessibilities of <7% were consid-
ered part of the core. A total of nine core positions were
identified in the a-spectrin SH3 domain. The positional entrop-
ies were <3 at all nine core positions in the SH3 domain
protein (Table IIla). In the case of the C-terminal domain of
ribosomal protein L2, 10 of the 12 core positions showed high
residue conservation as indicated by a positional entropy of
<3 at these positions (Table IIIb). Tables Illa and b also
indicate the prevalence of amino acid residues at the core
residue positions for the SH3-like barrel fold families, SH3
domain and the C-terminal domain of ribosomal protein L2.
These core positions, as seen from the data, are predominantly
occupied by valine, leucine or isoleucine in both the families.
The other residues occupying positions in the barrel core are
the non-polar residues including phenylalanine, methionine,
alanine and glycine. The presence of these residues contributes
to the high hydrophobicity at the core of the barrel in this
fold. High conservation of non-polar residues at the core
residue positions suggests the importance of a hydrophobic
interior in maintaining the integrity of the fold.

A covariance analysis of residue volumes indicated a signi-
ficantly high correlation between residues at the core positions
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Table IIL. Position-specific statistics for occurrence and conservation of residues at the core positions in the five B-barrel families. The first column indicates
residue position numbers corresponding to sequence of (a) the o-spectrin SH3 domain protein, 1shg; (b) C-terminal domain of ribosomal protein L2, 1r12;
(c) the E.coli GroES protein, laon; (d) alcohol dehydrogenase-like, N-terminal domain protein, 3bto; and (e) the PDZ-domain protein, 1qav. Occurrence of
the most prevalent residue is indicated in the last column

A C Y W S M D N E Q v L I H G P K R F T  Positional Most

entropy prevalent
residue

(a) SH3 domain: a total of 30 sequences
9 7 4 18 1 2.79 \Y
11 28 2 1.27 A
23 6 22 2 2.07 L
25 8 1 1 20 2.33 F
31 1 3 8 18 2.72 I
33 18 8 4 2.52 \Y
44 2 6 22 2.07 G
53 9 1 20 2.10 F
58 1 27 1 1 1.54 Vv
(b) C-Terminal domain of ribosomal protein L2: a total of 65 sequences
131 3 2 54 6 1.86 L
134 1 7 3 1 53 1.97 1
140 38 2 25 2.20 \%
143 26 1 38 2.10 1
151 13 1 51 1.78 G
160 1 1 20 1 21 3 1 9 1 7 5.50 S
161 49 2 2 8 1 3 2.44 A
163 16 22 27 293 I
171 17 4 2 31 3 1 7 417 v
173 23 31 11 2.78 L
187 2 58 3 1 1.61 C
189 65 1.00 A
(c) GroES: a total of 86 sequences
10 71 2 13 1.70 \%
12 54 5 27 227 \%
38 15 71 1.57 G
40 70 16 1.60 v
59 1 78 5 2 1.47 \%
65 72 1 13 1.61 \%
67 26 1 1 5 3 50 2.88 F
73 5 5 5 1 3 7 1 5 54 399 T
84 1 1 1 13 53 9 1 4 3 3.63 L
86 31 4 42 4 5 3.27 L
91 15 6 65 1.99 1
(d) Alcohol dehydrogenase-like, N-terminal domain: a total of 52 sequences
36 49 2 1 129 \%
38 1 16 6 28 1 2.99 1
69 30 1 1 20 231 A
73 45 7 1.48 \%
83 1 20 27 4 2.67 L
89 2 50 1.18 v
91 1 1 1 6 41 1 1 262 P
150 5 1 2 1 43 193 T
152 31 1 1 33 8 3 2 352 \%
157 4 1 33 11 2.87 \Y
(e) PDZ domain: a total of 35 sequences
84 4 22 9 2.43 L
106 4 31 1.42 1
108 9 26 1.76 I
116 18 4 1 2 9 1 3.69 A
117 35 1.00 A
123 2 33 1.24 L
128 11 3 1 10 2 1 7 5.05 A
129 3 9 23 2.30 I
132 33 2 1.24 v
137 12 21 2 2.30 L
140 17 2 1 3 1 10 1 4.00 A
145 31 4 1.42 A
152 20 4 2 11 7 3.57 A
156 30 2 3 1.65 \%
158 29 5 1 1.70 L
160 7 21 4 3 2.96 v
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Fig. 2. Stereo-view of the SH3 domain protein, 1shg showing side chains of the correlated amino acid residues, 23, 25, 44 and 53. Figures 2 and 3 were

generated using Molscript (Kraulis, 1991).

in the SH3-like barrel (Figure 2). A high negative correlation
of —0.97 was seen between residue positions 23 and 44 (residue
numbers corresponding to the o-spectrin SH3 domain). An
increase in volume of the core due to a larger side chain at
residue position 23 (mostly leucine or valine) is compensated
by a reduction in the side chain volume at the correlated
position 44 (mostly valine or glycine) (Table Illa). Similarly,
a negative correlation is seen between the volumes of residues
25 and 44 (a correlation value of —0.64). Since the side chain
volumes of positions 23 and 25 are negatively correlated with
respect to position 44, it was anticipated that the correlation
coefficient between them would be positive. Indeed, the
correlation coefficient of side chain volumes at positions
23 and 25 shows a high positive value of 0.68. Another
compensatory pair of residues is present at positions 44 and
53. Residue 44 exists in the third strand of the o-spectrin SH3
domain and residue 53 in the fourth strand. A negative
correlation of —0.84 is seen between these core residue posi-
tions. Positive correlations of 0.75 between residues 23 and
53 and 0.42 between residues 25 and 53 result in compensation
of the overall core volume. This observation strongly supports
the belief that maintenance of the total volume of the core
would be important to keep the barrel structure intact.

Comparisons within the GroES-like fold

Three representative proteins in the GroES-like fold were
considered for the comparative study (Table I). Superposition
of proteins within the GroES-like fold was done as in the case
of the SH3-like barrel fold. The representative proteins included
for analysis superposed well with one another with a minimum
r.m.s. deviation of 1.35 A for 51 atoms between the horse
alcohol dehydrogenase, 3bto and the E.coli GroES, 1aon (Table
IIb). Different proteins within the alcohol dehydrogenase-like,
N-terminal domain family also superimposed very well on one
another (data not shown). Comparisons revealed an overall
conservation of the B-barrel core in the representative proteins.

A BLAST search yielded 170 hits for the E.coli GroES
protein. Splitting of the multi-domain sequences increased this
number to 174. Further editing as described earlier for the
SH3-like barrel fold, however, reduced the number to 86. An
initial number of 412 hits in a BLAST search for the alcohol
dehydrogenase reduced to 52 sequences in the final alignment
after appropriate editing. In case of the SacY protein, the
number of sequences in the final alignment was <<30. This
protein and the corresponding family were thus omitted from
further sequence and structural comparisons.
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Core residue positions were identified in the two GroES-
like fold proteins, the E.coli GroES and the horse alcohol
dehydrogenase. Positional entropy values for the corresponding
families at these core positions are shown in Tables Illc and
d. Of the 11 core residue positions in the E.coli GroES, eight
were highly conserved with positional entropies of <3. Two
of the three high-entropy positions, 84 and 86, were largely
occupied by non-polar residues, the most predominant being
leucine. Another variable position in the core, 73, was mostly
occupied by threonine. Ten core positions were identified in
the alcohol dehydrogenase. High residue conservation is seen
at nine of the 10 core positions, indicated by a positional
entropy value of <3 (Table IIId). These positions were largely
occupied by small hydrophobic amino acid residues. The
predominant residue at position 152, the only high-entropy
position in the alcohol dehydrogenase, was valine. Tables Illc
and d indicate the prevalence of non-polar amino acid residues,
including valine, leucine and isoleucine, at the core residue
positions for the GroES-like fold proteins. The presence of
polar, uncharged residues at the core positions, however, is
not uncommon. As reported earlier, valines at the core positions
in these proteins are seen to be mutable into isoleucines but
not to leucines (Table III) (Taneja and Mande, 1999). Unlike
the SH3-like barrel fold proteins, proteins in the GroES-like
fold did not show a high correlation between residue volumes
in the barrel core.

Comparisons within the PDZ domain-like fold

The two representative structures of the PDZ domain-like fold
interleukin 16, 1il116 and the neuronal nitric oxide synthase,
lqav superposed well on one another with an r.m.s. deviation
of 1.90 A for 77 atoms. Proteins within the PDZ domain
family when compared among themselves superposed well on
one another with an overall conservation of the B-barrel (data
not shown).

A BLAST search with the amino acid sequence of the
neuronal nitric oxide synthase (representative of the PDZ-
domain family) gave 230 hits. This initial number first rose to
386 owing to splitting of multi-domain sequences, but a final
number of 35 sequences was obtained after editing. The
number of sequences in the final alignment obtained from
the protein interleukin 16 was <30. This protein and the
corresponding family were thus not considered for further
analysis.

A total of 16 core positions were identified in the neuronal
nitric oxide synthase. Of these, 12 positions show high residue
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Fig. 3. (A) Superposed structures of the representative proteins of the SH3-like barrel, GroES-like and PDZ domain-like folds. The a-spectrin SH3 domain
protein (I1shg) is shown in pink, the E.coli GroES (laon) in blue and the neuronal nitric oxide synthase (1qav) in green. The superposed 3, helix is
highlighted in dark blue. (B) Superposed structures of the representative proteins of the SH3-like barrel, GroES-like and PDZ domain-like folds. The o.-
spectrin SH3 domain protein (1shg) is shown in pink, the E.coli GroES (laon) in blue and the neuronal nitric oxide synthase (1qav) in green. The superposed

type II B-turn is highlighted in dark blue.

conservation with a positional entropy <<3 at each of these
positions (Table IIle). These core positions are predominantly
occupied by valine, leucine or isoleucine. Alanine seems to
be the residue of choice for the remaining four positions. As
in the GroES-like fold, the valines appear to be mutable to
leucines rather than to isoleucines (Table Ille). Core residue
positions did not show a significant correlation among residues
in proteins considered in this fold.

The final number of sequences in the multiple sequence
alignments generated for the representative proteins in the N-
terminal domains of the minor coat protein, g3p and Sm motif
of small ribonucleoproteins, SNRNP families was <30. Since
there were no sequence data for the two families owing to
lack of fulfillment of the set criteria for sequence analysis, the

two families and hence the corresponding folds were excluded
from the study.

Comparisons across the [-barrel folds

One of the objectives of the study was to identify similarities
and dissimilarities across the B-barrel folds. One representative
structure from the three B-barrel folds, viz. o-spectrin SH3
domain (SH3-like barrel fold), E.coli GroES (GroES-like fold)
and the neuronal nitric oxide synthase (PDZ domain-like fold)
were therefore considered for the comparisons. The topologies
of the three representative structures are different from one
another as shown in Figure 1. Comparison of topologies of
the SH3-like barrel and GroES-like fold shows the presence
of a 3,y helix interrupting the fourth strand in both the -
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Table IV. Pair-wise r.m.s. deviations (A) when superimposing structurally
equivalent Co positions across the B-barrel folds. The numbers in
parentheses represent the equivalent residues considered during the
superpositions

Ishg laon lqav
(SH3 domain) (E.coli GroES)  (PDZ domain)

(a) Superimposition at the 3, helix

Ishg (SH3 domain) 0.0 1.79 (38) 1.48 (23)
laon (E.coli GroES) 0.0 1.24 (23)
lqav (PDZ domain) 0.0

(b) Superimposition at the type II B-turn

Ishg (SH3 domain) 0.0 1.62 (34) 1.48 (23)
laon (E.coli GroES) 0.0 1.50 (31)
lqav (PDZ domain) 0.0

barrel folds. The first three strands of the barrel form a similar
anti-parallel B-sheet in the two protein folds, yet the two have
distinct topologies. The difference lies in the way in which
the fourth B-strand hydrogen bonds with the other strands
forming the barrel. In the case of the SH3-like barrel fold, the
fourth strand runs anti-parallel to the third B-strand followed
by the 3 helix. This short helix juxtaposes the fourth strand
to the first resulting in the formation of the barrel. The 3,
helix in GroES-like fold, however, juxtaposes the fourth strand
to the third, for the formation of the complete barrel. Figure 1
also indicates the topology of the PDZ domain-like fold. This
fold consists of two helices, one in the region connecting the
B-strands two and three and the other between the third and
the fourth strands.

The difference in topology of the three representative
proteins thus makes it difficult to superpose the corresponding
structures. The presence of a common B-barrel structural core,
however, may allow comparison of the secondary structural
elements forming the barrel in these proteins. Hence, ignoring
the topology of the three folds, B-strands of the representative
proteins were superimposed on one another. Structural compar-
isons yielded two alternative ways in which B-strands of the
three proteins could be superimposed on one another with
minimal r.m.s. deviation values. In one of the superimpositions,
the 3y helix of the o-spectrin domain superposes very well
on that in the E.coli GroES (Figure 3a). The superposition is
such that residues of strands 1, 2 and 3 of the o-spectrin
domain align with those in strands 3, 2 and 1 of the E.coli
GroES respectively. The r.m.s. deviation data are as shown in
Table IVa. In the case of the PDZ domain-like fold, the
structural alignment superposes strands 2, 3 and 4 of the
neuronal nitric oxide synthase onto strands 1, 2 and 3 of
the o-spectrin SH3 domain, respectively. In an alternative
superposition, B-strands of the representative structures align
such that strands 4, 1 and 2 of the o-spectrin SH3 domain
align with strands 1, 2 and 3 of the E.coli GroES, respectively.
The r.m.s. deviation data for this superimposition are given in
Table IVb. Interestingly, this alternative superposition superim-
poses a type II B-turn present in the three structures (Figure 3b).

The B-turn, referred to as the diverging turn in the SH3
domain, occurs at the intervening loop connecting strands 1
and 2. The turn has previously been reported to play a role in
protein folding (Riddle er al., 1999; Larson and Davidson,
2000). A similar B-turn is present just before the third strand
in the PDZ domain-like fold. The ¢—y values at this turn
correctly place this turn in the type II category (¢; + | = —63,
V; + 1 = 140; ¢; 4 » = 98.6, y; ;. , = —8.6). In the GroES-like
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Fig. 4. Positional entropies at the structurally aligned positions of the three
B-barrel folds: SH3-like barrel fold, PDZ domain-like fold and GroES-like
fold. The position numbers correspond to that of the a-spectrin SH3 domain
protein. Position numbers 9, 11, 25, 31 and 58 are the core positions in all
the three protein barrels. Residues 28 and 29 correspond to the i + 2 and i
+ 3 positions in the type II turn in the three-dimensional structure.

fold the turn (¢; + ;| = -58.8, y; + | = 134.6; 0; + , = 96.3,
; + » = —104) is present at the initiation of the third B-strand
following the dome loop. The presence of the type II turn in
the GroES-like and PDZ domain-like folds suggests that the
turn in these protein folds may play a role similar to that
observed in case of the SH3 domain. We considered this turn
to be a crucial folding nucleus in the B-barrel folds treated in
this study. Further analyses were therefore carried out in
relation to the superimposition where the B-turn of all the
three representative structures superposed on one another as
indicated in Figure 3b.

Residue conservation

In order to assess the variability of amino acid residues across
the three PB-barrel folds, positional entropies were compared
at the structurally aligned positions of the three folds. Upon
alignment of the representative structures in the SH3-like
barrel, GroES-like and PDZ domain-like folds, three B-strands
of each structure superimposed well on one another (Figure
3b). Sequences of the representative proteins were then aligned
on the basis of the structural alignment. Residues spanning
the first B-strand of the a-spectrin SH3 domain (9-14) aligned
with positions 38—43 (strand 2) in the E.coli GroES and with
residues 106-111 (strand 2) in the neuronal nitric oxide
synthase. Residues 25-32, spanning the diverging type II turn
(26-29) of the o-spectrin SH3 domain, aligned with positions
59-66 and 123-130 of the E.coli GroES and neuronal nitric
oxide synthase, respectively. Residues 28 and 29 (numbers
correspond to the o-spectrin SH3 domain) form the i + 2 and
i + 3 positions of the type II turn. Residues spanning strand
4 of the oa-spectrin SH3 domain (57-61) structurally aligned
with those in the first B-strand of E.coli GroES (residues 11—
15) as also in the neuronal nitric oxide synthase (residues 95—
98). Figure 4 shows the positional entropies at the structurally
aligned residues. Among these 19 structurally aligned positions,
high conservation in each of the three proteins is seen at eight
positions. The positional entropies at these positions are <3
in all the three protein sequence alignments. Remarkably, five
of these eight highly conserved positions form the core of the
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Fig. 5. Comparison of the Cp—Cp distance among the native and mutant peptides of E.coli GroES during molecular dynamics simulations. It can be seen
clearly that the native peptide with aspartate at i + 3 position shows a stable CB~C[ distance. The distance increases rapidly in the aspartate to alanine

mutant peptide. See text for details.

Table V. Comparison of positional entropies of the B-barrel folds at the structurally aligned positions. Residue position numbers in the first column

correspond to the o-spectrin SH3 domain protein, 1shg

Structurally aligned  Residue position in Positional entropy in

Positional entropy in

Positional entropy in Positional entropy

positions the structure SH3-like barrel fold GroES-like fold PDZ domain-like fold <3 for all three folds
9 Core 2.8 1.6 1.4 Yes
10 6.6 3.6 42

11 Core 1.3 1.6 1.8 Yes
12 1.8 32 2.0

13 1.0 1.6 49

14 2.9 2.4 1.8 Yes
25 Core 2.3 1.5 1.2 Yes
26 5.5 2.3 6.7

27 4.5 4.7 6.1

28 B-Turn 1.5 1.1 1.6 Yes
29 B-Turn 2.0 1.7 1.0 Yes
30 3.8 6.4 5.0

31 Core 2.7 1.6 2.3 Yes
32 5.8 2.9 1.7

57 14 3.6 22

58 Core 1.5 2.3 1.2 Yes
59 6.0 29 5.4

60 7.0 43 1.0

61 7.4 9.4 1.1

barrel in all the three protein structures (Table V). The core
positions are largely occupied by small non-polar residues.
High conservation at core positions in the protein barrel
suggests the importance of core residues in the formation and
maintenance of the barrel structure.

Of the remaining three highly conserved residue positions,
two correspond to residues in the type II B-turn mentioned
earlier. The i + 2 and i + 3 residue positions of the type II
turn (corresponding to residues 28 and 29 in the o-spectrin SH3
domain) show a high residue conservation. The predominant
residue at the i + 2 position is glycine and that at i + 3 is
aspartate. A high residue conservation at the type II B-turn
has earlier been reported for the GroES-like fold at the
corresponding positions 62 and 63 of E.coli GroES. H-bonding
between the side-chain carboxylate of aspartate and main chain
amide of the first residue of the turn has been suggested to be
important in juxtaposing the B-strands of the barrel, such that
the barrel structure is maintained (Taneja and Mande, 1999).
A similar side chain—main chain interaction in the SH3 domain
has been suggested to stabilize the type II B-turn (Larson and
Davidson, 2000). The high degree of conservation seen at the
i + 2 and i + 3 residue positions of the type II turn in the
three barrel folds suggests the importance of this turn in the
formation or maintenance of the B-barrel structure.

Molecular dynamics simulations

Since the side chain—main chain interaction in the type II B-
turn appears to be important for the barrel structure formation
and maintenance, disruption of this interaction should result
in the disintegration of the type II turn. This would ultimately
result in the loss of the barrel structure. To investigate the
stability of the type II B-turn upon alteration of the aspartate,
we performed extensive MD simulations for the GroES peptide
and its mutants. The sequence of the peptide taken for MD
simulations was VKVGDIV (corresponding to residues 59-65
in the E.coli GroES). The starting conformation for the MD
simulations was as observed in the crystal structure of the
protein. Additional MD simulations were done with the aspart-
ate mutated to asparagine in one case and to alanine in the
other. Any alteration in the conformation in the type II turn
would immediately be evident from changes in values of the
dihedral angles in the type II turn.

A comparison of the ¢ and y values was performed for the
different residue positions in the B-turn during the 500 ps
simulation. The ¢ and y values of the i + 1 residue remain
more or less similar in all the three peptides (data not shown).
However, major deviations occur in the ¢—y values of the i
+ 2 residue, glycine, when the i + 3 residue is mutated from
aspartate to asparagine or alanine. While in the native peptide,
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the ¢ and y values at i + 2 position fluctuate around the value
of +100 and —40, respectively, ¢; + » changes to about +150
in the mutant peptides. The ; 4 , value also drops from -2
to about —100 for both the mutant forms. This, however, occurs
after an initial sudden rise of y; ; , from -2 to +70. A large
deviation is seen at the fourth residue position in the B-turn
in the mutant peptide. In the case of the aspartate to asparagine
mutation, ¢; + 3 drops from about —60 to —141 while it remains
stabilized in the native peptide. Comparison of the distance
between CP atoms of the i and i + 3 residue further corroborates
the disintegration of the type II turn upon mutation of the
fourth residue in the turn (Figure 5). While this distance is
maintained at around 5.6 A in the native peptide, it increases
to about 8 A in the aspartate to asparagine mutant and to
about 10 A in the aspartate to alanine mutant peptide. These
results indicate the importance of the side chain—main chain
H-bond interaction in the type II turn maintenance. Alteration
of aspartate to asparagine is hence sufficient to cause the
disruption of the type II turn conformation. A high conservation
of the turn, as also the residues in the turn, thus might be of
evolutionary importance in maintaining the structure of the
B-barrel.

Discussion

Within various protein families such as serine proteases,
cysteine proteases and globins, the three-dimensional structure
is remarkably similar despite considerable variations in the
amino acid sequences. To a certain extent, conserved residues
or conservative changes account for the structural conservation.
In addition, correlated pairs of residues have an important role
in stabilizing the protein structure. Determination of these
conserved features along with the compensatory substitution
patterns helps in increasing our understanding of features that
may determine the three-dimensional structure of a protein.

In this study, we have attempted to identify folding determin-
ants in the small B-barrel proteins. Conservation patterns across
these B-barrel folds reveal interesting similarities of residues
at the core of the protein barrels. Irrespective of the topologies,
these proteins show a high conservation of small non-polar
amino acid residues at the core positions. The core residue
positions are predominantly occupied by valine, leucine and
isoleucine. Interestingly, valines at the core positions are seen
to be mutable into isoleucine and not leucine, an observation
reported earlier (Taneja and Mande, 1999). The higher fre-
quency of substitution of isoleucine by valine has been
attributed to a higher B-sheet propensity of isoleucine and
valine than leucine (Wilmot and Thornton, 1988). Branching
of side chains at the C positions in both valine and isoleucine,
but not leucine has previously been suggested as a possible
reason for such a mutation pattern (Taneja and Mande, 1999).
The observed mutation pattern and a high conservation of
non-polar side chains suggest that the overall hydrophobic
pattern of amino acids may drive the protein sequence to
collapse into the B-barrel conformation.

Correlation analysis of the SH3-like barrel fold suggests
that maintenance of the total core volume occurs within the
SH3 domain family of proteins. Amino acid substitutions
resulting in an increase or a decrease in the volume of the
core is compensated by replacement of another amino acid
residue. This amino acid residue is present at a position that
might be distant in sequence, but near in space to the mutated
residue so as to conserve the total volume of the core and
hence the overall folded structure. Interestingly, an earlier
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analysis of 266 SH3 sequences did not find evidence for
correlated substitutions (Larson and Davidson, 2000). We
suggest that our criteria of choosing sequence identities
between 25 and 90 generates a more accurate multiple align-
ment for a robust statistical analysis. Accuracy of the alignment
is reflected in observation of the covarying mutations.

Of the common features, the presence of a type II B-turn is
the most intriguing. This turn seems to be important in the
formation of the PB-barrel. Earlier studies have reported the
importance of the B-turn in SH3 domain (Riddle et al., 1999;
Larson and Davidson, 2000). Conservation of this turn, not
only in proteins constituting one of the B-barrel folds but also
across the various B-barrel folds considered in this study,
suggests that this region might be an important nucleation site
in the folding pathway of the f-barrel proteins (Riddle et al.,
1999; Larson and Davidson, 2000). This nucleation appears
to be guided by the residues present within the turn. High
residue conservation has been seen at the i + 2 and i + 3
residue positions. While the presence of glycine at i + 2
guides the protein sequence into a turn, aspartate at i + 3 is
important for a unique side chain—main chain interaction.
Simulation studies corroborate similar conclusions of independ-
ent work carried on an SH3 peptide (Krueger and Kollman,
2001). Furthermore, our analysis suggests that alteration of
aspartate to asparagine or alanine destabilizes the B-turn
conformation. The glycyl-aspartyl dipeptide hence appears to
be a major factor in helping maintain the integrity of the barrel.

Our study shows interesting similarities among proteins in
the different P-barrel folds. Despite large differences in
sequence and function, the occurrence of a conserved glycyl-
aspartyl dipeptide, intriguingly at a conserved type II turn,
suggests the importance of the turn and the residues forming
it in the formation of the P-barrel. In addition, a conserved
hydrophobic core suggests its role in maintenance of the barrel
structure. Further studies such as site-directed mutagenesis
should confirm the importance of these conserved features in
the formation and maintenance of protein structure.
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