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Abstract

This project was under taken as part of the ‘Structural Proteomics Initiative’
from the Ontario Cancer Institute. The Structures of two proteins (MTH0807 and
MTHO0776) from Methanobacterium thermoautotrophicum (strain AH) was
determined by NMR spectroscopy to aid the prediction of their function. Using
structure analysis and visualization tools in addition to modern NMR spectroscopy
and comparative biochemical assays, we have shown (in chapter 2) that it may be
possible to engineer multiple functions (thioredoxin and glutaredoxin activities) into
MTHO0807. This will be particularly useful in the technological application of
MTHO807 as it is very stable and seems to withstand the deleterious effects that most
proteins could not tolerate. In chapter 3, our analysis also indicated that MTHO0807 is
indeed a true thioredoxin, contrary to earlier suggestions by previous workers that
MTHO0807 may be part of a distinct ribonucleotide-reducing system involving
ferredoxins and ferredoxin-thioredoxin reductases. In chapter 4 of this thesis, the
three dimensional structure of MTHO0776, a 101 amino acid residue protein specific to
the methanogenic archaebacteria with no known function or structure was
determined. It exhibited a novel fold hence no known function could be predicted
from its structure. Our extensive comparative genomic analysis however shows that
MTHO776 is part of a two-protein operon with its upstream partner -- MTH0777,
which is also specific to methanogenic archaebacteria. The fact that this two-
component operon is conserved in all methane metabolizing archaea, strongly

suggests that both proteins have an important role in methanogenesis. Analysis
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shows that MTH0776 and MTH0777 bind together and may be part of a transport

system conserved in the methanogenic archaebacteria.
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Chapter 1

Introduction

1.1 Structural Proteomics and Drug Discovery

Over the past 10 years there has been a growing flood of new protein sequence
information due to the completion or near completion of literally hundreds of genome
projects (/). These sequencing efforts are producing complete descriptions of the protein
repertoires in organisms that extend from bacteria to humans (7). For this sequence
information to be truly useful, biologist are now faced with the daunting task of
determining the molecular and cellular functions of hundreds of thousands of ‘new’
proteins which do not appear to have detectable sequence homology to any protein with
known function. Given that proteins are the molecular engines of living cells, the
importance of knowing the precise role a given protein plays in the cell can not be over
emphasized. This information is important not only for a basic understanding of biology,
but also for the discovery of both therapeutic targets and therapeutic proteins. For
instance, the sequencing of the human, mouse and rat genomes has led to the
identification of more than 10,000 potential therapeutic targets (2), while the sequencing
of more than 200 bacteria and 2000 viruses has led to hundreds of potential drug targets.
However, a gap has been created between genomics and drug discovery reflecting the
fact that in less than 50% of sequenced genes, the gene sequence reveals little about the
protein function or disease relevance (2, 3).

The prevailing method of predicting a ‘new’ protein’s function in the absence of
experimental data is the pairwise comparison of its sequence to previously sequenced

proteins of known function. The more similar the sequence (> 30%), the more similar the
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function is likely to be (4). The pair of proteins are said to be orthologous if the sequence
similarity is high (> 30%), they perform the same function but are present in different
organisms. They are described as paralogous if the sequence similarity is high; they
perform the same function but are present in the same organisms. This method has a
major disadvantage in that structure and function (the two go hand —in — hand for
proteins) are much more conserved than sequence (5). Proteins sharing similar functions
often have similar folds, a result of descent from a common ancestral protein (4). Fold
similarity can be measured in terms of RMSD, Z-Scores, P-Scores or Q-Scores (6).
Z-score measures the statistical significance of a match in terms of Gaussian statistics.
The higher the Z-score (>5), the higher is the statistical significance of the match. RMSD
is the Root Mean Square Deviation, calculated between Ca-atoms of matched residues at
best 3D superposition of the query and target structures. RMSD is presented in
angstroms (A). In simple words, RMSD gives you an idea of how separated, at best 3D
superposition, a "typical" pair of matched Co-atoms is. Generally, the larger the RMSD
(>3.5), the more distant the matched structures are. P-score represents the minus
logarithm of the P-value. P-value measures the probability of achieving the same or
better quality of match at a chance, i.e. at random picking the structures from the
database. It takes into account RMSD, number of aligned residues, number of gaps and
number of matched Secondary Structure Elements. The higher the P-score (>3), the more
surprising, or statistically significant, is the match. It should however be noted that
finding a fold match between a target protein and one in the database does not always
provide a reliable prediction of a protein’s function as a result of functional evolution in

which the same fold is found to support several different functions. An example is the
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TIM-barrel fold which supports over 60 different functions (4). The fold match however
usually suggests a possible function type and it’s the first stop for structure — based
function prediction. In this approach one tries to predict the molecular function of a
protein on the basis of its three dimensional structure. While the number of different
protein sequences may number in the billions, most biologists agree there are probably
less than two thousand distinctly different types of protein folds in nature and that the
majority of all known (and unknown) sequences will belong to one of these folds (7).
Given that the number of folds is much less than the number of sequences, and given that
the number of folds is comparatively small, some structural biologists have suggested
that a major effort should be made to determine the 3D structures of all 2,000 fold
“families”. This has led to the concept of ‘structural proteomics’ or ‘structural
genomics’, the determination of three dimensional protein structures on a genome-wide
scale (8).

Fundamentally, structural proteomics is aimed at determining the sufficient
number of three dimensional protein structures necessary to define a ‘basic parts’ list of
all protein folds (9, 10). From this list most other protein structures could be modelled
using computational techniques such as homology modelling (9, 11). Most protein
chemists believe this three dimensional structural information can then be used to
uncover clues to protein function that are not detectable from simple sequence
comparisons (2, 13). Structural proteomics has the potential of appreciably increasing
the number of protein drug targets as well as impacting heavily on the design of new
pharmaceuticals (/4). For the pharmaceutical industry, structural information can be

used to ascribe function, thereby revealing potentially new drug targets. Structural
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information can also be used to validate targets based on homology to other proteins
known to bind specific small molecules. Structural information can also be used to
invalidate targets by identifying key structural properties that do not lend themselves to
drug binding. It is expected that as more protein structures become available and more of
their functions become known, there will be an increase in the rate at which lead
molecules for modulating target function are produced and optimised, ultimately

generating an increased flow of drug candidates to the clinics.

1.2 Structural Proteomics of an Archaeon

In 1999, a prototype structural proteomics study of the proteins from the proteome
of Methanobacterium thermoautotrophicum (strain AH) was organised by the Ontario
Cancer Institute and the Department of Medical Biophysics, University of Toronto (15).
The basic idea was to create a central production/screening facility for this archaeon’s
soluble proteins and then to ‘farm out’ interesting or well behaved proteins (of unknown
function) to X-ray crystallographers and NMR spectroscopist across Canada and the
United States. The primary goals of this research program were to evaluate the technical
hurdles involved in such a high-throughput project and to determine if a distributed
structure determination approach could work. Additionally the consortium wanted to
estimate the percentage of proteins encoded by the genome that are immediately
amenable to structure analysis and to assess the extent to which function can be inferred
from structure (/5). A retrospective analysis done by the researchers on the experimental
behaviour of these proteins suggested some simple relations between sequence and

solubility (/6). This strongly suggested that databases of protein properties could be
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particularly useful in optimizing high throughput strategies such as NMR structure
studies. An added bonus was that many of the 3D structures determined initially
provided strong clues about the biochemical functions -- functions that were not
detectable from sequence analysis. In many cases these putative functions suggested by
the 3D structure could be readily confirmed by simple biochemical assays (135, 16).
These encouraging results demonstrated that structural proteomics is feasible and can
play a central role in functional genomics. Work has continued on this project ever since.
Methanobacterium thermoautotrophicum (strain AH) is an archaeabacterium.
Archaea are a distinct branch or Kingdom of life, different from eukaryotes and
prokaryotes. The distinction between prokaryotes and eukaryotes are that eukaryotic
organisms share such characteristics as nuclei, cytoskeleton and internal membranes
while prokaryotes do not (/7). The archaeabacteria are microscopic prokaryotes but have
a curious mix of traits, characteristic of both prokaryotes and eukaryotes as summarised
in Table 1.1 (17, 18). Archaeabacteria have increasingly become the study of scientific
investigation as in many ways, archaeal cells resembles the cells of bacteria but in a
number of important respects they are more like cells of eukaryotes (/8). Comparative
studies on sequences of duplicated genes by scientists have found that archaeabacteria
may actually be more closely related to eukaryotes than eubacteria (/8-21). Archaeans
include inhabitants of some of the most extreme environments such as rift vents in the
deep sea at temperatures well over 100 °C, hot springs or in extremely alkaline or acidic
waters. They have been found thriving inside the digestive tracts of cows, termites and
marine life where they produce methane. They live in the anoxic muds of marshes and

some can survive the desiccating effects of extremely saline waters (22, 23). The
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Archaeans are normally considered by biologist to lie near the “root” of the tree of life
because of their ability to live in extreme environments as well as their ability to make
food using primordial materials (H,, S, CO;) from the earths’ crust (/8). Because some
archaea have enzymes that function at high temperatures, considerable effort is being
made to exploit them for commercial processes such as providing enzymes to be added to
detergents (to maintain activity at high temperatures and pH) as well as being enlisted to
aid in cleaning up contaminated sites example petroleum spills (/9). Taq polymerase, a
DNA polymerase isolated from Thermus aguaticus (which lives in hot springs) is used in
the Polymerase Chain Reaction (PCR) for DNA replication/multiplication.

M. thermoautotrophicum was originally isolated in 1971 from a sewage pond in
Urbana, Illinois (24). It is lithoautotrophic (i.e. it produces energy by modifying
inorganic compounds such as minerals and assimilates carbon dioxide as its sole source
of carbon) (25), thermophilic, and grows at an optimal temperature of 65°C. It
biodegrades waste materials and produces natural gas (methane) in the process. Due to
its potential economic and environmental importance the M. thermoautotrophicum
genome was sequenced in the mid 1990°s (26) to better understand the underlying
biochemistry and microbiology of its unique biodegradation capabilities. The genome
(1,751,377 bp) consists of 1855 open reading frames, with roughly 2/3 of the proteins
having assigned functions. Because of the favorable solution properties of proteins
isolated from thermophilic archaebacteria, M. thermoautotrophicum has become one of
the most actively studied organisms in structural genomics (/6). Furthermore, since M.

thermoautotrophicum is a primitive archaeon near the ‘ground floor’ of evolution, the
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information obtained on its protein folds could be transferable to the proteins of many
“higher” organisms (including eukaryotes).

My supervisor’s laboratory is one of the many NMR laboratories involved in this
project and it is our hope that our efforts would shed some light into the unknown gene
products of this organism, ultimately producing structures for targets shown to be
essential for bacterial growth and survival. We have so far completed work on three
proteins (MTHO0895, MTHO0807 and MTH0776) of which two will be discussed in this

thesis.

1.3 NMR Methodology in the Structure Generation Process

To date, the most prominent technique for 3D structure determination has been X-
ray crystallography (27). No other method of structure determination can match X-ray
crystallography’s capacity for generating the structures of important proteins or protein
complexes such as polymerases, proteosomes, viruses, and ribosomes. However, not all
proteins are conducive to crystallization and not all proteins behave or look the same in a
crystalline state as they do in the cellular milieu (28). In this regard, nuclear magnetic
resonance (NMR) spectroscopy has emerged as an important alternative to X-ray
crystallography as it allows protein structures to be determined in conditions that are very
close to the physiological state (i.e. in solution). What’s more, NMR spectroscopy
provides structural biologists the opportunity to measure events or processes that cannot
readily be seen or quantified by X-ray crystallography, such as protein kinetics, dynamics

or thermodynamics (28-30).
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Although size limitation (< 25kDa) and water solubility properties of proteins are
disadvantages in ‘conventional’ NMR structure determination, recent advances have
made such problems trivial. Recent advances in the NMR spectroscopy techniques such
as partial deuteration of protein samples, stronger magnets (up to 900MHz), cold probes,
solid state NMR, TROSY experiments (31), triple resonance methods for resonance
assignments (32, 33), reverse micelles for handling membrane proteins, residual dipolar
coupling analysis (34) along with automated and semi-automated methods for resonance
assignments and structure determination (35, 36) have greatly increased the speed and
accuracy of structure determination. These technical advances are proving to be critical to
the success of the high-throughput structural proteomics projects (10).

NMR is also proving to be an indispensable tool for functional assignment and
target validation due to its unique ability to rapidly and accurately obtain information
about macromolecular dynamics and ligand binding properties. For instance, the
technique known as Structure Activity Relationships (SAR) by NMR has recently been
used to screen a library of 15,000 compounds, with minimum 1 mM sensitivity in the
determination of the dissociation constants (37). With recent improvements in solid state
NMR and membrane protein handling, NMR may eventually contribute significantly to
structural proteomics of membrane proteins (/0). However, the requirement of abundant
quantities of isotopically labeled proteins and inherently poor expression levels of many

membrane proteins may still be significant rate-limiting factors.
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1.3.1 Theoretical Principles of NMR

NMR spectroscopy deals with the interaction between the magnetic moments of
atomic nuclei and a magnetic field (38). The magnetic moment of a nucleus () is
intimately connected to an intrinsic property called spin angular momentum I, whose
magnitude is quantized. According to quantum mechanics each subatomic particle (e.g.,
proton, neutron, electron), has a spin value of 2. Therefore, the overall spin property of
an atom or nucleus results from a combination of the spins of its constituent subatomic
particles. Some common nuclei, notably '>C and '®0, with even number of protons and
neutrons, have /= 0, (i.e. no spin angular momentum), no magnetic moment and
consequently are not NMR active. Isotopes with an odd number of neutrons and an even
number of protons or vice-versa (e.g., 'H, PN, etc) usually have a half-integral quantum
number and generally produce excellent NMR spectra. Nuclei with odd numbers of
protons and neutrons (e.g., '“N) have more complex spin states and are less suitable for
direct NMR observation. Fortunately, each of the four most abundant elements in
biological molecules (H, C, N, and O) have one naturally occurring isotope with a non-
zero nuclear spin and, therefore, are observable in an NMR experiment.

While the naturally occurring isotope of hydrogen, 'His present at >99%
abundance, other NMR active nuclei like '>C and "°N are present at much lower
abundance (1.1% and 0.4%, respectively) and can be observed only after the target
molecules are isotopically enriched. The 'O isotope of oxygen, however, does not
produce good NMR spectra as with a spin number /= 5/2, it has a non-spherical nuclear
charge distribution giving rise to a quadrupole moment. This affects the relaxation time

and consequently, significantly broadens the line width of the signal.
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In the presence of an external magnetic field, the spin angular momentum of a
nucleus with non-zero spin will cause that nucleus to undergo a cone-shaped rotational
motion called ‘precession’ (Figure 1.1). The rate of precession, referred to as Larmour
frequency (o) is dependent on the strength of the external magnetic field (Bo) and
intrinsic properties of the nucleus reflected in its gyromagnetic ratio (y).

0o =-7Bo (L.1)
Each magnetic nucleus has 2/+1 possible spin orientations and 2/+1 corresponding
energy levels with respect to an external magnetic field. For example, a spin - % nucleus
(IH, 13C) has two possible orientations, parallel and antiparallel, which corresponds to
two different energy levels (Figure 1.2). The energy difference between these two levels
is directly proportional to the strength of the magnetic field.

AE = yhBo/2n (1.2)
where h is Planck's constant. Note that in the absence of a magnetic field the spin
angular momentum has no preferred directions and therefore leads to no detectable
energy difference.

When placed in a magnetic field, a collection of magnetic nuclei, each absorbing a
discrete amount of energy at its Larmour frequency, will partition themselves amongst
the 2/+1 available energy levels according to the Boltzmann distribution.

Np/N, = 47 (1.3)
where Ng and N, are the population of the lower and upper states respectively.

This population difference generates a net magnetization (M), which aligns with
the external magnetic field (Bg) and remains in this equilibrium state (Figure 1.3). Ifa

magnetic pulse is applied for a short period of time in such a way that it produces a
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second magnetic field (B;) perpendicular to the static field (Bo), it will drive M away from
its equilibrium position by a so-called "flip angle". The magnitude of the flip angle
depends on the time period and the field strength of B;. A 90° pulse is therefore the time
it takes for particular field strength to rotate the equilibrium magnetization 90° with
respect to its equilibrium direction (which is the applied magnetic field usually set along
the Z axis — see Figure 1.4). Placing a metal coil in the XY-plane allows the recording of
the oscillating current generated by the precessing magnetization. The precessing
magnetization eventually falls back to equilibrium, with the XY magnetization slowly
fading and the Z magnetization growing (Figure 1.5). This oscillating magnetic field can
be detected by an RF (radio frequency) coil, converted to an electric signal and recorded.
This signal is called the free-induction decay (FID). The free induction decay can be
converted from the FID (time-domain) to the frequency domain via Fourier

transformation (Figure 1.6).

1.3.2 Chemical Shifts

The magnetic field at a nucleus is not exactly equal to the applied magnetic field.
The electrons in a molecule surrounding a nucleus create a small magnetic field, which
shields the nuclei slightly from the external field. The degree of shielding depends on
whether a neighbouring chemical group pushes or withdraws electron density from the
nucleus through various inductive effects. Therefore, the Larmor frequencies of different
nuclei vary due to their different chemical environment. This frequency change is called

the chemical shift and it is an exquisitely sensitive indicator of chemical structure and
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composition. The chemical shift () is typically presented or measured in ppm (parts per

million) and is defined as:

5= Shift from standard (Hz) x 10°
Spectrometer frequency (Hz)

(1.4)

NMR spectroscopists prefer to measure chemical shifts in ppm instead of Hz
because the former is independent of the magnetic field strength Bg. The chemical shift
reference most commonly used is the signal of the methyl groups of tetramethylsilane
(TMS), which, by definition resonates at 0 ppm. In protein NMR 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS) is used equivalently. When referencing to *>C, '*N and
even >'P, most NMR spectroscopists use an indirect referencing method based on the
DSS signal (39). Different chemical groups have different chemical shifts and
consequently chemical shift assignments provide a great deal of information for NMR
spectroscopists. In proteins, for example, the signals of HN, Hal, aromatic and aliphatic
protons, all the backbone and side chain '°C atoms and also '°N signals in isotopically
labelled proteins can easily be distinguished and frequently assigned on the basis of their
chemical shifts. Additionally, the chemical shifts contain valuable information about

protein secondary structure (40).

1.3.3 Scalar Coupling
Nuclei, when close to one another, exert an effect on each other's effective
magnetic field. This effect manifests itself in the NMR spectrum when the nuclei are

experiencing different chemical environments or are chemically non-equivalent. If the
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separation between non-equivalent nuclei is less than or equal to three (sometimes four)
bond lengths, this effect is observable as a form of peak splitting or through the
appearence of ‘multiplets’. The separation between the lines in a multiplet (in Hz) is
given by the coupling constant — J, which is independent of the magnetic field strength.
J couplings between pairs of protons separated by three covalent bonds (designated as *J
or vicinal coupling), contains information about the intervening torsion angles and is
described by the Karplus equation (4/):

37 = A cos (8) + B cos? (8) + C (1.5)
where A, B and C are empirically derived constants and © is the torsion (dihedral) angle.
For proton NMR the three-bond coupling constant between the intra-residue alpha and
amide protons (*Jynue) is most useful for protein secondary and tertiary structure

determination as it can directly be related to the backbone dihedral angle ¢ (42).

1.3.4 Protein Structure Determination by NMR

Protein structure determination is a step-wise process and can be divided into four
steps: 1) sample preparation; 2) data collection; 3) sequential assignment and spectral
validation; and finally 4) structure generation and validation. Protein samples may be
either unlabeled (‘H only) or labeled with certain NMR sensitive isotopes (i.e. °C and
'>N). Because 'H is a naturally occurring and highly sensitive NMR nucleus, many
smaller peptides and proteins need not be isotopically labeled. In fact, for the first 10
years of protein NMR, most proteins were not labeled (42). It has only been with the
advent of better NMR hardware and NMR pulse sequences that the trend towards

isotopically labeled samples has taken off (28, 43, 44). For larger proteins (>10 kD) or in
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the pursuit of higher quality structures, most NMR spectroscopists like to work with
isotopically labeled proteins. These are prepared by growing cells and expressing the
protein in defined minimal media that has been enriched with *C and/or "N labeled
substrates.

Once a protein sample is ready for NMR (labeled or unlabeled) and suitable
solution conditions found, it is then subjected to a series of 2D and/or 3D NMR
experiments. The intent of these experiments is to collect sufficient spectral data so that
every NMR peak (or resonance) can be assigned to every NMR detectable atom (or
nucleus) in the protein (29, 42). This process is called sequential assignment. For
unlabeled peptides and proteins, the assignment process is relatively straightforward.
Two types of 2D NMR experiments are collected. A TOCSY (total correlation
spectroscopy) experiment is first collected which allows individual amino acids to be
identified by the distinct patterns of their chemical shifts (45). A NOESY (nuclear
overhauser enhancement spectroscopy) experiment is then collected which yields a
spectrum that looks almost identical to the TOCSY spectrum (46). However, in the
NOESY experiment there are extra peaks (often 100’s, even 1000’s). These extra
“pseudo” peaks or cross peaks, which show up between pairs of TOCSY peaks,
correspond to interactions where nearby protons are within 5 A of each other. The
stronger the cross peak, the closer the two protons (or amino acids) are. Using NOESY
data, in combination with the TOCSY data, it is possible to determine which amino acids
are sequentially proximal to each other (7). In this way each set of peaks in the TOCSY
spectrum can be assigned an atom name and a residue number. Once all the TOCSY

peaks have been assigned an atom name and a residue number, the sequential assignment
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process is complete. Note that because only one type of nucleus (1H) is being analyzed,
this method is called homonuclear NMR.

When working with isotopically labeled proteins (usually *C/**N or double-
labeled), the sequential assignment process does not depend on NOESY data at all.
Rather, it is possible to use a series of J-coupled 3D NMR experiments to identify
individual amino acid types and to identify which pairs of amino acids are sequentially
proximal to each other. These 3D NMR experiments are named for the types of nuclei
they measure. Hence an HNCA experiment (48, 49) measures the 'H amide shift of a
residue on one axis (“H”), the '°N amide shift on another axis (“N™) and the "*Ca shift on
the third axis (“CA”). The archaebacterial proteins discussed in this work were available
in both "°N singly-labelled form as well as '*N/**C doubly labelled form. Therefore, both
3D "*N-heteronuclear spectra and triple resonance spectra were used to complete the
backbone and side-chain assignments for these proteins.

Triple resonance experiments (correlation of the frequencies of 3 different nuclei,
'H, Bc, °N) are frequently conducted on larger proteins (>10 kDa) as the problems of
spectral overlap can be markedly reduced. In triple resonance experiments the
magnetization is efficiently transferred through 'J or 2] couplings (i.e. directly via the
covalent chemical bonds), therefore, the transfer times are shorter and the signal losses
due to relaxation are smaller than in homonuclear experiments. A prototype triple
resonance experiment HNCA (48, 49) is depicted in Figure 1.7. Starting at an amide
proton (H) the magnetization is transferred to the directly attached nitrogen atom (N)
which is measured as the first spectral dimension. Then the magnetization is transferred

to the Cot nucleus which is measured in the second dimension. Afterwards, the
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magnetization is transferred back the same way to the amide proton, which is measured
in the third (direct) dimension. In each step magnetization is transferred via strong J
couplings between the different nuclei. The coupling which connects the nitrogen atom
with the Ca. carbon of the preceeding amino acid (*J= 7 Hz) is only marginally smaller
than the coupling to the directly attached Co atom ('J = 11 Hz). Thus, the nitrogen atom
of a given amino acid is correlated with both its own Ca and the Ca. of the preceeding
amino acid. Therefore, in principle, it is possible to assign the protein backbone
exclusively with an HNCA experiment. However, in reality, more triple resonance
experiments are needed to identify the cross signal of the preceding amino acid and to
resolve degenerate resonance frequencies. An example of this is the HNCACB
experiment (50) in which it is possible to look for very well-defined patterns to determine
the amide 'H shift, the amide "N shift, the '*Ca shift and the '*CP shift for each amino
acid residue in the protein. The HNCACB spectrum also yields the *Co and *Cp shifts
for the preceding residue (Figure 1.8).

A very useful triple resonance experiment for performing side-chain assignments
is known as the HCCH-TOCSY (51). In this experiment magnetization is transferred
from a sidechain (or backbone) proton to the directly attached carbon atom, by 'J
coupling to the neighboring carbon atoms and finally to their attached protons (Figure
1.9). Data from the HCCH-TOCSY experiment makes it possible to obtain chemical
shifts for the *Ca as well as the side chain >C and 'H atoms of each residue in the
protein. By looking at the characteristic shifts of the B, B CPB and other side chain
13’5 obtained by the HNCACB and HCCH-TOCSY spectra one can unambiguously
identify individual amino acid types. Similarly by performing the HNCO experiment
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(48), the amide 'H shift and the amide '°N shift for one residue can be identified along
with the '>CO shift of the preceding residue (F igure 1.10). By identifying the linkages
between amide shifts and the preceding '*CO, *Ca and '*C shifts (from HNCO and
HNCACB data) one can sequentially assign most of the 'H, **C and '°N resonances in a
protein (52, 53). This process is called heteronuclear NMR as several different types of
nuclei ("H, *C, "*N) are used in the assignment process.

Heteronuclear 3D spectra like "N-NOESY-HSQC (identifying through-space
correlation) (54) and "N-TOCSY-HSQC (identifying through-bond cornectivity) (54)
can also be analyzed for assignment purposes. In these spectra, only the NOESY or
TOCSY signals from those protons which are directly attached to a nitrogen atom are
visible. This seperation makes 3D spectra significantly less crowded as compared to their

2D counterparts.

1.3.5 Structure Calculation in NMR

After the sequential backbone and side-chain assignments of a protein are
completed, the next step in the structure determination process is to estimate proton-
proton distances from signal intensities derived from NOESY experiments. NOESY
experiments measure the through-space correlation between nuclei that are close in space.
This correlation, termed the Nuclear Overhauser Effect or NOE (33), is proportional to
1%, where r is the distance between the two nuclei. The sign and intensity of the NOE
also depends on the y value of the interacting nuclei and the correlation time describing

the motion of the interproton bond vector. As such, the NOEs fade quickly with distance
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and are not usually observed between protons that are more than 5 A apart. However, the
NOE is very sensitive to internuclear distances and therefore may be used to estimate

proton-proton distances.

Secondary structural information can be reliably obtained by analyzing several
parameters like short and medium range NOEs, 3 JHNHo coupling constants, amide proton
exchange rates and chemical shifts. In particular, a number of short and medium range
inter-proton distances (<5 A) are fairly unique to certain secondary structural elements.
For example, alpha-helices are normally characterized by short distances between
backbone amide protons (dnn). They are also evident between beta protons of residue i
and amide protons of residue i+1 (dgy), as well as between the alpha proton of residue i
and the amide protons of residues i+2, i+3, and i+4. Beta-strands are characterized by
short sequential distances between the alpha proton and the adjacent amide proton (dgn).
As well, the formation of beta-sheet results in readily observable NOEs between protons
on adjacent strands (e.g., duo and dgn) (42).

3] HNHo coupling constants also provide very useful information about secondary
structure. For example, helical and extended conformations have very different values
for the ¢ angle (-60° and -120°, respectively) which result in measurable differences in
JiNHe coupling constants (42). Hydrogen-bonded amide protons in regular secondary
structures have measurably slower exchange rates with the solvent than amides in
unstructured or flexible regions. Therefore, amide proton exchange rates can provide
qualitative information about the location and stability of secondary structures. For

example, continuous stretches of four or more slowly exchanging amide protons can
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indicate the presence of a helix while alternating stretches of slowly and rapidly
exchanging protons can indicate the existence of a beta-strand.

Chemical shifts can also contain useful structural information. Ho shifts as well
as Ca, CP and CO chemical shifts for all 20 natural amino acids have been shown to
have a strong correlation with secondary structure (56). Based on these correlations
Wishart et al (56, 57) described a simple method for secondary structure determination by
analyzing the difference between residue specific backbone 'H and *C shifts in proteins
and that reported for the same residue in a "random coil" conformation. More recently,
chemical shifts have been used to determine approximate backbone dihedral angles by
comparing observed chemical shift values to databases of known protein chemical shifts
(and measured dihedral angles) of solved protein structures. Programs such as TALOS
and SHIFTOR are two examples of programs which allow many dihedral angle restraints
to be determined within £15° (58, 59). By combining the secondary constants with long-
range NOE information as well as the dihedral angles, one can usually determine a 3D
solution structure using a variety of computational methods, namely 1) distance geometry
(60, 61) and 2) simulated annealing (62).

The distance geometry method, in short, is based on a calculation of large
matrices of pairwise distance constraints for each pair of atoms from all measurable
(NOE) distance constraints, bond and torsion angles as well as van der Waals radii. This
set of distances is then projected from the n-dimensional distance space into the three-
dimensional Cartesian space. The projection or transformation allows one to determine
the coordinates of all atoms of the proteins. Distance geometry is quite robust in that

only sets of approximate distances are needed to generate a solution. Error and
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consistency checking routines along with prior information about the basics of protein
structure (standard bond angles, bond lengths) also ensure that distance geometry

performs well.

The simulated annealing process, on the other hand, is a molecular dynamics
technique that takes place directly in Cartesian space. In this method, a starting structure
is ‘synthetically’ heated to a high temperature (i.e. the atoms of the starting structure are
given high thermal mobility) and then slowly cooled —-much the same way that metal
alloys are annealed. During the cooling phase the starting structure can evolve towards
an energetically favourable, final structure under the influence of a molecular force field
derived from the constraints. Simulated annealing generally offers a more direct and
consistent approach to finding a minimum energy structure through a very complex
energy landscape or hypersurface.

Regardless of the chosen technique, what is essentially done is that a random coil
starting structure is first generated from empirical data. The computer program then tries
to fold the starting structure in such a way, that the experimentally determined constraints
are as completely satisfied as possible. In order to achieve this, each experimentally
measurable parameter is assigned a pseudo-energy potential, and standard energy
minimization techniques are used to reduce the overall energy. Since the protein
molecule can adopt a near infinite number of conformations, it is extremely important to
identify as many experimental restraints as possible to restrict the conformational search
space. Typically, 60 — 100 structures are calculated in order to fully sample the allowed

conformational space.

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.4 Pharmaceutical Potential of Thioredoxins and Glutaredoxins

Much of this thesis focuses on thioredoxins and glutaredoxins; therefore it is
important that some background regarding their structure, function and pharmaceutical
potential be provided. Thioredoxins and glutaredoxins are two classes of redox active
proteins found in essentially all organisms, from bacteriophage to archaea, eubacteria,
plants and animals. They take part in reactions such as redox control of transcription
factors, electron transport to ribonucleotide reductase for the reduction of
ribonucleosides, formation of disulfides in protein folding or defense against oxidative
stress and apoptosis (63 — 67).

Thioredoxins and glutaredoxins are part of the thioredoxin superfamily and are
characterized by having a common fold (the thioredoxin fold - a central four-stranded
beta sheet flanked by three or four alpha helices) and an active site motif consisting of
Cys-Xaa-Xaa-Cys, where Xaa corresponds to any other naturally occurring amino acid
(68, 69). The cysteines in the active site, which undergo reversible disulfide exchange
reactions with their respective substrates, are always located at the N-terminus of a
conserved alpha helix (70). In the reduced form, the N-terminal cysteine is generally
solvent exposed and acts as a nucleophile whereas the more C-terminal cysteine is buried
(71). The difference between thioredoxin and glutaredoxin is that thioredoxin is reduced
to the dithiol form by NADPH and thioredoxin reductase (the thioredoxin system) while
glutaredoxin (64) is reduced by the tripeptide glutathione (GSH) which in turn is reduced
by NADPH and glutathione reductase (the glutaredoxin system).

Thioredoxin, apart from being a normal redox component of almost all cells, is a

stress-inducible protein whose expression is enhanced by various types of stressors
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including viral infection, exposure to UV light, X-ray irradiation and hydrogen peroxide
(72). Thioredoxin (Trx) is a scavenger of reactive oxygen species (ROS) and

recombinant Trx has been shown to have protective activity against ROS-mediated

cytotoxity (73). ROS include free radicals such as superoxide radical anion (O;"),

hydroxyl radical (HO"), nitric oxide (NO), singlet oxygen and other reactive metabolites

such as hydrogen peroxide (H,0;) (74). ROS are mainly generated in mitochondria
during oxidative phophorylation and are formed in various disease states such as
inflammation, immunological reactions and ischemia (74, 75). ROS have putative
noxious effect and have been implicated in diseases such as cancer, arteriosclerosis,
autoimmune disorders, neurological degeneration, fibrosis as well as aging and wound
healing (76, 77). Many biological systems have evolved to neutralize the toxic effects of
ROS. Among these system is the thioredoxin/glutaredoxin system (76, 77).

Thioredoxin has been found to attenuate ischemic brain damage and prevents the
thioacetamide- induced acute hepatitis in transgenic mice by scavenging radicals (78, 79).
There is increasing experimental evidence that supports a role of oxidative stress in the
pathogenesis of Alzheimer’s disease (80, 81). Recent studies have shown that there is a
decreased level of thioredoxin in Alzheimer’s disease brain and treatment of cell cultures
with thioredoxin lead to statistically significant concentration-dependent enhancement of
cell survival (82). It is believed that the decreased level of thioredoxin may contribute to
the increased oxidative stress and subsequent neurodegeneration observed in the brain of
Alzheimer’s disease (82). On the other hand it is also known that the level of thioredoxin
in cells is elevated appreciably in many cancers (74, 83) and that this increased level

leads to decreased sensitivity of cancers to some anti-cancer drugs (84). Recent studies

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



have also shown that thioredoxin decreases the allergenicity of foods such as soy, milk
and wheat in which proteins containing disulfide bonds are considered to be the major
allergens (85, 86).

Other non-pharmaceutical roles for thioredoxins and glutaredoxins have also been
recently identified. For instance, thioredoxin is known to improve dough strength and
bread quality. The evidence is in accord with the findings that thioredoxin selectively
reduces intramolecular disulfide bonds of flour proteins, ie gluteins and gliadins, which
then undergo a series of sulfhydryl/disulfide exchange reactions that result in the
formation of new intermolecular disulfide bonds (87). In this manner, thioredoxin
promotes the formation of a protein network, thereby enhancing the quality of the final
baked product.

Other functions of thioredoxins/glutaredoxins in different organisms are listed in
Table 1.2. All these actions and regulatory activities indicate that thioredoxins can play
an economically important role, either as a protein pharmaceutical or as a small molecule
drug target in combating many ailments that afflict man.

As mentioned earlier, our laboratory has been involved in the structural proteomic
project on M. thermoatutrophicum (strain AH), working on three proteins - MTH0895,
MTHO0807 and MTHO776. Prior to this work, the solution structure of T4 glutaredoxin
(the only protein known to have both glutaredoxin and thioredoxin activity) was
determined in my supervisor’s lab (88). When the structure of the hypothetical protein
MTHO0895 was determined it was found to have a glutaredoxin fold but with structure
details akin to a thioredoxin. It also appears to be the smallest thioredoxin (77 amino

acids) ever identified (89). Owing to the increasing pharmaceutical potential that
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thioredoxins and thioredoxin-like proteins were gaining, we decided to work on
MTHO0807. MTHO0807 has been reported by previous workers to have some
characteristics similar to both thioredoxins and glutaredoxins but it appeared to be neither
a true thioredoxin nor a true glutaredoxin (90). We determined the structure of
MTHO0807 with the objective of using the structural information in conjunction with other
biochemical and biophysical methods to better characterise MTH0807. This work was
also undertaken to elucidate why some members of the thioredoxin superfamily behave
both as a thioredoxin and a glutaredoxin while others do not. We hope that this effort
will eventually aid the engineering of redox proteins with a minimal number of residues
but of a particular desired activity (thioredoxin, glutaredoxin, oxidative or reductive
ability). In addition to this work on thioredoxins and glutaredoxins we also determined
the structure of MTHO0776 (a non-thioredoxin protein with no known function) with the
hope that its structure will lead us to a possible function that might eventually be useful

economically to mankind.

1.5 Thesis Outline and Description of Work Done

This thesis consists of five chapters — Chapter 1 provides an introduction to the
thesis and provides the necessary background for subsequent chapters. Chapter 2 focuses
on describing the results of a number of biochemical tests that were used to distinguish
thioredoxins from glutaredoxins. It also describes a comparison between T4 glutaredoxin
and a number of thioredoxins and glutaredoxins from evolutionarily different organisms.
The aim was to understand what makes T4 glutaredoxin act both as a thioredoxin and a

glutaredoxin while the other proteins are not. Portions of this work have been published
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(88, 89). Chapter 3 describes the NMR assignment and structural analysis of MTH0807
which was undertaken in an effort to better characterize its activity based on structure
information. I was actively involved in this work from the expression of the protein, its
purification, running of some NMR experiments (specifically, the 2D and 3D "N HSQC-
NOESY and TOCSY experiments) to the complete structure determination. This work
has also been published (97). Chapter 4 describes my work on MTHO0776. I performed
nearly all the work for this project, from the expression of the protein, its purification,
running of all NMR experiments (with the exception of the HNCACB and T,
experiments), processing the data, assigning the chemical shift of the protein and
calculating the structure. The bioinformatics portion of the work was done by Dr. Paul
Stothard while the transformation of the E. coli cells to produce the protein was done by
Zhan Chang. The enzymatic/catalytic activity assay was performed by Alexandre
[akounine of the Best and Banting Department of Medical research, University of
Toronto. The chemical shift assignment has been published (92) while the structure
paper has been accepted for publication by the same journal. Chapter 5 is a general
conclusion to the thesis and provides some thoughts on the future directions that we

would like to take with this project.
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Table 1.1 Eukaryotic and Prokaryotic traits found in Archaeabacteria

Eukaryotic Traits Bacteria traits
DNA replication machinery No organelles
Histones
Nucleosome-like structures Single circular chromosome
Transcription machinery Operons

DNA-dependent RNA polymerase:
Genes encoding large A’, A”, B’ and
B” and small D subunits of RNA No introns (3 tRNA genes of M.
polymerase has sequences similar to
Eukaryotes than Prokaryotes. There
are only Eukaryotic type E’, E”, H, I,
K, L and N subunits in the Archaea.

thermoautrophicum has introns)

Bacteria-type membrane transport channels

TF11B

TATA-binding protein (TBP) Many metabolie processes

Energy production and Polysaccharide
synthesis: Sequences of proteins involved
Translation machinery in such metabolic activities are closer to the
prokaryotes than the eukaryotes

Initiation factors

Ribosomal proteins:
r-protein-encoding genes encodes
proteins with sequences more similar
to eucaryl homologs than bacterial
homologs.

Nitrogen-fixation

Elongation factors

Poisoned by diphtheria toxin
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Table 1.2 Functions of thioredoxin in different organisms

Organism

Function and references

All organisms

Many Organisms

E. Coli phages
(T7, f1, M13)

Bacteria and
Yeast

Plants

Mammals

DNA synthesis and Protein disulfide reduction. Thioredoxin is a
hydrogen donor for ribonucleotide reductase (64) and plays a role in
keeping intracellular protein disulfides generally reduced (93, 94)

Reduction of H,0,. Many peroxidoxins, catalyzing reduction of
H,0; and thereby preventing oxidative stress and apoptosis
induction, require reduction by thioredoxin (95, 96, 97)

Protein repair by methionine sulfoxide reduction. Thioredoxin is
hydrogen donor for methionine sulfoxide reductases (98, 99)

Participates in filamentous phage assembly. Thioredoxin is the
only host E. coli protein required for phage assembly and export
(100, 101)

Hydrogen donor for 3'-phosphoadenylsulfate (PAPS) reductase.
Assimilation of sulphur by sulphate to sulfite reduction (102, 103)
Produced in response to reductive stress in yeast. (104)

Regulation of chloroplast photosynthetic enzymes.
Photosynthesis regulation by light via ferredoxin (105)
Linked to many processes in endosperm of seeds (/06)

Redox regulation of transcription factors eg NFxB, AP-1.
Different transcription factors are either activated or inhibited by
Trx (107) which may also exert different activities in the nucleus
compared to the cytosol (108).

Regulation of Apoptosis. Reduced thioredoxin makes a complex
with ASK1 preventing downstream signalling for apoptosis (109)
Immunomeodulation. Extracellular thioredoxin is both a co-
cytokine (72) and chemokine (/70) and a truncated form stimulates
eosinophils (/11)

Pregnancy. Intracellular and extracellular synthesis of thioredoxin
from cytotrophoblasts assists implantation and establishment of
pregnancy (112, 113, 114).

Birth. Protection from hyperoxia at birth by induction of
thioredoxin (1135).

CNS. Thioredoxin secreted from glial cells promotes neuronal
survival at ischemia/reperfusion (/16).
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Figure 1.01 Precession of the spin angular momentum of a nucleus with non-zero spin

B,

>

Figure 1.02 Energy level diagram for a proton with spin I = %; in an applied magnetic
field
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Figure 1.03 Schematic illustration of the net magnetization (M) generated by population

difference in an external magnetic field at equilibrium.
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Figure 1.04 Application of a magnetic pulse 90° along the x axis with respect to the
direction of B,
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Figure 1.05 After a 90° pulse along the X-axis, the net magnetization (M,) of the system

is rotated on to the Y axis completely. The magnetization (My) then fades (due to

relaxation mechanisms) gradually with time, while the equilibrium magnetization along

the Z-axis grows until the system reaches complete equilibrium again (b - ¢).
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Figure 1.06 Conversion of the FID to the frequency domain by Fourier Transformation
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Figure 1.07 Schematic diagram of the nuclei detected in an HNCA triple resonance
experiment. Nuclei whose chemical shifts are detected are coloured grey.
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Figure 1.08 Schematic diagram of the nuclei detected in an HNCACB Triple Resonance
Experiment. Nuclei whose chemical shifts are detected are coloured grey.
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Figure 1.09 Schematic diagram of the nuclei detected in an HCCH - TOCSY Triple
Resonance Experiment. Nuclei whose chemical shifts are detected are coloured grey.
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Figure 1.10 Schematic diagram of the nuclei detected in an HNCO triple resonance
experiment. Nuclei whose chemical shifts are detected are coloured grey.
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Figure 1.11 Schematic diagram of the nuclei detected in an HNHA 3D experiment.
Nuclei whose chemical shifts are detected are coloured grey.
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Figure 1.12 Schematic diagram of the nuclei detected in a C(CO)NH tripple resonance
experiment. Nuclei whose chemical shifts are detected are coloured grey.
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Figure 1.13 Schematic diagram of the nuclei detected in an H{CCO)NH tripple resonance
experiment. Nuclei whose chemical shifts are detected are coloured grey.
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Chapter 2

Assays and Insights into T4 Glutaredoxin’s Dual Activity in

Comparison to other Thioltransferases

2.1 Introduction

Glutaredoxins are small, ubiquitous, structurally conserved family of proteins
typically containing fewer than one hundred amino acids. They have been identified and
sequenced in essentially all classes of organisms, including bacteriophage, bacteria, yeast,
plants, invertebrates and mammals (/). All glutaredoxins characterized to date contain a
common dithiol/disulfide redox active-site motif composed of four critical residues:
C-[PV]-[FYW]-C. The glutaredoxins were initially discovered as hydrogen donors for
ribonucleotide reductase, a key enzyme in DNA synthesis. Other biological functions of
glutaredoxins include the catalysis of dehydroascorbate to ascorbate, the reactivation of
DNA-binding activity of certain nuclear factors, the acceleration of in vitro protein
folding rates and the regulation and/or maintenance of HIV-1 protease activity (/).
Glutaredoxins share many structural and functional similarities to another important
member of the thioltransferase superfamily-- the thioredoxins (Trx). However,
thioredoxins and glutaredoxins carry out their respective redox activities using
fundamentally different mechanisms. In particular, the thioredoxin system uses NADPH,
thioredoxin reductase, and thioredoxin; while the glutaredoxin system uses NADPH,
glutathione reductase, glutathione, and glutaredoxin.

While sequence comparisons suggest that bacteriophage T4 glutaredoxin (T4
Grx) belongs to the glutaredoxin family, its level of sequence similarity to any other
glutaredoxin rarely exceeds 20%. Furthermore, T4 glutaredoxin is the only glutaredoxin
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with a valine substitution of proline in the highly conserved second position of the C-P-
[FYW]-C active site motif. These global and local sequence differences likely contribute
to its unusual dual redox functionality as well. Recent experiments have shown that T4
Grx can be reduced not only by thioredoxin reductase but also by glutathione (2).

Indeed, it was because of this functional hybridism that T4 glutaredoxin was originally
known as bacteriophage T4 thioredoxin. It is only recently that this protein has become
formally known as T4 glutaredoxin (3).

While several X-ray structures of oxidized T4 Grx (both native and mutant forms)
have been reported (2-6) some years back, the solution structure of the reduced form of
the wild type protein has only recently been reported (7). This limited structural
information has limited our understanding of the structure/activity of this protein and the
possible origins of its dual thioredoxin/glutaredoxin activity. More recently, the
characterization of several “primitive” thioredoxins which exhibited somewhat similar
thioredoxin/glutaredoxin duality (8, 9) to T4 Grx has led to a renewed interest in the
origins and structure/function relationships of glutaredoxins and thioredoxins. In light of
these new developments and in an effort to better understand the structure, activity and
origin of T4 glutaredoxin we conducted a series of comparative biochemical and
biophysical experiments. Specifically sequence, structure (solution structure) and
biochemical activity comparisons between eukaryotic and prokaryotic thioltransferases
were conducted and analyzed in detail. The results of these studies are described here,
which we believe provide further insight into the origins of the dual functionality in T4

Grx.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2 Materials and Methods
Measurement of Thioredoxin/Glutaredoxin Activity by Ultraviolet Absorbance.

All but three of the protein reagents were purchased from Sigma (St. Louis, MI)
and used without further purification. The other protein reagents (T4 glutaredoxin,
MTHO0807 thioredoxin and MTH0895 thioredoxin) were isolated, purified and quantified
using previously described methods (9 — 71). To assay for thioredoxin activity, two
cuvettes (blank and test) containing a 700 pL buffer solution consisting of 100 mM Tris
HCI (pH 8.0), 1 mM EDTA, and 0.35 mM NADPH were prepared. 50 pL aliquots of a
0.05 mM solution of T4 glutaredoxin, E. coli thioredoxin (Sigma), MTHO0807 thioredoxin
or MTHO895 thioredoxin was added to each cuvette. After allowing the solution to
equilibrate for 3 minutes, the reaction was started by the addition of 20 pL of a 0.01 mM
solution of E. coli thioredoxin reductase (Sigma) to the test solution and 20 pL of buffer
to the blank. The change in absorbance of the test solution was monitored at 340 nm
(measure of NADPH oxidation to NADP based on redox potential of protein) using a
Pharmacia Biotech Ultraspec 3000 UV/Vis spectrophotometer. After 25 minutes, 40 uL
of a 10 mM solution of DTNB (5, 5’-dithiobis (2-nitrobenzoic acid)) was added to the
test solution (40 pL of buffer to the blank) and the change in absorbance at 412 nm
(measure of reduction of DTNB to TNB) was further monitored.

To assay for glutaredoxin activity, two cuvettes (blank and test) containing a
solution consisting of 750 pL of 100 mM Tris HCI (pH 8.0), | mM EDTA, 0.35 mM
NADPH, 1 mM glutathione and 0.75 nM yeast glutathione reductase (Sigma) were
prepared. After 5 minutes of equilibration, a quantity (50 uL of 0.1 mM) of either

MTHO0807 thioredoxin, MTHO0895 thioredoxin, E. coli thioredoxin (Sigma), E. coli
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glutaredoxin (Sigma) or T4 glutaredoxin was added to the test solution (50 pL of buffer to
blank) and the change in absorbance was monitored for 25 minutes at 340 nm (measure of
oxidation of glutathione) using a dual beam UV/Vis spectrophotometer (Pharmacia

Ultraspec 3000).

Structural and Sequence Comparisons between T4 Grx and other Thioltransferases

We analyzed and compared the atomic structures of nine evolutionary distinct
members of the thioredoxin/glutaredoxin superfamily — (E. coli Trx (1XOB), E. coli Grx
I(IEGR), E. coli Grx 3 (1FOV), human Trx (3TRX), human Grx (1JHB), pig liver Grx
(1IKTE), M. thermoautotrophicum Trx (Mt0807, (INHO)), Anabaena sp Trx-2 (1THX)
and bacteriophage T4 Grx (1DE2)).

Structures were visualised and RMSD’s calculated with the Molmol program (/2)
while the residues making up the hydrophobic groove were determined from the
graphical visualization tool — Swiss-PDB viewer (/3). The primary sequence alignment
based on structural alignments was obtained from the Combinatorial Extention (CE)
database (/4) and solvent accessible surface areas of the residues of the hydrophobic

groove (SASA) were estimated from the program VADAR (1)5).

2.3 Results
Comparative Gluataredoxin/Thioredoxin Activity.

Figure 2a, 2b and 2¢ show the results of the Thioredoxin/Glutaredoxin activity
assays. The thioredoxin assay is a two-step method that measures, first, the ability of the

molecule to interact with thioredoxin reductase and oxidize NADPH, and second the
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ability of the molecule to reduce a disulfide bond. As can be seen in Figure 2b, T4 Grx is
perhaps the most active thioredoxin of the group as it interacts strongly with thioredoxin
reductase (albeit less so than MTH0807) and is easily oxidized by DTNB (Figure 2c).

T4 glutaredoxin is followed closely by E. coli thioredoxin in terms of thioredoxin
activity. MTHO0895 Trx displays intermediate thioredoxin activity while MTH0807
shows almost no reduction ability on DTNB. In Figure 2a it is evident that T4 Grx and E.
coli Grx display the strongest interaction with glutathioine/glutathione reductase.
MTHO0807 Trx exhibits about a 3-fold weaker glutaredoxin activity relative to T4 Grx
while E. coli Trx and MTHO0895 Trx shown essentially no glutaredoxin activity — as
expected. The statsistical analysis (t-test) of the results is presented in appendix 1. The
sequence and structural basis for the observed activity differences is discussed more fully

below.

2.4 Discussion
Glutaredoxin/Thioredoxin Activity.

One of the aims of structure proteomics is to identify the function of a protein
from its structure based on similarity to proteins of known function and fold. However
fold similarity alone is not an indication that the protein will perform a particular
function. Structure data, therefore only provides a rational lead as to the probable
molecular function or specific reactivity of a hypothetical protein. Ultimately its true
function has to be verified through biochemical tests.

During our work on MTHO0895 (a hypothetical protein from Metharnobacterium

thermoautotrophicum), the structure was found to be similar to that of glutaredoxins

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



while molecular docking experiments and sequence comparisons showed that it seemed
more likely to behave as a thioredoxin than a glutaredoxin. In order to resolve this
ambiguity, we performed the basic biochemical test that distinguishes a thioredoxin from
a glutaredoxin as described by Holmgren (16). The principles behind this test are
described in more detail in chapter 3 of this thesis. To better characterise the activity of
MTHO0895, we compared its activity to T4 Grx (one of only a few known proteins with
both Trx and Grx activity), Escherichia coli Trx (which has only Trx activity), E. coli
Grx (which has only Grx activity) and MTHO0807, a recently characterized Trx from
Methanobacterium thermoautotrophicum. While the general structure of MTH0895
initially indicated that it was a glutaredoxin, other indications (structural details, sequence
information and molecular docking) provided strong evidence that MTH0895 was most
likely a thioredoxin. The results from the thioredoxin activity assays clearly show that
MTHO895 is indeed a thioredoxin. As seen in Figure 2b and 2¢c, MTHO0895 appears to be
about one-half as active as E. coli thioredoxin with no glutaredoxin activity exhibited.
This reduced thioredoxin activity might be expected, given its short length (77 vs 108
residues), abbreviated structure (missing N-terminal -0 segment), and non-standard
active site sequence (Cys-Ala-Asn-Cys vs Cys-Gly-Pro-Cys). Alternately, the lower
activity may have arisen simply because the enzymatic reducing agent (thioredoxin
reductase) was obtained from E. coli and not from M. thermoautotrophicum.
Nevertheless, the fact that such a small glutaredoxin-like protein clearly exhibits
thioredoxin activity suggests that MTH0895 and its homologues may represent a group of

ancient proteins that were ancestral to both thioredoxins and glutaredoxins.
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Comparison of T4 Grx with Other Glutaredoxins and Thioredoxins.

Nearly two dozen three-dimensional structures of thioredoxins and glutaredoxins
have been reported over the past 25 years. To simplify the comparison process, we chose
to analyze the atomic structures of nine evolutionary distinct members of the
thioredoxin/glutaredoxin superfamily (E. coli Trx, E. coli Grx 1, E. coli Grx 3, human
Trx, human Grx, pig liver Grx, M. thermoautotrophicum Trx (MTH0807), Anabaena sp
Trx-2 and bacteriophage T4 Grx). Despite significant sequence differences, every study
published to date has shown that these proteins share the same overall fold, with either an
N-terminal Bj/01/B2/02/B3 or a1 f2/02/P3 structural unit joined to a C-terminal Ba/Bs/04 unit
by a loop involving the third helix (o3). For all nine structures, the B, B3, B4, and Bs
strands form a central, continuous, twisted pleated sheet with helices a; and/or a3 located
on one side of the sheet and helices 0, and o4 located on the other side. This central B-
sheet is highly conserved. Indeed, a backbone superposition of this four-stranded p-sheet
for all nine highly divergent proteins (minimum pairwise sequence identity < 15%) yields
a RMSD value of only 1.32 A (Figure 2.1). This level of conservation is quite
remarkable and it suggests that the central B-sheet scaffold must play a key role in the
folding and stability of all members of this ubiquitous family of proteins.

In addition to the high level of structural conservation seen in the central B-sheet,
there is also an equally high level of structural conservation in their active site loops. A
backbone superimposition of the Cys-Xaa-Xaa-Cys redox active site for all nine solved
glutaredoxin/thioredoxin molecules yields an RMSD value of just 0.36 A (Figure 2.2).

This high level of structural similarity in both thioredoxin and glutaredoxin active sites
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indicates just how precise the backbone geometry must be in order to confer the redox
activity seen in this class of proteins. It is interesting that this structural similarity
persists even though the T4 Grx active site sequence (Cys-Val-Tyr-Cys) is quite different
than the usual thioredoxin (Cys-Gly-Pro-Cys) or glutaredoxin (Cys-Pro-Tyr (Phe)-Cys)
active site sequences. While the active site loop is structurally well conserved, it is
important to emphasize that the character and disposition of side chains around this active
site is not. The nature and consequences of these differences will be discussed in more
detail below.

A more quantitative comparison between T4 glutaredoxin and the other eight
glutaredoxins/thioredoxins was performed using the SCOP database and its secondary
structure matching system (/7). The results are shown in Table 2.1. All structures were
assessed by their Z scores, alignment length and RMSD values. As expected, the
glutaredoxins scored highest with high Z values and correspondingly high levels of
sequence identity. Interestingly, Grx 3 from E. coli shows up as the top match with a Z
score of 6.4 and a sequence identity of 35%. Given that the sequence similarity between
E. coli Grx 3 and T4 Grx is the highest among all proteins in the available sequence
databanks, it suggests that the two are probably related. It also suggests that the T4 virus
may have actually incorporated the E. coli Grx 3 gene into its genome (or vice versa). It
is perhaps worthwhile noting that another redox host protein (E. coli Trx) has been found
to be critical to the survival of a related bacterial phage (bacteriophage T7). In particular,
E. coli Trx is known to form a complex with the phage T7 DNA polymerase to activate

the enzyme (18, 19). It seems reasonable to suggest that bacteriophage T4, in order to
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overcome its dependency on bacterial host proteins for DNA synthesis, may have

incorporated and modified a host redox protein (E. coli Grx 3) into its genome.

Understanding the Dual Activities of T4 Glutaredoxin.

A number of elegant biochemical studies have been done on T4 glutaredoxin in
order to explain what makes it function both as a thioredoxin and a glutaredoxin. Notable
among these are the mutational studies on amino acid residues around its active site (/8 -
20). These studies have identified a number of residues (apart from the active site
cysteines) necessary for thioredoxin activity. In particular, the following mutations:
His12Ser, Lys13Ser, Lys21Gln and Pro66Ala have been found to lead to a dramatic
decrease in thioredoxin activity while an Asp80Ser mutation leads to an increase in
activity (21). A number of these residues have also been found to be important for
glutaredoxin activity including His12, Pro66 and Asp80 (22). Many of these key
residues are located in regions of the protein associated with glutathione binding
(essential for glutaredoxin activity) or thioredoxin reductase docking (essential for
thioredoxin activity).

As a general rule, thioredoxins typically have a large hydrophobic groove located
near their active site while glutaredoxins only have a small hydrophobic pocket where
glutathione binds (23). The hydrophobic groove in all thioredoxins is on the surface,
close to the redox active cysteine such that it allows two key phenylalanine residues
(Phe1l41 and Phe 142) in thioredoxin reductase to easily dock into this groove (23, 24).
The groove is located in an area on the thioredoxin surface bounded by the upper halves

of strands B and B, the lower portion of strand B3, the loop between B, and helix o and
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the loop between helix o and strand 3. In an effort to better understand the importance
of this groove among thioredoxins and glutaredoxins we used graphical visualization
tools (Swiss-PDB viewer) to locate this hydrophobic groove in the nine selected
representative members (including T4 Grx) of the thioredoxin/glutaredoxin superfamily.
These other members include four glutaredoxins (E. coli Grx [1EGR], E. coli Grx 3
[IFOV] human Grx [1JHB] and pig liver Grx [1KTE]) and four thioredoxins (human Trx
[3TRX], E. coli Trx [1XOB], Anabaena sp. Trx 2 [ITHX] and M. thermoautotrophicum
(MTHO0807) Trx [INHO]). Structure-based sequence alignments of these proteins are
shown in Figure 2.3

After identifying the thioredoxin reductase binding surface (or analogous surface
on glutaredoxins), we then used VADAR (/5) to quantitatively estimate the solvent
accessible surface area (SASA) of each of the hydrophobic residues making up this
hydrophobic groove. Our results, listed in Table 2.2 show that the SASA of this
hydrophobic surface in T4 Grx is large (442 A% and comparable to those of other
thioredoxins including E. coli Trx (465 A%, MTH0807 Trx (408 A%), Human Trx (402
Az) and Anabaena Trx 2 (400 A?). In contrast, the SASA of the hydrophobic residues in
the surface for most glutaredoxins was much less with E. coli Grx 1, E. coli Grx 3, Pig
liver Grx and Human Grx having accessible areas of just 168 A2, 60 A2, 72 A% and 65 A2
Note that the total SASA of the two critical phenylalanine residues in thioredoxin
reductase is in excess of 210 A%, Clearly T4 Grx has a large enough hydrophobic groove
to accept thioredoxin reductase, while other glutaredoxins do not.

In addition to a larger-than-expected hydrophobic groove in T4 Grx, this protein

also has an unusually large (for a glutaredoxin) loop between helix o and strand B3. This
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loop has been reported to be a common determinant in the recognition and binding of all
thioredoxins to thioredoxin reductase (24) and has been shown to dock into a
complementary groove on the surface of the thioredoxin reductase molecule. As can be
seen in Figure 2.3, the length of this loop in T4 Grx is longer than in other known
glutaredoxins and comparable to those of thioredoxins. This loop was also found to be
highly flexible in a previous NMR study which is typical of many binding loops used in
protein-protein interactions (25). The size and flexibility of this loop, in combination
with the unusually large size of T4 Grx’s hydrophobic groove near the active site surface
might account for the observed binding of T4 glutaredoxin to thioredoxin reductase and
for its observed thioredoxin activity.

T4 Grx is not alone in its ability to function as both a glutaredoxin and a
thioredoxin. By looking at the structural similarities of other “dual-function” redox
proteins we tried to gain some further insight into the key residues or features that make
these proteins function as they do. As seen in Figure 2a, our glutaredoxin activity assays
clearly show that T4 Grx and E. coli Grx have the highest level of glutaredoxin activity
while thioredoxins such as MTHO0895 Trx and E. coli Trx have essentially no
glutaredoxin activity. However, MTHO807 Trx, a small archaebacterial thioredoxin with
a classic glutaredoxin active site sequence, does show some measurable glutaredoxin
activity — roughly one third of that measured for T4 Grx. Another thioredoxin, Anabaena
Trx 2, has also been reported to be reduced by glutathione with an activity level
approximately one fifth that of T4 Grx (8). This capacity for all three thioredoxins to
function as glutaredoxins appears to be related to the presence of a viable glutathione

binding site. All known glutaredoxins have a glutathione binding pocket on their surface
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which is largely absent in “classic” thioredoxins. For instance, the binding pocket in T4
Grx consists of Tyr7, His12, Tyr16, Thr64, Met65, Pro66 and Asp80 (20). A possible
glutathione binding pocket on MTH0807 Trx, analogous to that of T4 Grx, is Thr9,
Tyr15, Val56, Pro57 and Ser72. The glutathione binding pocket (peptide binding pocket)
for Anabaena Trx 2 has also been characterized and appears to consist of Pro64,
Lys68,Gly74, Val75, Pro76, and Ser94 (26).

The downward trend in glutaredoxin activity going from T4 Grx, to MTHO0807
Trx and then to Anabaena Trx 2 appears to agree well with results reported from
mutational studies done on T4 Grx (20). Specifically, two positively charged residues,
His12 and Lys21 (T4 Grx numbering) were found to be important for activity in T4 Grx.
However, both are absent in MTHO0807 Trx and Anabaena Trx 2. Additionally, while
MTHO0807 has a classic glutaredoxin active site sequence (Cys- Pro - Tyr-Cys),
Anabaena Trx 2 lacks tyrosine in its active site, having instead Cys-Gly-Pro-Cys active
site sequence. Previous studies have shown that tyrosine in the active site is important in
glutathione binding (20). Thus the order of glutaredoxin activity is expected to be T4
Grx > MTHO0807 Trx > Anabaena Trx 2, as was observed.

Additional comparisons between MTH0807 Trx, Anabaena Trx 2 and T4 Grx in
terms of their thioredoxin activity are also instructive. All known thioredoxins have a
Lys or an Arg residue located on the C-terminal side of the active site cysteine. It has
been suggested that this positively charged residue near the active site probably helps in
stabilizing the N-terminal thiolate anion of the reduced form (26). Interestingly T4 Grx
(a glutaredoxin, with thioredoxin activity) also has a lysine in the same position. How

important is this positively charged residue for thioredoxin activity? Sequence
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comparisons shown in Figure 2.3 indicate that MTHO0807 Trx and 4nabaena Trx 2 are
the only two thioredoxins without an equivalent positive residue near the active site in the
conserved helix o;. Interestingly, both MTH0807 Trx and Anabaena Trx 2 have been
reported to exhibit thioredoxin-like activities, including an ability to reduce insulin and
an ability to provide reducing equivalents to ribonucleotide reductase (8, 9, 27).
However, neither Anabaena Trx 2 nor MTHO0807 Trx is able to reduce DTNB in a
significant way — a common test for thioredoxin activity. Therefore we would suggest
that a basic amino acid residue on the C-terminal side of the active site is probably
essential for the binding and reduction of small molecules such as DTNB but not for
large protein substrates such as ribonucleotide reductase.

Despite the apparent functional similarities, it appears that T4 Grx is quite
distinct from these other dual-function redox proteins (MTHO0807 Trx and Anabaena Trx)
in that T4 Grx exhibits remarkably good glutaredoxin and thioredoxin activity while the
other two proteins only exhibit limited activity (as either thioredoxins or glutaredoxins).
It may be that MTHO807 Trx developed its glutaredoxin activity “accidentally” and has
been under no selective pressure to enhance or diminish this activity. Certainly
archaebacteria have no need for glutathione or for glutaredoxin activity. On the other
hand, it appears that T4 Grx must have been under selective pressure to produce a protein
with strong glutaredoxin and thioredoxin activity as this protein exhibits or retains nearly

all of the critical sequence and structural features required for both activities.
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2.5 Conclusion

In this study we described the results of both comparative biochemical assays and
comparative sequence/structure assessments involving phage T4 glutaredoxin with a
range of eubacterial, archaebacterial and eukaryotic thioredoxins and glutaredoxins.
These include four glutaredoxins (E. coli Grx, E. coli Grx 3, human Grx and pig liver
Grx) along with five thioredoxins (human Trx, E. coli Trx, Anabaena sp. Trx 2, M.
thermoautotrophicum (MTHO0895) Trx and M. thermoautotrophicum (MTH0807). We
have shown through our biochemical tests that even though MTH0895 and MTHO0807
show a classic glutaredoxin fold, they actually behave functionally as a thioredoxin. This
further augments the fact that the fold of a protein only gives us a lead as to its possible
biochemical function. Structure details in addition to biochemical testing are the only
sure proof of function.

Comparative analyses of the solution structure of T4 Grx to the other
glutaredoxins and thioredoxins indicated that the large hydrophobic groove on its surface
(close to the redox active site) as well as the highly flexible nature of the loop joining
helix a; and strand 3 might be the main reason T4 Grx is able to interact with
thioredoxin reductase (thereby allowing it to function as a thioredoxin). These results
could shed further light onto the reasons and origins of the dual redox character of T4
glutaredoxin and might suggest ways of engineering multiple activities into other
thioredoxins or glutaredoxins. It would be interesting to see what the results would be if
residues corresponding to His12 and Lys21 (T4 Grx numbering) in MTHO0807 are

mutated to His and Lys respectively.
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Table2.1 Structure comparison of T4 Grx (1DE2) and other thioredoxins and
glutaredoxins derived from the PDB database using the SCOP structure alignment

database:
Z RMSD | Aligned Seq. % Identity | No of PDB
Protein | Score length length | of aligned gaps code
length
E. coli 6.40 1.91 71 82 35 4 1FOV
Grx 3
Sus scrofa
Grx 5.20 2.45 70 105 29 4 IKTE
E. coli 4.10 2.51 74 100 19 6 1IEGR
Grx 1
Homo
sapiens 3.70 2.65 69 105 28 6 1JHB
Grx
M
thermoaut | 3.50 3.26 64 85 19 7 INHO
rophicum
Trx
Anabaena
sp.Trx 2 3.20 2.53 65 108 8 7 1THX
E. coli 2.90 2.00 60 108 8 8 1X0B
Trx
Homo
sapiens 1.70 3.32 64 105 6 7 3TRX
Trx
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Table 2.2 Solvent accessible surface area (SASA) of the hydrophobic groove on the
surface of thioredoxins and glutaredoxin into which two phenylalanine residues of

thioredoxin reductase docks

Name and PDB code of Residues making up the SASA
Molecule Hydrophobic groove (A%

Leu79, 11e75, Gly74, 11e72, 11e60,

E. coli Trx (1XOB) Trp31, Ile23 465
Phe69, Pro66, Met65, Leu63, Gly62,

T4 Grx (1DE2) Leu55,Leu51, 11e48, Phe43, Ile36, lle34 442

M. thermoautrophicum Try{ Val65, Val64, Gly63, Ile61, Pro57,

(INHO) Val56, Ile41, 11e39 408
Gly87, Val86, Phe80, Pro75, Val71, Cys69,

Homo sapiens Trx 3TRX) Ala66, Val59, LeuS5, Trp31, Ala29 402
Leu87, 1le86, Pro76, Val75, Gly74,

Anabaena sp Trx 2 (1THX| Val72, 11e60, Trp31 400

E. coli Grx 1 (1IEGR) Gly70, Ile69, Val64, Phe63, Pro60, Val59, Il¢ 168

E. coli Grx 3 (1FOV) Gly63, Ile62, Phe56, pro53, Ile33 72

Sus scrofa Grx (1KTE) Cys78, Phe73, Gly75, Pro70, Val69 65

Homo sapiens Grx (1JHB)| Cys79, Gly76, Ile75, Phe74, Val70 60
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Figure 2 Measurement of thioredoxin and glutaredoxin activity via ultraviolet absorbance
(a) Glutaredoxin activity kinetics. The change in absorbance (A349, absolute values) for
T4 Grx (*™*7*7), E. coli Grx ("*™*™*), E. coli Trx ("*™*™*7), Mt0895 Trx (™™ ™) and
Mt0807 Trx (“4~4~4"). The change in absorbance is proportional to the amount of
glutathione oxidised hence a measure of the glutaredoxin activity
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(b) Thioredoxin activity kinetics (oxidation of NADPH). The change in absorbance
(A340, absolute values) for T4 Grx (™™™), E. coli Trx ("**"*), Mt895 Trx (4 44") and
Mt0807 ("*~**").The change in absorbance is proportional to the amount of NADPH
oxidised (depending on the redox potential of the protein) and hence a measure of the
thioredoxin/thioredoxin reductase interaction
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¢) Thioredoxin activity kinetics (reduction of DTNB). The change in absorbance (A42)
for T4 Grx (™™, E. coli Trx ("***), Mt895 Trx (“4~4-%7) and Mt0807 Trx
("™*™*"). The change in absorbance is proportional to the amount of DTNB reduced
hence a measure of the reductive ability of the protein
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Figure 2.1 Backbone superposition of the four - stranded B-sheet for nine highly
divergent proteins of the thioredoxin superfamily: T4 Grx (1DE2), E. coli Grx 1 (1IEGR),
Homo sapiens Grx (1JHB), Sus scrofa Grx (1KTE), E. coli Grx 3 (1IFOV), Homo sapiens
Trx (3TRX), E. coli Trx (1XOB), Anabaena sp. Trx-2 (1THX) and M.
thermoautotrophicum Trx (MTHO0807) (1INHO).

Figure 2.2 Backbone superposition of the active site Cys-Xaa-Xaa-Cys sequence for nine
highly divergent proteins of the thioredoxin superfamily: T4 Grx (1DE2), E. coli Grx 1
(1EGR), Homo sapiens Grx (1JHB), Sus scrofa Grx (1KTE), E. coli Grx 3 (1IFOV),
Homo sapiens Trx (3TRX), E. coli Trx (1XOB), Anabaena sp. Trx-2 (1THX) and M.
thermoantotrophicum Trx (MTHO0807) (1NHO).

N-Terminal

C-Terminal
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Figure 2.3 Structure-based sequence alignment obtained from the CE database of: T4
Grx (1IDE2), E. coli Grx 1 (IEGR), Homo sapiens Grx (1JHB), Sus scrofa Grx (1KTE),
E. coli Grx 3 (1FOV), Homo sapiens Trx (3TRX), E. coli Trx (1XOB), Anabaena sp.
Trx-2 (1THX) and M. thermoautotrophicum Trx (MTH0807) (INHO). The B-strands
and o-helices are marked grey. The active site sequences, conserved cis proline and the
conserved glycine residue are enclosed in boxes.
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Chapter 3

Structural and Functional Characterisation of MTH0807
3.1 Introduction

MTHO807 is the formal protein abbreviation for the protein coded by gene 0807
of Methanobacterium thermoautotrophicum (strain AH), a hyperthermophilic archaeon.
MTHO0807 from Methanobacterium thermoautotrophicum (strain Marburg) has been
shown by McFarlan and co-workers (/) to be a redox protein with an active site sequence
similar to known glutaredoxins (-Cys-Pro-Tyr-Cys-) but with some properties
inconsistent with either a glutaredoxin or a thioredoxin. Specifically, they reported that
the protein does not function as a glutathione-disulfide oxido-reductase in the presence of
glutathione/glutathione reductase, thereby suggesting it was not a glutaredoxin.
However, they also found that even though it exhibited some thioredoxin-like properties,
it was not a substrate for the thioredoxin reductase, thereby suggesting that it was not a
true thioredoxin either.

Recall that thioredoxins and glutaredoxins are characterized by having a common
fold (the thioredoxin fold - a central four-stranded beta sheet flanked by three or four
alpha helices) and an active site motif consisting of Cys-Xaa-Xaa-Cys, where Xaa
corresponds to any other naturally occurring amino acid (2, 3). The cysteines in the
active site, which undergo reversible disulfide exchange reactions with their respective
substrates, are located at the N-terminus of a conserved alpha helix (4). In the reduced
form, the N-terminal cysteine is generally solvent exposed and acts as a nucleophile
whereas the more C-terminal cysteine is buried (5). The difference between thioredoxin

and glutaredoxin is that thioredoxin is reduced to the dithiol form by NADPH and
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thioredoxin reductase (the thioredoxin system) while glutaredoxin (6) is reduced by the
tripeptide glutathione (GSH) which in turn is reduced by NADPH and glutathione
reductase, (the glutaredoxin system). Thioredoxins and glutaredoxins can also be
distinguished by their lack of cross reactivity with antibodies raised specifically against
each protein (7).

Recent whole genome analyses of various hyperthermophilic organisms (7 - 13)
as well as NrdH proteins isolated from mesophilic organisms (14, 15) have revealed that
there are classes of small redox proteins which have sequences and folds similar to
glutaredoxins but which have true thioredoxin-like activities (16 - 18). Most
interestingly, studies by Bhattacharyya et al. (17) have revealed the presence of another
paralogous thioredoxin (MTHO0895) in M. thermoautotrophicum which shares 28%
sequence identity to MTHO0807. Additionally, work by Lee et al. (16), has demonstrated
true thioredoxin activity for a small redox protein from Methanococcus jannaschii
(Mj0307) which has 51% sequence identity to MTH0807.

In order to clarify the role of MTHO0807 and its relationship (both structural and
functional) to its paralogue MTHO0895, we undertook additional biochemical/biophysical
tests on MTHO0807. We have also determined its solution structure via NMR to explore
the structure-function relationship between MTH0807 and MTHO0895. Our findings
show that MTHO807, despite having a classic glutaredoxin active site sequence (-Cys-
Pro-Tyr-Cys-) and a classic glutaredoxin fold, is actually a true thioredoxin. Sequence
comparisons, detailed structural analyses of the charge distribution around the active site
as well as enzymatic assays (which employed a more sensitive two step redox activity

assay than used by previous workers (/)); clearly indicate that MTHO0807 is similar to
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other known thioredoxins from archaeabacteria. Our data also show that MTHO0807 is
more oxidizing than its paralogue MTHO0895, even though the two proteins have very

similar structures and appear to use the same reducing system.

3.2 Materials and Methods
Protein Expression, Purification and Sample Preparation.

The MTHO807 gene was provided by Professor Cheryl Arrowsmith of the
division of Molecular and Structural Biology, Ontario Cancer Institute (Toronto,
Canada). The gene was sub-cloned into a pET15b vector (Novagen) and transformed
into a BL21 (DE3) strain of E. coli for expression. The vector expresses the protein with
an N-terminal hexa-histidine tag followed by a thrombin cleavage site (figure 3.1).
Protein expression was accomplished by growing the transformed E. coli cells in a
minimal (M9) growth medium. Uniform isotopic enrichment with >N or "N/"*C was
accomplished by substituting the NH4Cl and/or glucose in the M9 medium with ’NH,CI
and [U-">C]-glucose (Martek Labs, Richmond VA) respectively. Cells were grown at
37 °C in shaker flasks to an optical density of 0.6 and then induced with isopropyl-B-D-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The cells were allowed
to grow for an additional eight hours before harvesting and centrifugation. Cell pellets
were resuspended in a lysis buffer (50 mM NaHPO,, 300 mM NaCl, 10 mM imidazole,
pH 8.0). Using 5ml of the buffer per gram (wet weight) of cell pellet, lysozyme was
added to a concentration of 10 pg/mL. The mixture was then incubated in dry ice for 30
minutes and thawed in a water bath at 37 °C for 30 minutes. This freeze-thaw process

was repeated three times. The lysed cells were then centrifuged at 15,000 rpm for 90
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minutes at 4 °C. The supernatant was isolated and RNase and Dnase 1 were added to a
concentration of 10 pg/mL. The mixture was incubated at room temperature for 10
minutes and centrifuged at 15,000 rpm for 45 minutes. The protein was then purified in
the native condition using the nickel nitrilotriacetic acid-agarose resin (Ni-NTA) column
(Qiagen) as described elsewhere (/9). The histidine tag was not cleaved from the protein
as this type of tag doe does not interfere with the spectral properties of the protein (20,
21). The isolation and purification process yielded 20mg of histidine tagged protein per
litre of minimal (M9) growth medium as determined by UV absorbance at 280 nm using

an extinction coefficient of 3230 M cm™.

NMR Spectroscopy

NMR samples were prepared by dissolving about 6 mg of protein in 500 pL of a
buffer solution (pH 6.0) made up of 50 mM NaH,PO4, 100 mM NaCl, 50 pL of D,0, 1
mM DSS and 10 pL of a 3% solution of sodium azide. NMR experiments were recorded
at 25 °C on a Varian Inova 500 MHz spectrometer equipped with a 5 mm triple
resonance and pulse gradient accessories. Two-dimensional 'H-NOESY, (mixing times
of 80 ms and 150 ms), 2-D 'H-TOCSY (mixing time of 60 ms) experiments were
acquired on the unlabelled sample (22, 23). Additionally, 'H-""N HSQC, 'H-"N
NOESY-HSQC (mixing time 80 ms and 150 ms), and 'H-">N TOCSY-HSQC (mixing
times of 50 ms and 100 ms) experiments were collected on the "N labeled sample (23,
24). In addition, HNCO (25) and HNCACB (26) data were collected on the **N/'3C

labeled sample. All spectra were processed with an in-house spectral processing program
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(PROSIGN) which is a menu driven package written specifically for the Varian VNMR

environment.

Assignments and Experimental Restraints

Sequential chemical shift assignments for MTH0807 were obtained by
identifying *Ca(i) to *Ca (i-1) and *CB(i) to *CB(i-1) connectivities from the
HNCACB spectrum. The backbone chemical shift assignment was then completed using
data from HNCO and 'H-">’N TOCSY-HSQC spectra. Side chain 'H assignments of each
amino acid was then added using the "H-'"N HSQC (figure 3.2) and spin systems
obtained from the 'H-""’N TOCSY-HSQC spectra. Stereo-specific assignments of 'Hp
protons were based on the intensities of 'HN-'"Hp and 'Ha-'"Hpcross-peaks in the 'H-'"N
NOESY-HSQC and 2-D "H-NOESY spectra. The methyl groups of Val and Leu were
assigned stereo-specifically based on the intensity of "HN-'Hy, "Ha—'Hy cross peaks.
NOE distance restraints were obtained from the 'H-"N NOESY-HSQC and 2-D 'H-
NOESY spectra. NOE peak intensities were obtained from the volume integration of
well resolved cross peaks. Assigned NOE restraints were classified into three distance
ranges: 1.8-2.7 A, 1.8-3.5 A and 1.8-5.0 A corresponding to strong, medium, and weak
NOE intensities respectively. Torsion angle constraints were predicted using an in house
program called SHIFTOR (27) which calculates both the phi and psi torsion angles from
observed 'HN, 'Ho, *Ca, *Cp and '>CO chemical shifts. Hydrogen bond restraints (do.
inv=1.8-2.7 A and do.n= 2.8-3.7 A) were identified from the pattern of sequential and
inter-strand NOEs involving amide and alpha protons, D,0 exchange *N HSQC

experiment, and from the chemical shift index (28).
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Structure Calculations

Structures for MTH0807 were calculated using X-PLOR version 3.851 (29).
Sixty random structures were generated using X-PLOR’s standard simulated annealing
protocol for NMR structure determination (30, 37). Only NOE derived internuclear
distance constraints representing the secondary structure elements were used (32). These
random structures were then regularized using the distance geometry/simulated annealing
protocol (dgsa.inp) (31, 33, 34) of X-PLOR with additional sets of NOE constraints. The
regularization stage was repeated after correcting NOE distance violation (usually by
extending their upper limits) after visually reassessing the corresponding NOE spectral
intensities. Typically these problem NOEs were borderline cases falling between
strong/medium or medium/weak NOE intensity. Dihedral angle and the hydrogen bond
restraints were then introduced and the structures were further refined using X-PLOR’s
simulated annealing refinement (refine.inp) protocol for NMR structure determination
(33). A total of 997 restraints (comprising of 214 intra-residue NOEs, 659 inter-residue
NOEs (345 sequential, 187 medium range and 127 long range), 82 dihedral angle
restraints and 42 hydrogen bonds) were used for the structure calculations. The final set
of 20 structures was selected based on the acceptance criteria that no inter-proton
distance violation could be more than 0.5 A, no torsion angle, bond angle or improper
dihedral angle restraint violation could be greater than 5.0° and no bond violation could
be greater than 0.05A. The dihedral angle and NOE-(distance)-refined structures were
further refined using the mini_shift coup.inp protocol of X-PLOR (35 - 37). This
protocol refines the structures based on NOE distance, dihedral angle and chemical shift

restraints. The refined structures were analyzed with PROCHECK-NMR (38) and

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VADAR (39). MOLMOL (40) was used to visualize all the structures (figure 3.3 and

figure 3.4) and to calculate the RMSD values.

Measurement of Thiol Ionization in MTH0807 by Ultraviolet Absorbance

Thiol Ionization constants for MTH0807 were measured using the protocol of
Dyson et al. (41). Fresh samples of MTH0807 (1.0 mL of a 1 mM sample in 0.1 M
potassium phosphate, 0.1 mM EDTA, pH 7.0 under argon) was reduced using 1.0 mL of
a 10 mM DTT solution. Excess DTT was removed by dialysis against the same buffer
under an argon atmosphere. After dialysis, the protein sample was diluted to a
concentration of about 30 pM in a 0.1 mM EDTA, and 100 mM potassium phosphate
buffer (pH 6.0). Thiol ionization was monitored by measuring the protein absorbance at
240 nm on a Pharmacia Biotech Ultraspec 3000 UV/Vis spectrophotometer. Small
aliquots of 1.0 M NaOH or 2.0 M HCI were added to adjust the pH up or down. After
each addition the change in protein concentration was noted at 280 nm. The

concentration of MTH0807 was calculated at 280 nm using an extinction coefficient of

3230 Mlem™.

Measurement of Thioredoxin/Glutaredoxin Activity.

Thioredoxin/Glutaredoxin activity measurements were performed using the
method described by Holmgren (42). To assay for glutaredoxin activity, a solution
containing 750 pL of 100 mM Tris HCI (pH 8.0) with 1 mM EDTA, 0.35 mM NADPH,
1 mM glutathione and 0.75 nM yeast glutathione reductase (Sigma, St Louis MI) was

prepared. After 5 minutes of equilibration, a quantity (20 uL of 0.2 mM) of either
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MTHO0807, MTHO895, E. coli thioredoxin (Sigma), E. coli glutaredoxin (Sigma) or T4
glutaredoxin (43) was added to the reaction mixture and the change in absorbance
monitored at 340nm. To assay for thioredoxin activity, a solution containing 750 pL of
100 mM Tris HCI (pH 8.0) with 1 mM EDTA, 0.35 mM NADPH and 0.02 mM of
MTHO0807, MTH895, T4 glutaredoxin or E. coli thioredoxin was prepared. After
allowing the solution to equilibrate for 3 minutes, 20 uL of a 0.01 mM solution of E. coli
thioredoxin reductase (Sigma) was added and the oxidation of NADPH monitored at
340 nm using a Pharmacia Biotech Ultraspec 3000 UV/Vis spectrophotometer. After 25
minutes, 40 pL of a 10 mM solution of DTNB (5, 5’-dithiobis (2-nitrobenzoic acid)) was
added and the change in absorbance at 412 nm was further monitored. All reagents
purchased from Sigma (St. Louis, MI) were used without further purification while the
concentrations of MTHO0807, MTHO0895 and T4 Grx were determined by measuring the
UV absorbance at 280 nm with extinction coefficients of 3230, 1615 and 6612 M ¢m'™

respectively (17, 43).

3.3 Results
Solution Structure

Statistical parameters for the ensemble of 20 calculated structures are presented in
Table 3.1. All the structures (Figure 3.4), show good covalent geometry as indicated by a
low RMSD from idealized values and by low NOE, dihedral angle and van der Waals
energies. The refined structures were analyzed with PROCHECK-NMR (38) which
indicated that for all 20 structures, 99.0% of the main chain (¢ and ) angles fall into the

allowed regions of the Ramachandran map. With the exception of the active site loop,
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(residues 12-16) and the C-terminus (residues 84-85), all portions of the MTH0807
structure are well-defined by NMR standards. The complete set of 20 MTH0807
structures has been deposited with the Protein Data Bank (PDB accession: INHO). The
complete set of "H, '*C and "*N chemical shifts has been deposited with the
BioMagResBank (BMRB accession number: 5622). Visual inspection of the structure
shows that MTHO0807 is made up of a four stranded B-sheet sandwiched between two
helices on one side and a third on the other (figure 3.3). The B-strands have a
TB44B3TB, T, orientation with helices 1 and 3 packing against each other on one side of
the B-sheet and helix 2 on the other. The four B-strands in MTHO0807 include residues 3-
8 (strand B;), 34-39 (strand B,), 58-61 (strand B3) and 65-68 (strand B4). The first helix
(a-helix;) is the longest and runs from residue 19-30. The third helix (a-helix3), is on the
same side of the sheets as a-helix;, and is composed of residues 74-84. The second helix
(residues 45-50) exhibits properties of a 3¢ helix and connects strand B to B;. Depite
having ‘helical’ chemical shifts, the 3;¢ helix was found to have characteristic Ha(i) —
HN( + 2) NOE connectivities along its length was marked by an absence of Ha(i) —
HN( + 4) NOE connectivities. The presence of a 319 helix was also confirmed by the
secondary structure analysis of the final protein structures with VADAR (39) and
MOLMOL (40). Another structural feature characteristic of the thioredoxin/glutaredoxin
fold include a cis-peptide bond preceeding strand 3 at Pro 57 (2) as confirmed by the
Hoa(i) — Ha(i + 1) and HN(i) — Ha(i + 1) NOE connectivities (32). Additionally, the side
chain of Phe 8 is found to pack into a hydrophobic pocket formed by the N-terminus of
a-helix; and it is highly conserved in all disulfide oxido-reductases as either a tyrosine or

a phenylalanine residue (44). The topological arrangement of the secondary structural
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elements (B-o-B-a-B-B-a ) and the overall 3D structure clearly indicates that MTHO0807
has a glutaredoxin-like fold (6) as has been found for other members of the

archaeabacterial redox protein family (16, 17).

Sequence and Structural Comparison with Other Thioredoxins and Glutaredoxins.

Primary sequence analysis was conducted on MTHO0807 using PSI-BLAST (45).
Results obtained from the database searches clearly show that MTHO0807 belongs to the
thioredoxin/glutaredoxin superfamily. It shows relatively high sequence identity with
orthologous members in the Archaea family (ranging from between 51%- 28%) and also
with eubacterial thioredoxins/glutaredoxins. However, the level of sequence identity of
MTHO0807 to the well characerized members of the thioredoxin superfamily rarely
exceeded 20%. Primary sequence alignment based on structural alignments obtained
from the Combinatorial Extension (46) database was done on MTH0807 using
representative structures from the thioredoxin/glutaredoxin superfamily. The structures
included: thioredoxin H from Chlamydomonas reinhardtii (1TOF), thioredoxin from E.
coli (1XOB), Human thioredoxin (4TRX), thioredoxin from M. jannaschii (1FOS5),
thioredoxin from M. thermoautotrophicum (11LO), glutaredoxin from E. coli (1IEGR)
and human glutaredoxin (1JHB). The result is shown in Figure 3.5 and it indicates that
even though the sequence identities might be low, the secondary structure however is
very much conserved. These results also show that the active site sequence in MTH0807
is a classic (-Cys-Pro-Tyr-Cys-) glutaredoxin active-site sequence.

A qualitative structural comparison was carried out between MTH0807 and other

representative members of the thioredoxin/glutaredoxin superfamily including: 1) T4
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glutaredoxin (1DE1); 2) Thioredoxin (E. coli, 1XOB); 3) Glutaredoxin-1 (E. coli, 1IEGO0);
4) Human glutaredoxin (1JHB); 5) Human thioredoxin-like (1GH2); 6) Thioredoxin
MTHO0895 (1ILO) and 7) Thioredoxin Mj0307 (1F05). This detailed visual analysis
revealed obvious similarities among all the structures as expected for the
glutaredoxin/thioredoxin superfamily. One difference of note between the structure of
MTHO0807 and the standard glutaredoxin fold is the connection between B4 and ;. In the
archaeabacterial redox proteins, this connection are made up of between 4-6 residues
whereas this junction in E. coli glutaredoxin-1 (and all mesophilic prokaryotic or
eukaryotic glutaredoxin structures) is rather short, typically consisting of a single glycine
residue (44). Therefore this loop is more similar to that of E. coli thioredoxin. Also
helix, is considerably shorter in archaebacterial redox proteins than in glutaredoxins but
comparable to that of thioredoxin from E. coli. It was also observed that the connection
between 3, and o is much shorter than in E. coli glutaredoxin but comparable to that of
E. coli thioredoxin. A hydrophobic pocket at the surface and the loop between a; and B3
is a common determinant in all other thiol redoxins, for the recognition and binding of
thioredoxin to thioredoxin reductase. This loop occupies a complementary groove on the
surface of thioredoxin reductase upon binding (47). In MTHO0807, this loop (residues 51-
56) occupies a similar position and orientation when MTH0807 and the other
thioredoxin-like proteins are superimposed - much more so than when it is superimposed
with E. coli glutaredoxin. At the C-terminal end of B4 is glycine residue (Gly69 in
MTHO0807) which is highly conserved in the thioredoxin superfamily (48). This residue
has been shown to be important in binding of thioredoxin to other molecules such as T7

DNA polymerase, thioredoxin reductase (49) or in the assembly of filamentous phages
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(50). One unique difference between the structure of MTH0807 and that of the other
known oxido-reductase proteins is that helix; is a 31 helix in MTH0807 whereas it is an
alpha helix in the others. More quantitative comparison of the structure of MTH0807
with other known thioredoxins/glutaredoxins was also achieved by submitting the
representative structure of MTHO807 to be searched against the PDB, Dali (51, 52),
SCOP (53) and CE (46) databases. The results are listed in Table 3.2 and commented on

in the discussion section.

Thiol Ionization by UV Spectroscopy

The thiol Ionization measurement of the pKa is based on the principle that the
thiol (-SH) and the thiolate ion (-S°) absorbs UV light to different extents at a wavelength
of 240 nm with a difference in extinction coefficient of about 4000Mcm™ (54 - 56).
This extinction coefficient difference is sufficiently high to prevent facile monitoring of
the thiol ionization without interference from peptide absorption bands at 200-220nm or
aromatic absorption at 260nm. Figure 3.6 shows the result of the thiol ionization test
conducted on MTHO807. A titration is clearly visible with a midpoint at ~ pH 6.2 and a
change in extinction coeffecient of about 7900 Mcm™ between pH 5.90 and 6.40
corresponding to two thiols titrating at the same pH. Fitting this value to the Henderson-
Hasselbach equation gives an approximate pKa of 6.23 for both Cys13 and Cys16 in the

active site of the enzyme.
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Thioredoxin Activity

Thioredoxin reductase specifically reduces oxidized thioredoxin to reduced
thioredoxin using NADPH. The reduced thioredoxin forms a powerful protein disulfide
reductase and spontaneously reduces other oxidized proteins. This is expressed in
equations 1 and 2 below and it describes the principle behind all thioredoxin/thioredoxin

reductase assays (57).

Thioredoxin reductase

Trx-S; + NADPH + H' Trx-(SH), + NADP™ (1)
Oxidixed Reduced Reduced Oxidixed
thioredoxin NADPH thioredoxin NADPH
Trx-(SH), + Protein-S, Spontaneous > Trx-S; + Protein-(SH), (2)
Reduced Oxidixed Oxidixed Reduced
thioredoxin Protein thioredoxin Protein

Thioredoxin reductase is a FAD containing enzyme and functions by transferring
reducing equivalents to a disulfide bond in the active site of a redox protein via FAD.
The thioredoxin reductase subunits contains FAD and NADPH binding domains and
studies suggests that thioredoxin reductase must undergo a large conformational change
during enzyme catalysis in order for oxidized thioredoxin to be reduced by the dithiol of
the reduced enzyme (58). E. coli thioredoxin reductase is specific for its homologous
oxidized thioredoxin molecule but it also shows reactivity with other thioredoxin
molecules from other organisms (57). The results of the thioredoxin activity assay for
MTHO0807 indicate that the first part (Figure 3.7b) of the two-step reaction is occurring in
all the proteins used in the test. This indicates that thioredoxin reductase is reducing the
proteins and MTHO0807 is by far the most oxidizing protein of the protein molecules

tested. The second step (Figure 3.7¢) seems to be non-existent for MTH0807 while T4
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glutaredoxin and E. coli thioredoxin showed the highest activity and MTH0895 shows
only moderate activity. The statistical significance of the comparisons of these activities
is presented in appendix 1. It is worth noting here that T4 glutaredoxin is the only redox
protein reported to have both strong glutaredoxin and thioredoxin activity (/, 59). Our
results suggest that even though MTHO0807 is showing a very strong interaction with E.
coli thioredoxin reductase, it lacks the spontaneous reduction activity observed for many
thioredoxin-like molecules in its class. MTHO0807 is, therefore, more of an oxidizing
protein than a reducing one. This is manifested by its low pKa value and may also be
related to the very reducing environmental niche that M. thermoautotrophicum occupies

(4, 16, 60).

Glutaredoxin Acivity.
Glutaredoxin activity is shown by Holmgren (61) as a two step reaction as
indicated by equations 3 and 4 below.

Glutaredoxin-S; + 2GSH —— Glutaredoxin-(SH), + GSSG 3)

Oxidized Glutaredoxin Reduced Glutathione  Reduced Glutaredoxin Oxidized Glutathione

Glutathione Reductase

GSSG + NADPH + H' 5> 2GSH + NADP* 4)
Oxidized Glutathione Reduced NADPH Reduced Glutathione Oxidized NADPH

The glutaredoxin activity test therefore, should depend on the ability of the redox protein
to bind and oxidize glutathione. Figure 3.7a shows the results of this test for T4
glutaredoxin, E. coli glutaredixin, E. coli thioredoxin, MTH0895 and MTHO0807. The
glutaredoxin activity observed for MTH0807 is more than that observed for MTH0895 (a

recently characterized thioredoxin from M. thermoautotrophicum) and E. coli
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thioredoxin. It has been demonstrated that E. coli thioredoxin is reduced extremely
slowly by NADPH, GSH and glutathione reductase (59). The activity of MTHO0807 is
however much lower than those observed for T4 glutaredoxin and E. coli glutaredoxin.
The weak glutaredoxin activity observed for MTH0807 could be due to some

hydrophobic binding to glutathione and the high oxidative properties that it exhibits.

3.4 Discussion
Sequence and Structure Comparison.

Sequence comparison between MTH0807 and ‘standard’
thioredoxins/glutaredoxins (Figure 3.5) indicate that only a few residues are fully
conserved. As arule, the active site sequence —Trp-Cys-Gly-Pro-Cys is highly conserved
in the thioredoxins where as the glutaredoxins have the conserved Cys-Pro-Tyr-Cys
sequence in their active site (/7). On the basis of its sequence alone, MTH0807 would
be expected to behave like a glutaredoxin. Furthermore, the structure of MTH0807
clearly shows that it has a glutaredoxin-like fold. Typically a glutaredoxin fold is similar
to a thioredoxin-like fold except that the N-terminal residues (forming a B-o secondary
structure) are truncated. However, more detailed structural comparisons with other
members of the thioredoxin superfamily indicate that the general fold, even though
similar to that of glutaredoxin, has several characteristics more common to a thioredoxin.
Furthermore, biochemical tests suggest MTH0807 functions much more like a
thioredoxin.

Submission of the representative structure to search for structure neighbors in the

DALI, CE, SCOP and PDB databases yielded very useful results. Table 3.2 lists the
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summary of the top matches from a SCOP database search. These same matches were
also among the top matches in the CE, PDB and Dali databases. The structures were
assessed by their Z scores, alignment length and RMSD values. Interestingly, the top
matches from all these searches were from Archaebacteria with MTH0807’s paralogue,
MTHO0895 topping the list and Mj0307 (its othologue) in secoﬁd place. These were
followed by the glutaredoxins and then bacteriophage T4 glutaredoxin. At the bottom of
the list were either the thioredoxins or glutathione transferases. These results indicate
that even though MTHO0807 is a true thioredoxin, its overall fold is closer to the
glutaredoxins than the thioredoxins, suggesting (in addition to other evidence discussed
below) that it may be ancestral to the glutaredoxins.

While these fold comparisons are useful for understanding the possible evolution
or phylogeny of archaebacterial thioredoxins, it is also important to emphasize that more
detailed structural comparisons can help explain MTH0807’s observed activity. In
particular, the similarities between MTH0807 and other known thioredoxins in terms of

the length and orientation of helix,, the loop connecting helix, and strand f33, the presence

of a glycine residue at the C-terminal end of strand B4 and the hydrophobic pocket on the
surface of the molecule — all of these features are key determinants for thioredoxin
reductase binding (49), which is observed for MTH0807. Additional structural
comparisons between MTH0807 and known glutaredoxins show that MTHO0807 lacks the
positively charged residues at the opposite sides of its redox-active disulfide bridge

which are thought to be essential to glutaredoxin activity.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Thiol Ionization by UV spectroscopy

The thiol ionization test performed clearly gave results that are consistent with
those observed for E. coli thioredoxin and with other archaeabacterial thioredoxins. The
structure of MTHO0807 obtained by NMR shows that the active site cysteines (Cys13 and
Cysl6) are in a loop between strand-p; and a-helix | (figure 3.4). Cysteine 13 is exposed
while cysteine 16 is buried. As observed for E. coli thioredoxin, the —SH group of Cys13
is expected to be neutralized prior to Cys16 as the pH is increased (5). Thus for E. coli
thioredoxin, the pKa’s for the exposed and buried cysteines have been reported to be 7.1
and 9.9 respectively (43). In glutaredoxins the pKa of the exposed cysteine is typically
below 5 (those of thioredoxins are above 6.5) while the buried cysteine typically has a
pKa above 9 as in thioredoxins (62 - 64). It has also been found that the ionization of the
active site thiols is significantly affected by the presence of other charged groups in the
molecule. In E. coli, these groups are Asp26 and Lys57 and when either one or both
residues are mutated in E. coli, the two thiols either titrate simultaneously with the same
pKa value (41, 65) or titrate at very close/similar pKa’s (66). Aspartic acid 26 is
completely buried and in close proximity to the active site (the closest approach being the
carboxyl group of Asp26 to the sulfur of Cys35 at 5.9 A in reduced thioredoxin and 5.6
A in oxidized thioredoxin (67)). The function of Lys57 is not completely clear but it is
thought to be a possible hydrogen bond donor or salt bridge partner for the Asp 26
carboxyl group (4). The pKa of thioredoxins/glutaredoxins is also influenced by the
residues in between the active site thiols (/6).

Structural analysis of the MTHO807 protein shows that neither of these groups

(Asp or Lys) is proximal to the sulfur of Cys16. Thus a two-step endpoint with very
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similar pKa’s or a single pKa for both thiols would be expected (as was observed). The
pKa value of 6.23 for both thiols is more typical for the exposed cysteine of thioredoxins
than for glutaredoxins (68, 69). Our thiol titration result is in close agreement with the
published value of an orthologous protein (Mj0307) from Methanococcus jannaschii
(pKa 6.27) with which MTHO0807 has 51% sequence identity (/6). Our results also agree
closely with the value (6.7) obtained for its paralogue - MTHO0895. The low pKa value is
also consistent with the strong oxidative properties shown by MTHO0807 in the

thioredoxin activity test (4, 16).

Understanding Thioredoxin Activity in MTH0807

The thioredoxin activity test used here allows the two steps involved in the
reaction to be monitored separately. Thus one may ascertain which step is taking place
and which is not. The first part of the reaction involves the binding and interaction with
thioredoxin reductase and our results clearly indicate that this step is taking place for all
the four proteins used in the experiment. This observation confirms the thioredoxin-like
nature of MTHO807 and the extent of the oxidation seen here (which is quite high) is in
close agreement with what would be expected on the basis of results recently published
by Mossner et al. (). These workers demonstrated that when the dipeptide sequence
between the active site cysteines in a thioredoxin is mutated from the wild type (Cys-
Gly-Pro-Cys) to those of a glutaredoxin (Cys-Pro-Tyr-Cys), a protein disulfide isomerase
(Cys-Gly-His-Cys), or a DsbA (Cys-Pro-His-Cys), all the variants proved to be stronger
oxidants than the wild type (4). The order of oxidizing strength was reported to be

glutaredoxin-type > DsbA-type > PDI-type > wild-type with the most oxidizing mutant
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having the lowest pKa value for the exposed active site cysteine (pKa of 5.9). A similar
result (70) was obtained when the Pro in the dipeptide sequence between the active site
cysteines in E. coli was mutated to His to mimic that of PDI (protein disulfide
isomerase). The mutagenised thioredoxin had an increased redox potential resulting in
significant increase in ability to serve as a substrate for thioredoxin reductase and a
decrease in its ability to reduce protein disulfides (70). The active site sequence of
MTHO807 is the same as that of a glutaredoxin (Cys-Pro-Tyr-Cys), so it is not surprising
that MTHO807 exhibits strong oxidizing activity. The second step in the reaction, a
reduction step, is almost non-existent for MTHO0807 as compared to the control proteins.
This is expected for a molecule which is such a strong oxidant. This result may also
explain why MTHO807 from M. thermoautrophicum (Strain Marburg) was originally
reported as not being a substrate for thioredoxin reductase (/). In all the
thioredoxin/thioredoxin reductase assays used by McFarlan and co-workers, (/) it was

the reduction step, not the binding step, which was measured.

Understanding Glutaredoxin Activity in MTH0807

To more fully understand the apparent glutaredoxin activity in MTHO0807, it is
perhaps worthwhile reviewing what is known about a much better characterized
glutaredoxin — E. coli glutaredoxin. E. coli glutaredoxin activity is attributed to residues
12 -13 in the active site (Pro-Tyr), 59 - 60 (Val — Pro) and 69 — 71(Gly - Gly -Tyr),
which form a hydrophobic surface on one side of the redox-active site. This hydrophobic
surface has been suggested to be the binding site for glutathione and other proteins for

the redox reaction (48). It is also postulated that Arg8, Lys18 and Aspl19 in E. coli
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glutaredoxin, which are located at the opposite sides of the redox active disulphide
bridge, may be involved in the actual redox process. An Asp residue located at the N-
terminus of the third helix in E. coli glutaredoxin is also found in most glutaredoxins
(/7). These charged residues, which are all near the active site, have been implicated in
the specific participation of ionic interactions with glutathione (71, 72). The structure of
MTHO0807 shows similar positions of equivalent residues which may form the same
hydrophobic binding surface (residues 15 -16 of the active site (Pro-Tyr), 56-57 (Val-
Pro), 67— 69 (Phe — Val — Gly)). However, MTHO0807 lacks the positively charged
residues at the opposite sides of the redox-active disulfide bridge which are thought to be
essential in the actual redox process. In our assays, MTH0807 exhibited some oxidation
of glutathione; however this was small compared to that of E. coli glutaredoxin and T4
glutaredoxin. The low level of glutathione oxidation which was observed could be
attributed to non-specific binding of glutathione and the intrinsic oxidative ability of
MTHO0807. Glutathione is essential for glutaredoxin function and a literature search
revealed that most archaeabacteria, including Methanobacterium thermoautotrophicum
do not contain glutathione or glutathione-like cystolic thiols (Z, 16, 17). Since
glutathione has not been isolated in this organism, it seems reasonable to suggest that the
activity obtained was perhaps more an artifact of its structural or sequential similarity to
glutaredoxin than its evolved function. However, it could also be argued that this activity

is an early precursor towards glutaredoxin activity.
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Functional relationship between MTH0807 and MTH0895.

An important question that may be asked is why does a simple archaeon like M.
thermoautotrophicum have two thioredoxins? It is important to note that most eubacteria
and all eukaryotes have both a thioredoxin and a glutaredoxin encoded in their genomes.
This redundancy in redox function for these organisms may have arisen because the
activities sustained by glutaredoxin and thioredoxin (DNA synthesis, transcriptional
control and protein function regulation) are so vital to an organism’s viability. The same
may be true for M. thermoautotrophicum and other archeons too.

Structural characterization and biochemical assay comparisons between
MTHO0807 and MTHO895 indicate that both proteins have similar structures and both use
the same reducing system (the thioredoxin system). MTHO0807 is, however, more
oxidative and seem to have very little reductive ability as compared to MTH0895.
Evidence suggests that MTHO0807 is the much more abundant protein in M.
thermoautotrophicum, especially when grown under native-like anaerobic conditions (/).
The strong reducing environment in which this organism thrives (/6) suggests the need
for a strongly oxidizing form of thioredoxin to provide the reducing equivalents to
ribonucleotide reductase for DNA synthesis. It appears that MTHO807 fits the bill. In
contrast, MTHO0895 which is the less abundant protein may be a back-up to MTHO0807 or
it may be involved in other disulfide redox activities within the cytoplasm. Alternately,
MTHO0895 may be the thioredoxin that is produced when M. thermoautotrophicum is
exposed to more aerobic conditions.

While both MTH0895 and MTHO0807 are true thioredoxins, in some respects,

MTHO0807 seems to play the role of a glutaredoxin (with its strong oxidizing potential
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and other physical features) while MTH0895 seems to play the role of a thioredoxin.
Given the “archaic” nature of Archea and their hypothesized role in eubacterial and
eukaryotic evolution, we would suggest that MTH0807 and MTHO0895 may be molecular
“fossils” representing an early branch point in the evolution of glutaredoxins and
thioredoxins. One could speculate that MTH0807 (or a related ancient variant)
maintained its size, shape and active site residues but changed certain adjacent charged
residues to become a glutaredoxin, while MTHO0895 (or a related ancient variant)
lengthened and slightly changed its active site to become a more effective thioredoxin.
The dual characteristics (thioredoxin-like and glutaredoxin-like) shown by MTH0807,
such as the sequence and active site similarities to glutaredoxins (/), overall structure
similarity to glutaredoxins, but with structural details and enzymology more akin to
thioredoxins are all factors which would seem to support this assertion. Glutathione
(GSH) is known to be absent in M. thermoautotrophicum (1, 16, 17) however, it is widely
distributed in high concentrations (0.1 mM-10 mM) in animal tissues, plants and
microorganisms (73, 74). It might be that when glutathione became more abundant 1-2
billion years ago, MTH0807-like proteins may have evolved towards a glutaredoxin-like
function, using GSH to provide the reducing equivalents for ribonucleotide reductase for
DNA synthesis. The relatively small number of residue changes (positively charged
residues around the active site) that may be needed to convert MTHO0807 to a fully
functional glutaredoxin (/) suggests that this evolutionary process may have been

relatively quick and simple.
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3.5 Conclusion

This project was undertaken to clarify/identify the possible redox role of
MTHO0807. Earlier workers had found conflicting evidence about the possible functions
for this protein and had suggested that MTH0807 may be part of a distinct
ribonucleotide-reducing system involving ferredoxins and ferredoxin-thioredoxin
reductases (/). This suggestion arose because of the apparent inactivity between
MTHO0807 and thioredoxin reductase. Using an improved, two-part thioredoxin
reductase assay we have shown that MTHO0807 does indeed interact with thioredoxin
reductase. In addition, functional and structural comparisons of MTHO0807 to an
orthologous (51% identity) thioredoxin from M. jannaschi as well as detailed analysis of
its own surface topology indicate that MTHO0807 is indeed a true thioredoxin and that it
belongs to the thioredoxin-thioredoxin reductase system of redox proteins. To further
confirm this assessment, we have conducted sequence searches against the M.
thermoautotrophicum genome to attempt to identify possible ferredoxin-thioredoxin
homologues and have found no significant (E<0.0 1) hits. This evidence strongly
indicates that MTHO807 is not part of a distinct ribonucleotide-reducing system as had
been postulated earlier. However, the unusual activity, sequence and structure of
MTHO0807 (and its paralogue MTHO0895) have led us to speculate that these two
molecules may represent a group of ancient proteins that were ancestral to both

thioredoxins and glutaredoxins.
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Table 3.1 Structural statistics for MTH0807: (final 20 models).

Total Restraints used 997
Total NOE Restraints 863
Intra-residue 214
Sequential (Ji-j| = 1) 345
Medium range (1 < |i-j| < 5) 187
Long range (|i-j| > 4) 127
# Hydrogen bonds 42
# Dihedral Restraints 82

Coordinate precision (Angstroms)
RMSD of all backbone atoms 0.55+0.21 A
RMSD of all heavy atoms 1.09+£0.33 A

Procheck NMR statistics

Residues in most favored region 67.0%
Residues in additional allowed region 30.6%
Residues in generously allowed region 1.3%
Residues in disallowed region 1.1%
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Table 3.2 Protein structures similar to MTH0807 derived from the SCOP database:

Protein Z RMSD | Aligned | Seq. No of | PDB
Score length | length | gaps code
Thioredoxin MTHO0895
(Methanobacterium
thermoautotrophicum) 8.58 2.90 60 77 5 lilo
Thioredoxin Mj0307 8.47 3.20 69 85 6 1fo5
(Methanococcus jannaschii
Glutaredoxin 8.40 3.30 64 85 6 legr
(Escherichia coli)
Glutaredoxin 8.31 3.30 64 87 7 1de2
(Bacteriophage T4)
Thioredoxin H 8.00 3.50 74 112 4 1tof
(Chlamydomonas reinhardy
Thioredoxin-like(2Fe-2S) | 7.80 3.20 64 109 6 137
Ferredoxin
(Aquifex Aeolicus)
Glutaredoxin 7.60 3.40 65 87 6 laaz
(Bacteriophage T4)
Glutathione transferase P1-| 7.50 3.70 67 209 5 leoh
(Homo sapiens)
Glutathione transferase P1-
Complexed with cibacron
Blue (Homo sapiens) 7.40 3.70 66 208 6 20gsb
Thioredoxin
(Homo sapiens)
7.40 3.30 71 105 5 3trx
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Figure 3.1 pET-15b cloning/expression system from Novagen. The MTHO0807 gene was

sub-cloned into the multiple cloning sites such that the protein is expressed with an

additional 20 amino acids at the N-terminus.
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Figure 3.2 'H-"N HSQC spectrum from 1 mM MTHO0807 in 500 pL of a buffer

solution made up of 50 mM NaH,PO,, 100 mM NaCl, 50 pL. D,O, 1 mM DSS pH 6.0

and 10 pL of a 3% solution of sodium azide, collected on Varian Inova 500 MHz

spectrometer.
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Figure 3.3 A stereoview of the MOLMOL superposition of backbone atoms from the 20
best calculated structures.
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Figure 3.4 Ribbon diagram of a representative structure of MTH0807.
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Figure 3.5 Structure-based sequence alignment obtained from the CE database for
MTHO0807, thioredoxin H from Chlamydomonas reinhardtii (1TOF), thioredoxin from
E. coli (1XOB), human thioredoxin (4TRX), thioredoxin from M. thermoautotrophicum
(1ILO), thioredoxin from M. jannaschii (1FOS5), glutaredoxin from E. coli (1EGR) and
human glutaredoxin (1JHB). The B-strands and o-helices are marked grey. The 100%
conserved residues are enclosed in a box.
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Figure 3.6 Measurement of thiol ionization in MTHO0807 by ultraviolet absorbance at
240 nm. The €49 (extinction coefficient at 240 nm) from pH 5.0 to 10.0 of a solution of

MTHO0807 containing 30 pM protein was recorded in 0.1 mM EDTA and 100 mM
potassium phosphate buffer.
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Figure 3.7 Measurement of thioredoxin and glutaredoxin activity via UV absorbance

(a) Glutaredoxin activity kinetics. The AAs4 (change in absorbance at 340 nm) for
T4 glutaredoxin (), E. coli glutaredoxin (¢), E. coli thioredoxin (a) MTHO0895
(*) and MTHO807 (A).The change in absorbance is proportional to the amount of
glutathione oxidised hence a measure of the glutaredoxin activity
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(b) Thioredoxin activity kinetics (oxidation of NADPH). The AAj4o (change in
absorbance at 340 nm) for T4 glutaredoxin (m), E. coli thioredoxin (¢), MTH0895
(A) and MTHO807 (*). The change in absorbance is proportional to the amount
of NADPH oxidised hence a measure of the extent of thioredoxin/thioredoxin
reductase interaction
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(c) Thioredoxin activity kinetics (reduction of DTNB). The AAs4 (change in
absorbance at 340 nm) for T4 glutaredoxin (m) E. coli thioredoxin (¢), MTH0895
(A), and MTHO807 (*).The change in absorbance is proportional to the amount
of DTNB reduced hence a measure of the reductive ability of the protein
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Chapter 4

Structural and Functional Characterisation of MTH0776
4.1 Introduction

Methanobacterium thermoautotrophicum is a methanogenic archaeon that grows
optimally at ~65°C. Originally isolated from sewage ponds in southern Illinois, M.
thermoautotrophicum is a microorganism that biodegrades waste materials and produces
natural gas in the process. Due to its potential economic and environmental importance
the M. thermoautotrophicum genome was sequenced in the mid 1990°s (7) to better
understand the underlying biochemistry and microbiology of its unique biodegradation
capabilities. The genome (1,751,377 bp) consists of 1855 open reading frames, with
roughly % of the proteins having assigned functions. Because of the favorable solution
properties of proteins isolated from thermophilic bacteria, M. thermoautotrophicum has
become one of the most actively studied organisms in structural genomics (2).

MTHO0776 is a 101 amino acid residue protein originally isolated from M.
thermoautotrophicum. It has been successfully cloned and expressed in E. coli. This
small protein belongs to a distinct orthologous group (COG 4033) consisting of 11
proteins varying in size from 92-124 residues found only in methanogenic archaebacteria.
From extensive comparative genomic analysis, we believe that MTHO0776 is part of a
two-protein operon with its upstream partner -- MTHO0777 (157 amino acid residues),
which is also specific to methanogenic archaebacteria. The fact that this two-component
operon is conserved in all methane metabolizing archaea, strongly suggests that both
proteins have an important role in methanogenesis and that the proteins may act in a

similar portion of the pathway, potentially as binding partners. The crystal structure of
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MTHO777 was recently determined (PDB accession: 1KJN) and it exhibits an o/B fold to
which a function has not yet been assigned. In an effort to better understand its structure,
its role in methanogenesis and the molecular interactions between MTH0776 and
MTHO0777, we have undertaken the NMR structure determination of MTH0776. The
structure of MTHO0776 represents a novel fold, and our structural and bioinformatics
studies show that MTHO0776 and MTHO777 may be part of a transport system conserved

in the methanogenic archarbacteria.

4.2 Materials and Methods
Protein Expression, Purification and Sample Preparation

The MTHO776 gene was sub-cloned into a pET15b vector (Novagen) and
transformed into BL21 (DE3) E. coli cells for expression. The vector expresses the
protein with an N-terminal Hisg tag followed by a thrombin cleavage site. This adds an
additional 20 amino acids to the N-terminus of the native sequence of the protein (figure
4.01). Protein expression was accomplished by growing the transformed E. coli cells in a
minimal (M9) growth medium. Uniform isotopic enrichment with >N or "N/**C was
accomplished by substituting the NH4Cl and/or glucose in standard M9 media with
NH,CI and/or [U-"C]-glucose (Martek Labs, Richmond VA) respectively. Cells were
grown at 37 °C in shaker flasks to an optical density of 1.0 and then induced with
isopropyl-p-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The cells
were allowed to grow for an additional eight hours before harvesting and centrifugation.
To release the protein, the cell pellets were re-suspended in a lysis buffer (100 mM

NaH,PO,, 10 mM Tris.Cl, 8 M Urea, pH 8.0). The volume of lysis buffer added
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was 5 mL per gram (wet weight) of cell pellet. The mixture was then stirred for 45
minutes at room temperature, until the solution became translucent, signifying complete
lysis. The lysed cells were then centrifuged at 15,000 rpm for 30 minutes at room
temperature to pellet any cellular debris. The supernatant was isolated and the protein
was purified and re-natured using a nickel nitrilotriacetic acid-agarose (Ni-NTA) column
(Qiagen) as described elsewhere (3). Specifically, the supernatant (lysate) was passed
over a nickel nitrilotriacetic acid-agarose (Ni-NTA) column (Qiagen) and washed with
the lysis buffer. With the protein still attached to the column, it was washed with wash
buffer (100 mM NaH;POj,, 10 mM Tris.Cl, 8 M Urea, pH 6.3). The column was then
washed with 20 ml of a buffer solution made up of (500 mM NaCL, 20 mM Tris.Cl, 10
mM B-mercaptoethanol, 20% glycerol, 20 mM Imidazole and 8 M Urea, pH 8.0).
Refolding of the bound protein was then performed by the use of a linear 8 — 0 M urea
gradient, starting with the wash buffer above (500 mM NaCL, 20 mM Tris.Cl, 10 mM B-
mercaptoethanol, 20% glycerol, 20 mM Imidazole and 8 M Urea, pH 8.0) and ending
with one without urea (500 mM NaCL, 20 mM Tris.Cl, 10 mM B-mercaptoethanol, 20%
glycerol and 20 mM Imidazole, pH 8.0) over a two hour period. The column was washed
with 50 mL buffer (500 mM NaCL, 20 mM Tris.Cl, 10 mM [B-mercaptoethanol, 20%
glycerol and 20 mM Imidazole, pH 8.0) and the refolded recombinant protein eluted from
the column with a buffer consisting of 500 mM NaCL, 25 mM Na,HPO, and 500 mM
Imidazole, pH 8.0. DTT was immediately added to the eluted protein to a concentration
of 20 mM to prevent the oxidation and precipitation of the protein. The isolation and

purification process outlined above yielded approximately 30mg of histidine tagged
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protein per litre of minimal (M9) growth medium as determined by UV absorbance at
280 nm using an extinction coefficient of 5240 M~ cm™.

Protein samples for functional assays/enzymatic screening were dialysed into a
buffer (pH 7.5) solution consisting of 50 mM HEPES and 300 mM NaCl. NMR samples
were prepared by dissolving about 15 mg of the His-tagged protein in 500 uL of a buffer
(pH 6.8) made up of 20 mM NaH,PQy, 300 mM NaCl, 50 pL of D,O, 1 mM 2, 2 -
dimethyl-2-silapentane-5-sulfonic acid (DSS), 15 mM DTT and 10 uL of a 3% solution
of sodium azide. Spectra collected with and without the histidine tag were found to be
essentially identical (data not shown), indicating that the poly-His tag does not interfere
with the spectral or structural properties of the protein (4).

Purified samples of *N-labelled MTH0776 and unlabelled MTH0777 were
prepared as described above and excess MTH0777 was then added to a ImM solution of
MTHO776 and dialysed into a buffer solution consisting of 50 mM NaH,PQj, 300 mM
NaCl and 15mM DTT. The protein mixture was then prepared for a '>N-HSQC
experiment (Figure 4.02) and the results compared to that of a pure 2 mM solution of
'>N-labelled MTHO0776 protein sample (Figure 4.03). Samples for '°N T, measurement
were prepared in the same way as above, with the comcentration of MTHO0776 in both
samples being 0.5 mM and that of MTH0777 being 1.0 mM. Another sample prepared in
a similar way as the MTHO0776/MTHO0777 mixture, was passed through a Biogel™ P-30
size exclusion gel column to ascertain if the putative MTH0776/MTHO0777 complex elute

from the column together.
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NMR Spectroscopy, Chemical shift assignment and Experimantal Restraints

NMR experiments were recorded at 25 °C on Varian Inova 500 and 800 MHz
spectrometers equipped with a 5 mm triple resonance and pulse gradient accessories. All
spectra were processed with VNMR software or with NMRPIPE (5). Proton chemical
shifts were referenced to internal DSS while '°C and "N chemical shifts were referenced
indirectly to DSS using the absolute frequency ratios (6).

Sequential chemical shift assignments were obtained by identifying *Ca(i) to
BCa (i-1) and PCP(i) to *CP(i-1) connectivities from the HNCACB (7) spectrum. These
were confirmed and any existing ambiguities resolved using HNCA, CBCA(CO)NH
spectra (8) and NOEs measured from 2D homonuclear 'H-'H NOESY and 3D 'H-"*N
NOESY-HSQC (9) spectra. The backbone chemical shift assignment was then
completed using additional data from HNCO and HNHA spectra (/7). Side chain 'H
assignments for each amino acid were then added using data from a DE-HCCH_TOCSY
experiment as well as C(CO)NH and H(CCO)NH spectra (7). The side chain 'H
assignments for the aromatic residues were identified and assigned from the 2D
homonuclear 'H-'"H NOESY, 2D "*C-HSQC and 3D "*C edited NOESY experiment
optimized for the aromatic region. Stereo-specific assignments of 'Hp protons were
based on the intensities of '"HN-'Hp and 'Ha-"Hp cross-peaks in the 'H-">’N NOESY-
HSQC and 2-D 'H-NOESY spectra. The methyl groups of Val and Leu were assigned
stereo-specifically based on the intensity of "HN-'Hy, 'Ho—"Hy cross peaks. All 'H, *N
and *C polypeptide backbone resonances were assigned with the exception of Pro 56 and
Pro 101, and the amino acid side chain assignments for non-labile hydrogens are

complete except for the He atoms of Methionines giving an overall assignment of about
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99%. The 'H, "*C and '>N chemical shifts have been deposited in the BioMagRes Bank
under the BMRB accession number 6272 and published (72).

NOE distance restraints were obtained using 3D *’N-NOESY HSQC, 3D *C-
NOESY HSQC as well as two-dimensional 'H-'"H NOESY spectra, all recorded with a
mixing time of 80 ms and 110 ms. The assigned NOE restraints were classified into four
distance ranges: 1.8-2.7A,1.8-3.5 A, 1.8-5.0 A, and 1.8-6.0 A corresponding to strong,
medium, weak and very weak NOE intensities, respectively. NOE peak intensities were
measured by volume integration of well resolved peaks. Pseudo-atom corrections were
added to the upper distance limits where appropriate (/3). A 0.5 A correction was
applied to the upper bounds for NOEs involving nonstereospecifically assigned
methylene protons, 1.0 A for NOEs involving methyl protons and 2.0 A for NOEs
involving nonstereospecifically assigned protons on opposite sides of aromatic rings.
Torsion angle restraints were predicted using TALOS (/4) based on the observed B,
13CB, 'Ho, and "HN chemical shifts. A total of 84 ¢ backbone torsion angle restraints
were used in combination with the 3J HNHq coupling constants obtained from a 3D HNHA
experiment. Backbone ¢ angles were assigned an uncertainty of + 10° for residues in
well-defined helical or beta-sheet regions. A total of 80 backbone y dihedral angle
restraints were derived via TALOS and assigned an uncertainty of + 30°. Hydrogen bond
restraints (do.yn= 1.8-2.7 A and don = 2.8-3.7 A for each hydrogen bond) for slowly
exchanging amide protons were identified via several methods including a D,O exchange
>N HSQC experiment, the pattern of sequential and interstrand NOEs involving '"HN and

C.H protons (/3) and from the chemical shift index (/5).
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Structure calculation

Structures for MTH0776 were calculated using X-PLOR-NIH 2.9.6 (16). Note
that the structures presented here include a histidine residue at the N-terminus in addition
to the native sequence of the protein. Using the chemical shift index (/5), regions of
secondary structures in the protein sequence were identified from the assigned chemical
shift. Only NOE-derived distance constraints involving the HB, Ho. and HN atoms of
these structured regions along with the full set of intra-residue and sequential NOEs were
used in the first stage of structure generation. Initially a set of 60 structures was
generated using the ab initio simulated annealing protocol (sa_new.inp) applying
standard default parameters. After this initial step, several ambiguous long-range NOE
assignments were clarified by analyzing the resulting structures with good geometrical
and energy parameters. Subsequently the same simulated annealing protocol was
repeated with additional and/or corrected NOE data sets to generate a new set of 60
structures. NOE violations were again corrected (usually by extending their upper
distance limits) after visually reassessing the corresponding NOE spectral intensities.
Typically these problematic NOEs were borderline cases falling between the
strong/medium, medium/weak or weak/very weak NOE intensity categories. In the third
step, dihedral angles and hydrogen bond restraints were added and the sa_new.inp
protocols were run again to generate another 60 structures. These structures were then
refined using the refine.inp protocol in X-PLOR. The final set of 20 structures was
selected on the basis that no inter-proton distance restraint violation could be greater than

0.5 A, no angle violation could be greater than 5°, no bond-length violation could be

greater than 0.01A and no bond angle violations from ideality could be greater than 2°.
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A total of 1844 NOE-derived distance restraints (578 long range, 422 medium
range, 698 sequential and 146 intra-residue noes), 164 dihedral angle restraints, and 40
hydrogen bond restraints were used to generate the final structural ensemble. The final
set of 20 structures was analyzed with PROCHECK-NMR (/7) and MOLMOL (/8) and
SuperPose (19) was used to visualize all the structures and to calculate the RMSD values.
The three dimensional coordinates for the final 20 structures have been deposited in the
Protein Data Bank (PDB) under accession number 1Z9V and accepted for publication in

the Journal of biomolecular NMR.

4.3 Results
Sequence analysis

Sequence analysis of MTH0776 was done with BLAST (20), CLUSTALX (21)
and CGView (22). A BLAST search for proteins related to MTH0776 yielded matches
which were found only in Archaea. All of these proteins were uncharacterised or
hypothetical proteins, belonging to the clustered orthologous group — COG 4033 (Figure
4.04). A multiple sequence alignment of these proteins was done with CLUSTALX and
is shown in figure 4.05. Gene position and gene order analysis for MTH0776 and
MTHO0777 was done using genome maps generated by CGView for a total of 11 different
methanogenic organisms and results shows that MTH(0776 and MTHO777 are always
adjacent to each other although their order does changes (Figures 4.06 —4.11). A
phylogenetic tree (Figure 4.12) was generated from the aligned sequences using
CLUSTALX and the neighbour-joining method (23) and the results analysed with the

boostrap method to provide a robust confidence level for the tree topology. BLAST and
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CGView analysis shown that Methanosarcina acetivorans, Methanosarcina mazei, and
Methanosarcina barkeri have an extra MTHO0776 gene. The phylogenetic tree shows that
these three species diverged from a common ancestor after the gene duplication. The
conserved proximity of MTH0777 and MTHO0776 among all methanogenic archaea
suggested that these two proteins may be co-expressed and that they may bind or interact
with one another. To check this hypothesis, purified samples of *N-labelled MTHO0776
and unlabelled MTHO777 were prepared. Excess MTH0777 was then added to a 1 mM
solution of MTHO0776 and dialysed into a buffer consisting of 50 mM NaH,PO4, 300 mM
NaCl and 15 mM DTT. The protein mixture was then prepared for a ’N-HSQC
experiment (Figure 4.02) and the results compared to that of a pure *N-labelled
MTHO776 protein sample in the identical buffer (Figure 4.03). The results shown in
Figure 4.13 indicate that MTHO0776 and MTH0777 show good evidence of a protein-
protein interaction as several residues in the MTH0776 spectrum (LS5, E6, T7, L9, 117,
A28, H40,171, T74, K75, C77, Y78 and G79) show marked differences in their chemical
shift values and noticeable broadening, relative to other residues. Relaxation (T3)
measurements (appendix 2) also indicate that MTHO0776 is in complex with MTH0777 as
its average '*NT; relaxation times reduced from 105.08 + 12.18 miliseconds to 57.40
14.27 miliseconds (a value characteristic of a molecule of about 30 KD in molecular
weight). In addition, the sample of MTH0776/MTHO0777 mixture eluted from the Biogel
P-30 column as a single peak indicating that the two proteins may be in a form of a
complex. Of further note, the mixture of MTHO0776 and MTHO0777 was found to be
much more stable than either protein alone in solution. Typically pure MTH0776

solutions will start to precipitate after 3 days, while the pure MTHO0777 solutions would
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last less than 2 days in the same buffer conditions (50 mM NaH,PQ,, 300 mM NaCl and
15 mM DTT). Conversely the mixture of the two proteins exhibited no precipitation and
produced high quality spectra even after several weeks in solution. The majority of the
residues being perturbed in the spectrum are nonpolar and solvent exposed (Figure 4.14).
Evidently the binding between the two proteins reduces the solvent exposure of these

hydrophobic residues, leading to improved solution behaviour.

Enzymatic/Catalytic activity test

In addition to structural, sequential and spectroscopic analysis, samples of
purified MTHO0776 were tested for catalytic activity using a battery of enzyme assays
developed at the University of Toronto. These included phosphatase, esterase/lipase,
protease, dehydrogenase, oxidase and phosphodiesterase/nuclease activity. Our results
indicated that MTHO0776, either alone or in complex with MTHO777 had none of the

above activities.

Solution structure

Statistical parameters for the ensemble of 20 calculated structures are presented in
Table 4.1. All structures (figure 4.15 and figure 4.16) exhibit good covalent geometry
and for all 20 structures, more than 99.0% of the main chain (¢, ) angles fall in the core
or allowed regions of the Ramachandran plot (Table 4.1) as determined using
PROCHECK-NMR. MTHO0776 is a typical alpha/beta protein and is made up of seven f3-
strands with three a-helices forming the secondary structural topological arrangement of

B1-a1-B2-02-P3-Ba-Bs-Pe-P7-03. The P-strands include residues 2 — 4 (strand B1), 21 — 24
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(strand B2), 37 — 43 (strand B3), 47 — 52 (strand B4), 60 — 65 (strand B5), 69 — 74 (strand
B6) and 79 — 85 (strand B7). The first helix (a-helix1) is the shortest and runs from
residue 9 — 12. The second helix (a-helix2) runs from residue 27 — 33 while the third
helix (0-helix3) is the longest and runs from residue 90 — 99. The first B-strand (residues
2 —4) is however not well defined as it shows up when structure is rendered with
RASMOL (24) and analysed with SHIFTS (25) and vadar (26) but does not show up
when rendered with MOLMOL and analysed with PROCHECK. The structure of
MTHO0776 is more or less globular in shape with strands B, B, and B4 being antiparallel
and on one side while four strands, (B; and B (parallel) and Bs and B (antiparallel) are on

the opposite side.

In an attempt to predict the function of MTH0776, a representative structure was
submitted to search the CE (27), DALI (28) and SCOP (29) databases. Results obtained
from the CE and DALI searches indicate no significant matches to any known structure.
SCOP however gave a match with a best Z score of 1.4 and best RMSD of 4.37 to the

solution structure of the N-terminal PH/PTB domain of the TFIIH P62 subunit.

4.4 Discussion and Conclusions

The structure of MTHO776 was solved as part of the Structural Proteomics project
initiated by the Ontario Cancer Institute in 1999. The primary mandate of this project
was to investigate previously unknown, unidentified or unclassified proteins from a
thermophilic archeon (M. thermoautotrophicum). One of the key objectives of this
project has been to identify novel or never-before-seen protein folds. Given the unique

ecological niche occupied by this organism and the high percentage of unknown or
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unclassifiable sequences in its genome (54%, (1)), there was a general expectation that
many of these “unknown” proteins would yield very novel protein structures.
Interestingly, of the ~40 M. thermoautotrophicum structures solved to date, less than 10%
of the structures exhibit truly novel folds (30). MTHO0776, therefore, is one of the few
proteins from M. thermoautotrophicum that exhibits a never-before-seen fold. The
discovery of novel protein folds is actually becoming increasingly rare. Statistics
collected from the PDB and analyses performed on fold classes have shown a steady
decline in the percentage of novel folds deposited into the PDB (http://scop.mrc-
Imb.cam.ac.uk/scop/count.html#scop-1.67). On average fewer than 3% of newly
deposited proteins have distinct or previously unidentified protein folds.

The identification of novel or unique folds among proteins is important,
particularly given the intended role of structural proteomics in addressing the protein
folding problem. It is quite apparent that the protein fold universe is finite, with perhaps
fewer than 2,000 unique or distinct folds existing among all living organisms (31). To
date we have found perhaps 1000 of these folds (32) and so any extension of the “fold
space” provides theoreticians with important new information about what kinds of
topologies, packing and secondary structure connections are possible or “allowed”.

Of course the other key objective of any structural proteomics initiative is to use
structure to help with the determination of function. The prevailing method of inferring
the function of a protein from its structure involves using a large number of structural
alignment algorithms developed using random sampling methods and similarity
measuring functions. Among these algorithms, CE (27), DALI (28), SCOP (29) and

VAST (33) has been used extensively. However, when a protein has a novel fold, its
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http://scop.mrc-

function can not be inferred based on proteins of known structure. A more recent
approach is the use of the protein structure space map (34) which was reported to
consistently out-perform the other prediction methods. The map was created based on
the structure and function of known proteins and proteins sharing similar molecular
function were found to colocalize in the protein structure space map. The function of a
protein with a novel fold could then be inferred based on the proximity in the map of the
protein structure space. It is however in the testing stage and has not been realeased for
public use. Given that the structure of MTHO0776 appears to be unique, this largely
makes it impossible to determine the protein’s function via structural homology.
Therefore a number of ancillary investigations were undertaken to determine the possible
nature/function of MTH0776 through sequence comparisons, binding assays and
enzymatic tests.

Disappointingly, a large battery of enzymatic assays covering many common
enzymatic functions yielded no useful results, either on MTH0776 alone or in complex
with MTHO777. Likewise sequence searches using BLAST, PSI-BLAST and PFAM
comparisons yielded little in terms of useful information. Interestingly, the results from
our gene order or gene synteny analyses show that both MTH0776 and MTH0777 (or
their homologues) were conserved in all methane metabolizing archaebacteria. This level
of syntenic conservation is rare and is often a good indication that these two proteins
form a two-component operon system. Given that many proteins in two-component
operons often physically bind to each other, we chose to investigate the possible
interactions between MTH0776 and MTH0777 via NMR. Visual inspection as well as

VADAR (35) and WHATCHECK (36) analysis of the structure of MTHO0776 show that
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majority of the hydrophobic residues are solvent exposed. While this analysis may

explain the predicted (http://au.expasy.org/cgi-bin/protparam) and observed instability of

MTHO776 in aqueous solution, it could also point to the fact that the molecule is part of a
transmembrane complex or part of a multimeric active unit (36) and therefore we chose
to investigate these possibilities. As can be seen from the superimposed N-HSQC
spectrum (Figure 4.13) and results from the T, measurements (appendix 2), there are
substantial changes in the chemical shifts, intensities and linewidths of a number of
amino acid residues in the spectra of the °N-labelled MTH0776 and unlabelled
MTHO0777 mixture. While more work needs to be done to fully investigate these spectral
perturbations, these preliminary data suggests that MTH0776 and MTHO0777 form a
protein-protein complex in solution.

Since gene analysis, chromatographic studies, structural properties and
preliminary NMR studies have shown that MTH0776 and MTHO77 bind together, we
submitted the X-ray structure of MTHO0777 (1KJN) to search the structure database as
well. The results show that MTHO0777 has a fold similar (Z-Score = 5.9, and RMSD =
2.31) to the KTN domain (K" transport, nucleotide binding) (37). However MTH0777
lacks the characteristic NADH binding glycine motif (G-X-G-X-X-G-) (38) thus
explaining the lack of binding of MTH0777 to NADH as we observed in our enzymatic
assays. This puts the fold of MTHO777 close to the closely related RCK (regulate the
conductance of K*) domain; however MTH0777 lacks the extra B-a secondary structural
element after the 6™ alpha helix at the C-terminus of RCK domains (39). Both KTN and
RCK proteins are cytoplasmic/intracellular domains of transmembrane proteins and

contain the Rossman fold (two a-helices (a; and ;) on one side of a six stranded parallel
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B-sheet and three a-helices (a3, 04 and as) on the other). The Rossman fold is a very
common structural motif found in many different enzymes and ligand binding proteins
(40). The fold is versatile in their function but have in common the potential to bind
small molecules or metal ions and are well known to be involved in uptake or efflux
systems that are vital for homeostatic functions critical for cell growth and survival (44,
42, 43, 44, 45). The domain is known to be functional by forming quartenary structures
usually by hydrophobic association with each other (39, 40). In KTN proteins the
hydrophobic surfaces for the dimerizations is normally provided by a relatively flat, large
(~800A of buried surface area) hydrophobic patch created by nonpolar residues of the
fourth (a4) and fifth (as) helices of the domain (37). In RCK proteins this same
hydrophobic patch (~1800 A) is provided by the helix-strand-helix structure (6" o-helix,
7™ B-strand and 8™ a-helix) attached to the Rossman fold (39). It is important to note that
mutations of nonpolar amino acid residues to polar ones in these hydrophobic patches,
resulted in the production of only insoluble aggregated recombinant proteins of the full
length cytoplasmic A subunits of the Ktr K* import system of Methanococcus jannaschii
(Mja218) (37). Similar results were obtained in E. coli RCK and BK channel proteins
(39). A consequence of the dimerization of these domains in solution at such
hydrophobic patches would be the elimination of substantial hydrophobic residue
exposure to the aqueous environment thus ensuring stability.

It has often been argued that, the three dimensional structures of single
macromolecules are often uninformative about function if taken out of context. Just as
words must be assembled into sentences, paragraphs, chapters and books to make sense,

vital cellular functions are performed by structured ensemble of proteins (protein
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complexes) not by freely diffusing and occasionally colliding proteins (46). If two
proteins interact with one another, they usually participate in the same or related cellular
function - guilty by association (47). This is the principle behind the highly successful
yeast two-hybrid screens which has revealed interactions that place functionally
unclassified proteins in a biological context, interactions between proteins involved in the
same biological function, and interactions that link biological function together into
larger cellular processes (48).

While a considerable amount of work may need to be done to clearly characterize
the nature of the binding between MTH0776 and MTHO777, results so far indicate that
binding is taking place. MTHO0777 lacks the extra -o. structural element at the end of the
6™ a-helix, which is essential in the formation of the quartenary structure necessary for
function in RCK domains. Our results show that the majority of the residues being
perturbed in the mixture of MTH0776 and MTHO777 are nonpolar residues which could
form a surface for which protein-protein interaction could occur between MTH0776 and
MTHO777. This may lead to the quartenary structure necessary for function.

A representative structure of MTH0776 submitted to the Profunc and Castp webservers
(49, 50), revealed the presence of two large clefts (Figure 4.17 and Figure 4.18) on the
surface of the protein which are formed primarily by the side chains of residues perturbed
in figure 4.14. These clefts (the two largest on the surface of the protein) are the likely
binding site(s) for MTHO0777 (51, 52). Since these domains (KTN and RCK) are found
mainly in uptake or efflux systems (transport systems) we propose that MTH0776 and
MTHO0777 form complexes that lead to the transport of particular molecules/ligands

which is specific to the methanogenic archaebacteria.
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In summary we present the solution structure of MTH0776, a functionally
unknown protein from Methanobacterium thermoautotrophicum AH, which exhibits a
novel fold. Preliminary NMR studies and gene analysis show that MTH0776 and
MTHO0777 form a two-protein operon system and bind to each other in solution.
However, more work needs to be done to completely characterize the interaction between

MTHO0776 and MTHO0777.
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Table 4.1 Structural statistics for the ensemble of 20 structures for MTH0776

Distance Restraints

All

Intra residue

Sequential (|i—j|=1
Mediumrange (2< |i—j|<5)
Long range (5 <|i—j|)

Dihedral angle restraints
All

Phi (®)

Psi ()

Hydrogen bonds

RMSD from ideal geometry
Bonds (A)

Angles (deg)

Impropers (deg)

RMSD from experimental data
NOES (4)
Dihedrals (deg)

Ramachandran plot analysis
Most favoured

Allowed

Generously allowed
Disallowed

RMSD from the mean structure (A)
All residues

Backbone

All heavy atoms

Equivalent Resolution for Stereochemical
Parameters (A)

Percentage residues in A, B, L

H-bond energy

Chi-1 pooled

Chi-2 trans

1844
146
698
422
578

164
84
80

40X 2

0.00258 + 0.00005
0.5865 +0.0047
0.4525 £ 0.0033

0.0461 £ 0.0012
0.7216 +0.0238

72.9%
25.2%
1.9%
0.1%

0.51+0.12
1.49 £ 0.13

2.7
1.8
24
2.5
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was sub-cloned into the multiple cloning sites such that the protein is expressed with an

Figure 4.01 pET-15b cloning/expression system from Novagen. The MTHO0776 gene
additional 20 amino acids at the N-terminus

Multiple cloning site (Wde I - BamH 1) and

HisTag coding sequence (362 - 380).

Hindili 30 BamH| 320
Clal 25 Xhol 325
Mdel 332

/Ncol 3290

Xbal 429

Psti 4959 '

o

N = o
secoep  amp prom T7 term /
D e T7 prom

Bcll 1231

pET-15b Vector
5708bp

Apal 1428
=———Apo| 1492

000Lp

a‘/pBRBZZ origin(3882) .

S~—Hpal 1722

22 of the 22 adels are shown.

W Origin of replication
B rromoter

Salectalrle marier
B Terminator

B Unique restriction site

created by PlasiMapper
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Figure 4.02 "H-""N HSQC spectrum from 1 mM MTH 0776 and 2 mM MTH0777 in
700 uL of a buffer solution pH 6.8, made up of 50 mM NaH,PO4, 300 mM NaCl, 50 pL
D,0, 1 mM DSS, 15 mM DTT and 10 pL of a 3% solution of sodium azide, collected on
a Varian Inova 500 MHz spectrometer. (Spectrum is rendered at a contour level % that of

figure 4.03.
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Figure 4.03 '"H-""N HSQC spectrum from 1 mM MTH 0776 in 500 pL of a buffer
solution pH 6.8, made up of 50 mM NaH,PO,, 300 mM NaCl, 50 pL D,0, 1 mM DSS,
15mM DTT and 10 pL of a 3% solution of sodium azide, collected on a Varian Inova
500 MHz spectrometer.
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Figure 4.04 A BLAST search for proteins related to MTH0776

gi[15678801[ref[NP_275918.1| conserved protein [Methanother... 160 2e-40
gi|20093849|refINP_613696.1] Uncharacterized protein conser..... 60 3e-10
gi|45358261|reffNP_987818.1| conserved hypothetical protein..... 47 2e-06
gi]15668629|refNP_247427.1| conserved hypothetical protein..... 45 1le-05
gi|48840673ref]ZP_00297599.1] COG4033: Uncharacterized pro... 45 le-05
gi|48840675reflZP_00297601.1) COG4033: Uncharacterized pro... 43 5e-05
gi|20905895|gb|AAM31111.1} conserved protein [Methanosarcin... 41 1e-04
gi[20089025[reflNP_615100.1| conserved hypothetical protein...... 41 2e-04
gi|20089028|reffNP_615103.1| conserved hypothetical protein...... 39 Se-04
gi|41720125[ref]ZP_00148964.1] COG4033: Uncharacterized pro... 35 0.013
g1120905892|gb|AAM31109.1| conserved protein [Methanosarcin... 34 0.025

Figure 4.05 Alignment made using ClustalX using the default settings. Residues identical
among 50% or more of the sequences are colored black. Residues similar among 50% or
more of the sequences are colored gray.

20089025_Methanosarc
20905892_Methanosarc
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Figure 4.06

Methanobacterium thermoautotrophicum delta H complete genome
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Figure 4.07

Methanosarcina mazei strain Goel, complete genome
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Figure 4.08

Methanococcus Jannaschu complete genome
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Figure 4.09

Methanococcus maripaludis strain S2, complete sequence.
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Figure 4.10

e

Methanopyrus kandleri AV19, complete genome
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Figure 4.11

Methanosarcina acetivorans str. C2A, complete genome
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Note that the organism has a duplicated gene of MTH0776
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Figure 4.12 Phylogenetic analysis of MTHO776 sequences. A phylogenetic tree was
generated from aligned sequences using CLUSTALX and the neighbour-joining method.
Portions of the alignment containing gaps were excluded from the analysis. The results
were analyzed using the bootstrap method (1000 replicates) to provide confidence levels
for tree topology. Scale bar: 0.1 changes per site.
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o 20093849 Methanopyrus Kandlef D

(O Genes next to MTHO0777 in sequenced genomes.
@ Duplicated MTHO776 gene next to MTHO777 in sequenced genomes

(O No genomic data

o BLAST and CGView analysis shown that Methanosarcina acetivorans,
Methanosarcina mazei and Mathanosarcina bakeri have an extra MTHO776 gene.
o The phylogenetic tree shows that these three species diverged from a common

ancestor after the gene duplication.
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Figure 4.13 Superimposed 'H-">N HSQC spectra from (a) 1.5 mM MTHO0776 (black) and
(b) 1 mM MTHO0776 and 2 mM MTHO0777 (red) in 700 pL of a buffer solution pH 6.8,
made up of 50 mM NaH,PO,, 300 mM NaCl, 70 yL. D,0O, I mM DSS, 15 mM DTT and
10 pL of a 3% solution of sodium azide, collected on a Varian Inova 500 MHz
spectrometer. (Spectrum has been optimised for clarity)
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Figure 4.14 CPK model of MTHO776 showing the positions of the residues found to be

perturbed in the 'H-""N HSQC spectrum of the mixture of **N labelled MTHO0776 and
unlabelled MTHO0777.

Residues
171, T74,
75.

Residues—
C77, Y78,
G79

Residues
El16, 117

Residues
L5, E6, T7,
L9
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Figure 4.15 Ribbon diagram of MTH0776

N-terminal ~terminal
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Figure 4.16 Backbone Superposition of the 20 best calculated structures of MTH0776

W/

N-Terminal

-Terminal
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Figure 4.17 Residues forming the two largest pocket/cleft on the surface of MTH0776
obtained from ProFunc and Castp webservers

T2,C4, L5, Y8, E14, Y15, E16,
R21, A22, G23, E26, M30,
K33, E45, 147, R51, M70,

P72, Y78, G79, T80, A81, V83
Largest Cleft/Pocket:

Area= 562.62 A?
Volume = 734.48 A®

R36, R37, 171, P72, Y73, T74,
K75, P76, G79, T80.

Second largest Cleft/Pocket:
Area=144.59 A?

Volume= 225.35A°
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Figure 4.18 Surface rendering with Molmol of the two largest pocket/cleft on the surface
of MTHO776 obtained from ProFunc and Castp webservers

Largest Pocket

Second Largest Pocket
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Chapter 5

5.1 Conclusions and future studies

The main focus of this thesis has been the determination of protein function
through structure. An obvious conclusion from this work which is becoming more
common in many structure proteomics work is that when a protein has a novel fold, its
function cannot be inferred based on proteins of known structure. However, the fact still
remains that knowing the 3D structure of a protein opens up the possibility of
ascertaining its function from an analysis of its structure. Recently, many methods have
been developed for predicting protein function from structure. These ranges from global
comparisons of the proteins structure to other proteins of known 3 D structure to
identification of more local features, such as active site residues or DNA-/ligand-binding
motifs (/). None of these structure-based methods are successful in all cases; therefore a
new approach is to use as many methods as possible, both structure-based and sequence-
based. This is the principle behind the ProFunc web server (2, 3) and I have used this
approach extensively in my studies. In chapters 2 and 3, I have shown how the structural
details of a protein greatly affect the function it performs. Specifically, we have shown
that even though MTH0895 and MTHO0807 exhibit a classical glutaredoxin-like fold (and
active site sequence in the case of MTH0807), subtle structural details concerning charge
distribution, active site geometry and key residue placements on the surface of the
proteins lead to an activity more akin to a thioredoxin than a glutaredoxin. This was
confirmed by several biochemical tests. In Chapter 2, we also tried to gain some insight
into the dual (thioredoxin/glutaredoxin) activity of a related and equally primitive variant

of the thioredoxin/glutaredoxin family called T4 glutaredoxin (T4 Grx) using a number of
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biochemical and biophysical experiments. Our result in combination with work done by
previous workers showed that it is theoretically possible to engineer specific properties
(reductive and oxidative ability, thioredoxin and/or glutaredoxin activity etc) into redox
proteins by changing a few residues at specific positions and around the active site.
However, site-directed mutational studies may need to be done on a prototype protein
such as MTHO807 or Anabena Trx 2 in order to confirm this hypothesis, particularly with
regard to the dual thioredoxin/glutaredoxin activity. This investigation would be
particularly useful due to the many potential applications of the
NADPH/thioredoxin/thioredoxin reductase systems as drugs and drug targets.

In Chapter 3, I outlined the structural and functional characterization of a novel,
ancestral family of thioredoxins found primarily in archeons. Specifically, I described
how we used an improved, two-part thioredoxin reductase assay to show that MTH0807
does indeed interact with thioredoxin reductase. In addition, functional and structural
comparisons of MTHO807 to an orthologous (51% identity) thioredoxin from the
archaebacterium M. jannaschi as well as detailed analysis of its own surface topology
indicate that MTHO807 is indeed a true thioredoxin and that it belongs to the thioredoxin-
thioredoxin reductase system of redox proteins. To further confirm this assessment, we
conducted sequence searches against the M. thermoautotrophicum genome to attempt to
identify possible ferredoxin-thioredoxin homologues and found no significant hits. With
this evidence we concluded that MTHO807 is not part of a distinct ribonucleotide-
reducing system as had been postulated earlier. However, the unusual activity, sequence

and structure of MTHO0807 (and its paralogue MTHO0895) led us to speculate that these

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



two molecules may represent a group of ancient proteins that were ancestral to both
thioredoxins and glutaredoxins.

As was previously described in the first three chapters of this thesis, the
NADPH/thioredoxin/thioredoxin reductase system is widely distributed and present in
animals as well as plants. It occurs in multiple cell compartments and in plants is housed
in the mitochondria, endoplasmic reticulum, cytosol and the seeds. The
NADPH/thioredoxin/thioredoxin reductase system also plays numerous cell-critical roles
in animals and plants (summarized in Table 1.2). All these actions and regulatory
activities indicate that thioredoxins are potential drug targets in combating many ailments
that afflict man. For example, it is known that the level of thioredoxin (Trx) in cells is
elevated appreciably in many cancers (4). When Trx is reduced to its active state by
thioredoxin reductase, it enters the nucleus to regulate transcription factor activities.
Thioredoxin is also excreted out of the cell where it works with other growth factors to
stimulate cell growth. It stimulates the growth of a wide variety of human leukemia and
solid tumor lines and when over produced transforms normal cells into cancer cells (5).
A thioredoxin inhibitor PX-12, has recently completed evaluation in a phase 1 clinical
trials (3). It is also known that extracellular thioredoxin can associate with plasma
membrane and facilitates the recovery of lung function following blockage of the inflow
of arterial blood (6). Activated thioredoxin has also been found to inactivate neurotoxins
and other toxic components in venoms from snakes, bees and scorpions thus suggesting
the possibility of using thioredoxins as antidotes against certain venoms (7). Recent
studies have also implicated thioredoxin as a costimulator in the TNF-induced production

of IL-6 and IL-8 in rheumatoid arthritis (8).
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These results show the striking progress that has been made in our knowledge
about thioredoxins. It also shows that thioredoxin fulfills critical functions in both plants
and animals, controlling an impressive array of processes fundamental to cell division,
cell protection, proliferation and development. These studies have opened the door to
further applications of thioredoxin to address a number of problems in technology,
nutrition and medicine.

While most of the proposed medical applications for thioredoxins are limited to
vertebrate or human forms of the molecule, there may be a number of applications for
these thermostable variants (such as MTH0895 and MTH0807) in non-medical or
industrial fields. In particular, MTH0807 is a very stable molecule — remaining active
after more than three years (and counting) at room temperature. Given that thioredoxins
have been shown to improve the quality of dough and give many food products enhanced
nutritional value along with decreased allergenicity (9, 10, 11), this suggests that
MTHO0807 could be an ideal candidate additive for a variety of baking applications.
Specifically, the MTHO0807 gene could be inserted into bakers’ yeast and the protein
produced as the yeast grows. MTHO0807 could also be explored in medicine as a first-line
antidote to venoms from snakes, scorpions and bees. Many types of antivenom need
refrigeration and most often produce severe anaphylactic shock due to their mode of
preparation. MTHO807 is stable, does not need refrigeration, and is easily purified in
high yields. Thus allergic reactions may be minimal. It could be used as a first aid in the
field as the patient waits or is being transported for professional medical aid.

In Chapter 4, I described the determination of the solution structure of another

archaebacterial protein called MTH0776. While we were unable to determine a precise

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



function for the protein, the most significant finding was that this protein belongs to a
family of proteins with a completely novel fold. These days, only a small percentage

(<3% of deposited structures, http://scop.mrc-lmb.cam.ac.uk/scop/count.html#scop-1.67)

are found to belong to novel protein fold families. Because relatively little information
could be gained from our structural analyses, we turned to computational approaches.
Bioinformatic studies have shown that MTHO0776 is likely to be expressed together with
MTHO0777 in a two protein operon system. Furthermore, these two proteins are only
found in methanogenic bacteria. This suggests a possible role in methanogenesis. This
hypothesis could be investigated further by performing gene knockouts of MTH0776 and
MTHO777 to observe their effects on the growth of the archaeabacterium or in the
production of methane.

Structural analysis of MTHO0777 (the other member of this two-component
operon) using its recently determined X-ray structure (1KJN) shows that it may belong to
a group of proteins (KTN/RCK domain proteins) involved mainly in transport of small
molecules. These proteins normally associate with each other using hydrophobic patches
on their surfaces. Some of these hydrophobic patches are absent in MTHO777 (lacks the
extra $-a secondary structure at the C-terminus) but MTH0776 has several exposed
hydrophobic residues which may serve as binding surfaces for the MTH0777 molecule.
Preliminary binding/association studies using a mixture of MTH0776 (°N labelled) and
an unlabelled sample of MTHO0777 were performed to investigate this possibility. The
resulting N-HSQC spectrum (figure 4.02 and figure 4.13), size exclusion column
chromatography and "°N T, relaxation measurements (appendix 2) showed that

MTHO0776 and MTHO0777 do associate as evidenced by the reduced T», changes in
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chemical shifts and resonance intensities of a number of residues found on or near a
surface groove. Since these domains (KTN and RCK) are found mainly in uptake or
efflux systems (transport systems) we propose that MTH0776 and MTH0777 form
complexes that lead to the transport of particular molecules/ligands which is specific to
the methanogenic archaebacteria. Detailed experiments are however needed to determine

the exact nature of the binding between MTH0776 and MTH0777.
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Appendix 1

Statistical analysis of the glutaredoxin/thioredoxin activity of T4 Grx, E. coli Grx,
E. coli Trx, MTH0807 and MTHO0895

Single sample t-test statistical analysis of the glutaredoxin and thioredoxin activities of
MTHO0807, MTHO0895, E. coli thioredoxin, E. coli glutaredoxin and T4 glutaredoxin. The
change in absorbance of each variable point at time t (min) as shown in the table is the
mean of three readings and SD is their standard deviation from the mean. The p-values
(2-sided t-test) for each sample were obtained by comparison to T4 glutaredoxin and E.
coli glutaredoxin in the glutaredoxin activity test or T4 glutaredoxin and E. coli
thioredoxin in the thioredoxin activity test. A low p-value supports rejection of the null
hypothesis i.e. there is a significant difference between the data points compared. The
;:omparisons were made in the first two or three data points after the start of the reaction

as the reaction is essentially complete by then.
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Table 1A1 Single sample 2-sided t-test analysis of the glutaredoxin activity test of
MTHO0807, MTHO895, E. coli thioredoxin, E. coli glutaredoxin and T4 glutaredoxin.

Time | Mean SD Mean SD Mean SD Mean SD Mean SD

(Min) | T4Grx | T4Grx | EC.Grx | EC.Grx | MTH0807 | MTHO0807 | MTHO0895 | MTH0895 | E.C. Trx | E.C. Trx
1 | 0002 | 0.002 | 0.001 | 0.000 0.002 0.001 0.003 0.001 0002 | 0001
2 [ 0002 | 0001 | 0003 | 0001 0.002 0.000 0.003 0.001 0001 | 0000
3 | 0002 | 0001 | 0002 | 0.000 0.002 0.001 0.003 0.001 0.003 | 0000
4 | 0003 | 0.001 | 0.002 | 0.001 0.002 0.001 0.002 0.001 0.002 | 0000
5 | 0002 | 0001 | 0003 | 0.001 0.002 0.000 0.002 0.001 0002 | 0001
6 | 0.157 | 0004 | 0.132 | 0.004 0.061 0.005 0.041 0.003 0.044 | 0001
7 | 0176 | 0004 | 0.135 | 0.004 0.065 0.004 0.044 0.005 0.045 | 0000
§ | 0178 | 0004 | 0.137 [ 0.005 0.066 0.005 0.043 0.004 0.046 | 0003
9 | 0.177 | 0004 | 0.137 | 0.005 0.069 0.003 0.043 0.004 0.048 | 0002
10 | 0175 | 0004 | 038 | 0.003 0.069 0.004 0.044 0.004 0.048 | o001
11| 0.178 | 0.005 | 0.138 | 0.004 0.069 0.002 0.044 0.003 0.047 | 0001
12| 0176 | 0.004 | 0.140 | 0.002 0.070 0.002 0.043 0.004 0049 | 0002
13 | 0177 | 0003 | 0.141 | 0.002 0.070 0.003 0.044 0.004 0049 | 0004
14 | 0175 | 0002 | 0.140 | 0.02 0.071 0.003 0.045 0.004 0.048 | 0003
15 | 0.176 | 0.004 | 0.140 | 0.003 0.069 0.003 0.046 0.005 0.048 | 0002
16 | 0.178 | 0.004 | 0.139 | 0.003 0.070 0.003 0.046 0.004 0.049 | 0.003
17 | 0177 | 0003 | 0.140 | 0.003 0.070 0.003 0.046 0.004 0.050 | 0.002
18 | 0.176 | 0003 | 0.141 | 0003 0.071 0.003 0.046 0.005 0.048 | 0003
19 | 0.177 | 0.003 | 0.141 | 0.002 0.070 0.003 0.047 0.004 0.048 | 0003
20 | 0.176 | 0.001 | 0.139 | 0.003 0.071 0.003 0.048 0.004 0.045 | 0003
21 | 0.77 | 0.004 | 0.141 | 0.005 0.070 0.004 0.047 0.004 0.050 | 0.003
22 | 0177 | 0003 | 0.141 | 0.003 0.071 0.003 0.047 0.003 0.051 | 0003
23 | 0.178 | 0003 | 0.141 | 0002 0.070 0.004 0.047 0.004 0051 | 0002
24 | 0178 | 0005 | 0.141 | 0.004 0.070 0.003 0.047 0.004 0.051 | 0002
25 | 0178 | 0.003 | 0.140 | 0.003 0.071 0.003 0.043 0.003 0051 | 0002

t-test in comparison to T4 Glutaredoxin

Sample E. coli Grx E. coli Trx MTHO0807 MTHO0895

p-value (6 min) | p=0.008 p <0.001 p <0.001 p <0.001

p-value (7 min) | p=0.003 p <0.001 p <0.001 p <0.001

t-test in comparison to E. coli Glutaredoxin

Sample T4 Grx E. coli Trx MTHO0807 MTHO0895

p-value (6 min) | p=0.008 p <0.001 p =0.002 p <0.001

p-value (7 min) | p=0.003 p <0.001 p =0.001 p=0.001
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Table 1A2 Single sample 2-sided t-test analysis of the thioredoxin activity test of

MTHO0807, MTHO895, E. coli thioredoxin, and T4 glutaredoxin (OXIDATION OF

NADPH).
Time Mean SD Mean Sb Mean SD Mean SD
(Min) T4 Grx T4Grx EC.Trx | EC Trx | MTH0807 | MTH0807 | MTHO0895 | MTH0895

1 0.002 0.001 0.003 0.001 0.003 0.002 0.002 0.001
2 0.002 0.001 0.002 0.001 0.003 0.001 0.002 0.000
3 0.002 0.000 0.002 0.001 0.002 0.001 0.003 0.001
4 0.003 0.002 0.002 0.001 0.003 0.001 0.002 0.001
5 0.305 0.004 0214 0.018 0.332 0.020 0.185 0.029
6 03712 0.021 0.245 0.007 0.427 0.026 0210 0.022
7 0.405 0.011 0270 0.002 0.666 0.054 0.231 0.013
8 0424 0.012 0.294 0.001 0.747 0.056 0.270 0.025
9 0.442 0.010 0.322 0.021 0.876 0.035 0.302 0.011
10 0.468 0.004 0332 0.020 0.966 0.045 0315 0.002
¥ 0.497 0.003 0.346 0.022 1.047 0.035 0.330 0.009
12 0.520 0.003 0.367 0.024 1176 0.025 0347 0.015
13 0.537 0.004 0378 0.024 1222 0.030 0362 0.021
14 0.563 0.010 0390 0.022 1.261 0.050 0.369 0.027
15 0.576 0.004 0.414 0.016 1297 0.066 0377 0.025
16 0.590 0.004 0.423 0.017 1347 0.054 0.394 0.020
17 0.607 0.005 0,447 0.010 1402 0.050 0408 0.014
18 0.595 0.022 0.465 0013 1461 0.040 0.426 0.003
19 0.609 0.014 0.473 0.010 1499 0.043 0.440 0.011
20 0.617 0.014 0.487 0.014 1543 0.041 0.450 0.018
21 0.632 0.010 0.507 0.012 1578 0.044 0456 0.013
2 0.636 0.015 0525 0.008 1618 0.065 0.465 0.012
23 0.658 0.016 0.534 0.002 1642 0.060 0472 0.007
24 0.679 0.016 0.558 0.004 1683 0.080 0.483 0.003
25 0.706 0.014 0.566 0.007 1722 0.090 0.494 0.007

t-test in comparison to T4 Glutaredoxin

Sample E. coli Trx MTHO0807 MTHO0895

p-value (5 min) p=0.013 p=0.144 p=0.019

p-value (6 min) p=0.001 p=0.067 p =0.006

p-value (7 min) p <0.001 p=0.014 p=0.002

t-test in comparison to E. coli Thioredoxin

Sample T4 Grx MTHO0807 MTHO0895

p-value (5 min) p <0.001 p=0.009 p=0.225

p-value (6 min) p=10.009 p=0.007 p=0.110

p-value (7 min) p=10.002 p =0.006 p=0.035
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Table 1A3 Single sample 2-sided t-test analysis of the thioredoxin activity test of

MTHO0807, MTHO0895, E. coli thioredoxin, and T4 glutaredoxin (REDUCTION OF

DTNB).
Time Mean SD Mean SD Mean SD Mean SD
(Min) T4 Grx T4 Grx EC.Tx | EC.Trx | MTHO0807 | MTHO0807 | MTH0895 | MTH0895

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 1073 0.038 0.747 0.004 0.094 0.003 0.138 0.018
3 1454 0.198 1303 0.009 0.101 0.001 0.191 0.011
] 1773 0.119 1.638 0.015 0.110 0.002 0273 0.020
5 1976 0.037 1756 0.005 0.119 0.003 0362 0.051
6 2020 0.012 1.784 0.011 0.117 0.005 0.519 0.007
7 2131 0.030 1828 0.006 0.127 0.005 0554 0.022
8 2111 0.030 1.849 0.008 0.120 0.003 0.596 0.010
9 2108 0.012 1.856 0.004 0.143 0.019 0.703 0.002
10 2.101 0.023 1.857 0.006 0.116 0.003 0.766 0.047
1T 2.09 0.027 1.861 0.011 0.108 0.010 0.873 0.050
12 2.108 0.014 1.866 0.011 0.115 0.003 0911 0.042
13 2.104 0.015 1.866 0.012 0.121 0.000 0.969 0.043
14 2154 0.037 1.867 0.009 0.118 0.009 1.021 0.046
15 2102 0.016 1362 0.008 0.123 0.004 1.067 0.056
16 209 0.021 1863 0.007 0.130 0.002 1.101 0.056
17 2102 0.013 1.862 0.010 0.127 0.001 1.146 0.067
18 2088 0.026 1.863 0.007 0.124 0.008 1176 0.063
[9 2.100 0.018 1.864 0.010 0.133 0.004 1.185 0.068
20 2.106 0.015 1.865 0.009 0.134 0.002 1202 0.070
21 2113 0.016 1.867 0.008 0.133 0.005 1202 0.067
2 2.001 0.027 1.867 0.006 0.130 0.003 1.208 0.067
23 2.089 0.030 1.871 0.006 0.122 0.006 1214 0.072
24 2.069 0.051 1.868 0.006 0.128 0.001 1217 0.074
25 2.067 0.048 1.867 0.003 0.125 0.006 1227 0.084

t-test in comparison to T4 Glutaredoxin

Sample E. coli Trx MTHO0807 MTHO0895

p-value (2 min) p <0.001 p <0.001 p <0.001

p-value (3 min) p=0.001 p <0.001 p <0.001

p-value (4 min) p=0.004 p <0.001 p <0.001

t-test in comparison to E. coli Thioredoxin

Sample T4 Grx MTHO0807 MTHO0807

p-value (2 min) p = 0.004 p <0.001 p <0.001

p-value (3 min) p=0.317 p <0.001 p <0.001

p-value (4 min) p=10.188 p <0.001 p <0.001
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Appendix 2

Measurement of °N T, relaxation of MTHO0776 and MTHO0776 in
complex with MTHO0777

Table 2A1. Table of °N T, relaxation times for 0.5 mM solution of MTHO0776 in buffer
solution consisting of 50 mM NaH,PQO,, 300 mM NaCl, 15mM DTT and 1.0 mM DSS.

Residue
1M
2T
3F
5L
6E
8Y
oL
10Q
11Q
128
13G
14E
15Y
16E
171
18H
19M
20K
21R
22A
23G
24F
25R
26E
27C
28A
29A
30M
31l
32E
33K
34K
35A
36R
37R
38V
39V
40H
411
42K
44G
45E
46K
471
48L
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Ta(msec) SD (msec)

138.33
105.56
120.78
105.99
103.05
136.21
102.54
99.35
94.22
107.52
110.02
103.52
97.82
92.14
100.2
99.85
97.59
119.68
109.73
104.85
111.65
106.38
93.11
105.75
57.63
97.66
97.54
92.49
99.62
102.18
97.61
94.76
123.61
112.22
101.31
108.79
106.78
96.04
110.87
111.27
112.15
102.35
109.87
102.61
119.19

3.74
3.48
1.93
4.13
1.75
2.18
2.46
1.99
1.88
4.19
2.75
1.76
1.57
3.23
2.31
2.20
1.95
3.47
1.87
2.83
4.13
1.60
3.72
1.80
0.92
2.05
2.34
1.02
2.39
3.27
1.56
1.61
3.59
2.02
2.33
3.16
2.88
1.54
5.32
4.79
4.15
2.35
1.87
2.77
4.41

Residue
49G
50A
521
53l
54G
55l
58V
60l
61G
62l
63D
65E
66R
67S
68T
69V
70M
71C
73Y
74T
75K
77C
78Y
79G
80T
81A
81R
82v
83v
84E
85L
87v
88D
91E
921
93k
94R
951
96L
97k
98V
9%A
100E

T,(msec) SD (msec)

114.57
110.92
121.82
114.16
105.34
150.41
109.40
105.14
108.45
110.39
105.12
115.59
104.06

99.07

98.72
103.01
113.96
105.82
134.03
108.92
108.28
109.33
106.05
116.37
101.57
110.84
101.04

98.07
110.20
113.34
114.27
102.85
118.76
104.47

93.19
103.16

99.20
104.68
101.10
106.11

59.19
116.88
116.69

4.01
3.00
5.97
1.94
2.32
18.65
0.77
2.10
553
2.65
3.15
1.04
2.50
1.59
3.06
2.78
228
1.16
11.26
6.21
6.17
3.50
3.50
3.26
224
5.76
3.33
1.86
3.31
3.39
3.66
3.81
2.02
2.93
3.54
3.10
2.08
3.14
1.62
2.87
4.14
3.16
1.75
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Table 2A2. Table of N T, relaxation times for 0.5 mM solution of MTHO0776 in the
presence of 1.0 mM of MTHO0777 in a buffer solution consisting of 50 mM NaH,POy,
300 mM NaCl, 15mM DTT and 1.0 mM DSS.

Residue
2T
3F
6E
9L

10Q
11Q
13G
14E
15Y
19M
20K
23G
24F
27C
30M
32E
34E
34K
35A
36R
37R
39V
45E
46K
49G
521
621
63D
67S
68T
75K
77C
80T
81R
82V
83V
87V
88D
93E
94R
951
97E
98V
99A
100E
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T, msec SD (msec)

73.67
84.60
68.15
72.28
49.84
50.74
72.79
67.35
56.03
65.57
112.23
56.40
98.49
49.85
51.86
91.36
102.73
71.77
113.25
50.12
49.95
67.11
68.23
93.77
42.05
71.43
36.52
84.96
68.03
71.46
80.54
45.46
68.13
69.44
72.09
53.65
71.38
66.11
50.76
49.87
73.51
5227
2223
51.87
45.30

3.32
3.05
7.16
2.53
1.95
3.60
7.21
1.68
2.02
5.11
4.49
4.17
3.25
3.64
5.08
3.02
432
237
442
13.18
1.19
7.18
2.59
3.28
4.37
1143
4.49
1.19
6.06
7.72
1691
7.09
19.21
5.90
1.73
3.82
8.42
5.02
1.02
1.30
3.38
2.72
1.96
2.65
7.70
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Table 2A3 MTHO0807 resonance assignments in 500 pL of a buffer solution (pH 6.0) made up of 50 mM NaH,PO4, 100 mM NaCl,
50 uL of D,0, 1 mM DSS and 10 uL of a 3% solution of sodium azide. Proton chemical shifts are given in parentheses.

Residue N C c* CcP other

Ml 12129 (8.42) 17551  55.78 (4.47) 33.04 (2.01,2.01) C', * (2.54,2.54)

V2 120.91(8.02) 17527 61.32(4.17) 34.26 (1.80) C", * (0.86); C?, * (0.70)

V3 126.31(8.17) 17466  62.41 (4.18) 32.84 (1.97) C", * (0.90); C™ * (0.69)

N4 127.08 (8.65) 17439  53.88 (5.06) 40.50 (2.78, 2.38)

I5 127.08 (9.34)  174.82  59.63 (5.05) 39.32 (1.95) C™, % (1.24, 1.10); C?, * (0.80); C¥', * (0.73)

E6 127.46 (9.06) 17435  54.29 (5.04) 33.91 (2.06, 2.06) CY, * (1.45,1.45)

V7 122.45(8.80) 17550  59.64 (4.94) 33.90 (1.87) C", * (0.84); C™, * (0.84)

F8 126.69 (9.40) 17404  57.34 (5.42) 40.94 (2.95,2.81) CP', * (6.80); C%2, * (6.80); C*, * (7.05); C*2 * (7.05);
C5 * (6.87)

T9 110.88(7.99) 17201  59.58 (4.37) 68.44 (4.75)

S10 113.58 (7.61) 56.78 (5.12) 65.25 (3.71, 3.46) _

P11 176.30  63.87 (4.80) (2.78, 1.93) C", * (1.65,1.65); C°, * (3.28,3.14)

TI2 115.12(823)  177.10  58.44 (4.41) 63.87 (3.82) Cc? * (1.62)

Ci3 124.76 (8.10) 57.02 (4.31) 30.02 (3.87, 3.87)

P14 174.18

Yi5 112.04 (9.25)  177.89  59.58 (4.99) 40.91 (2.99, 2.99) C¥, * (7.05); C, * (7.05); C*', * (6.87); C*% * (6.87)

Cl6 116.67 (7.47) 56.09 (4.27) 30.00 (2.43, 2.15) )

P17 176.70  66.68 (4.52) (1.97, 1.97) C", * (1.27,1.27); C%, * (3.90,3.77)

Mi18 115.89(7.54) 17845 5927 (4.29) 32.39(2.37,2.16) C", * (2.71,2.65); C, * (1.14)

Al9 122.06 (7.72) 177.88 54.89 (4.10) 18.11 (1.40)

120 116.67 (8.10)  179.42  63.85(3.49) 36.74 (1.97) C", * (0.84,0.84); C?, * (0.74)

E2t 118.59 (8.08)  179.51 5991 (4.12) 29.36 (2.16, 2.16) C', * (2.43,2.30)

V22 116.28 (7.65) 177.80  65.56 (4.03) 31.77 2.1D) C"* (1.03);C7, * (1.03)

V23 122.06 (7.75)  177.88  66.76 (3.71) 30.93 (2.21) C", * (0.79); C? * (0.89)

D24 12322 (8.82) 18061  57.64 (4.52) 39.35(2.93,2.57)

E25 121.68 (8.26)  179.93  59.88 (4.15) 28.78 (2.26, 1.59) CT, * (2.56,2.56)

A26 123.22(8.38)  179.00  55.01 (4.10) 16.79 (1.51)

K27 12091 (8.66) 17538  58.35(4.09) 31.50 (1.92, 1.68) C * (1.10, 1.10); C3, * (1.42, 1.42); C%, * (2.29,2.29);
N& * (7.27)

K28 120.14 (7.81)  177.87  59.44 (4.02) 32.30 (1.73, 1.58) Cl* (1.27,1.27); C5, * (1.42,1.42);,C",* (2.00,2.00)
N * (7.52)

E29 118.21(7.61) 177.72  58.29(4.01) 30.14 (1.42, 1.26) C,* (1.74,1.74)

F30 113.58(8.77)  173.58  59.39 (4.38) 40.74 (2.98,2.63) C¥ * (6.69); C*% * (6.69); C*', * (7.20), C* * (7.20);
C5 * (6.97)

G31 111.63 (8.30) 175.63 47.39(3.93,3.31)

D32 12553 (8.85)  176.73  55.29 (4.51) 39.98 (2.80, 2.35)

K33 11744 (7.92) 176.56  57.98 (4.28) 33.39 (2.11, 1.91) C, * (1.52,1.52); C5, * (1.72, 1.73); C*, * (2.58,2.58);
N&, * (7.49)

134 108.18 (7.60)  176.87  58.27(5.34) 41.51 (1.68) C", * (1.80, 1.80); C*, * (0.48)

D35 122,06 (8.52)  174.43  52.90 (4.95) 44.12 (2.69,2.37)
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E78
AT9
180
N81
D82
E83
M84
E8S

118.98 (8.11)
120.14 (7.64)
117.82 (8.11)
117.82 (8.45)
120.91 (8.06)
124.38 (8.64)
125.15 (7.74)
118.21 (7.51)

177.78
180.34
177.56
177.23
176.58
174.25
176.85

59.75 (4.19)
54.89 (4.31)
66.23 (3.28)
56.91 (4.37)
51.73 (4.41)
59.93 (4.50)
57.02 (4.05)
56.01 (4.38)

29.46 (2.18, 1.60)
18.32 (1.67)

37.93 (1.45)

38.79 (2.96, 2.69)
42.79 (2.05,2.05)
32.54 (1.92, 1.92)
29.88(1.99, 1.88)
33.91(2.13,2.13)

C5 * (6.70)
O, * (2.50,2.30)

C% * (0.46); C*, * (-0.27)
C", * (2.08,2.08)

CL*(222,%)
C', * (2.67,2.52)
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Table 2A4 MTHO0776 resonance assignments in 500 pL of a buffer (pH 6.8) made up of 20 mM NaH,PO4, 300 mM NacCl, 50 pL of
D,0, 1 mM 2, 2 -dimethyl-2-silapentane-5-sulfonic acid (DSS), 15 mM DTT and 10 pL of a 3% solution of sodium azide at 25°C.

Proton chemical shifts are given in parentheses. First 20 amino acid belong to the Histidine tag.

Residue N C c* CP other

Ml 17721 56.18 (4.03) 31.22(1.78, 1.78) C', * (1.94,1.94)

G2 114.85(7.98) 17433  4535(4.05,4.05)

S$3 11533 (8.17) 17556  58.04 (4.51) 63.91 (3.76, 3.76)

S4 115.03 (8.07) 58.34 (4.05) 64.86 (3.24,3.24)

H6 17558  (4.35) (3.18,3.18)

H7 122.08 (8.21) 17654  56.57 (4.44) 30.54 (3.12, 3.00)

HS 12063 (8.10)  177.52  56.96 (4.51) 30.53 (2.86, 2.86)

HY 121.11 (821)  176.13  56.49 (4.37) 30.38 (3.24, %)

Hi0 124.49 (8.33)  176.00  55.94 (4.66) 30.80 (2.73,2.73)

Sli 121.11(8.72)  174.83  58.48 (4.46) 63.88 (4.04, 4.04)

S12 117.74 (8.46) 17697  58.64 (4.54) 63.81(3.97,3.97)

G13 110.03 (8.40)  173.84 4529 (4.03,4.03)

L14 121.11 (8.03)  177.06  55.07 (4.42) 42.39 (1.87, 1.67) C, 26.93 (1.34); C*, 24.88 (1.16); C%, 23.36 (1.16)

V15 121.60 (8.07) 59.61 (4.10) 32.67 (1.96) C", * (0.95); C, * (0.85)

P16 176.12  63.10 (4.45) 31.98 (2.14,2.14) CY,24.06 (1.96, 1.69); C°, 51.61 (3.24, 3.24)

R17 122,56 (8.45)  177.12 5631 (4.40) 30.78 (1.74, 1.74) CY,27.07 (1.61, 1.61); C%, 43.34 (3.24, 3.00)

G18 110.03 (8.51) 17433  45.38(4.03,4.03)

S19 115.81(8.24) 17586  58.52 (4.70) 63.89 (3.65, 3.65)

H20 123.04 (8.81)  174.45  56.83 (4.51) 33.09 (2.93,2.93)

M21 121.11(8.23)  175.89  55.62 (4.30) 32.97(2.24,2.24) C",31.98 (2.64,2.49)

T22 114.85(8.13)  173.90 61.67 (4.41) 69.84 (3.98) C¥,21.46 (1.25)

F23 124.49(8.38) 17423  58.77 (4.33) 40.22 (2.85,2.75) C¥, 132.21 (7.16); C®, 132.21 (7.16); C*', 131.83
(7.41), C2, 131.83 (7.41); C%, 133.34 (7.25)

C24 12642 (7.78) 17448  57.19 (4.57) 28.75 (3.23, 2.86)

L25 12931 (8.87) 17572 5843 (4.52) 41.84 (2.02, 1.96) C7,25.82 (1.73); C*, 24.17 (0.93); C%, 23.37 (0.79)

E26 116.78 (8.51)  178.74  60.32 (4.65) 29.34 (2.07,2.03) C, 32.88 (2.35,2.35)

T27 11533 (7.67) 176.12  65.73 (4.21) 68.52 (4.14) C7,21.95(1.22)

Y28 123.52(8.07) 17779  62.05 (4.05) 39.02 (3.06,2.87) C%, 133.32(7.24), C%, 130.83 (7.15); C*', 119.59
(6.81); C*, 118.20 (6.72)

L29 115.33(829) 17920  56.75 (3.94) 41.06 (1.86, 1.25) C",33.31 (1.20); C*, 25.75 (0.91); C™, 21.18 (0.69)

Q30 11629 (7.56) 17727  57.45(4.28) 29.27 (2.31,2.25) C",33.98 (2.87,2.54); C%, 180.37 N, 110.73 (7.44,
6.80)

Q31 115.81(7.85) 17597  56.09 (4.37) 29.68 (1.98, 1.95) C,33.77 (2.34,2.05); C°, 183.48 N, 111.12 (7.51,
6.88)

$32 114.85(8.22) 17479  58.31 (4.36) 63.70 (3.62, 3.47)

G33 110.03 (8.16) 17445  44.94 (4.18,4.18)

E34 120.63 (829) 17922 55.97 (4.46) 29.12 (2.05, 1.64) CT, 36.26 (3.09,2.78)

— Y35 11629 (7.39) 17331  56.54 (5.02) 39.23 (3.42, 3.07) C%, 133.15(7.22); C%, 133.15 (7.22); C*, 119.42

(6.87); C**, 119.42 (6.87)
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T2 Relaxation (msecs)
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Figure 2A1a Derived values of °N relaxation times (violet) of MTHO0776. The uncertainties in each residue are plotted as
140 §
120

1M 6E 11Q 15Y 19M 23G 27C 311 35A 39V 44G 48L 531 601 B65E 69V 74T 79G 82V 87V 93E 97E
Amino Acid

— X
—_———n

R —

——

I
—

——
————

—

—




h

1€S 1n eac

e e R e E Ao LT

residue are plotted as standard errors (red). Note the reduced magnitude of the T; values of most of the residues as well as

Figure 2A1b Derived values of '°N relaxation times (violet) of MTH0776/MTHO0777 complex. The uncertaint
the absence of most of the residues as comnared to fioure Ala.
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991

Figure 2A2 Summary of observed sequential and short —range NOEs and chemical shift index versus the sequence number.
The thickness of the sequential NOE:s is a qualitative indication of their intensity (thicker lines indicate stronger intensity)
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191

Figure 2A3 Comparison of the "H-">’N HSQC spectra (at different delay times) of 0.5 mM MTH0776 (a) and from 0.5 mM MTH0776
and 1 mM MTHO0777 mixture (b), in 700 pL of a buffer solution pH 6.8, made up of 50 mM NaH,PO4, 300 mM NaCl, 50 uL. D,0, 1
mM DSS and 15 mM DTT. Spectra series (a) and (b) are rendered at the same threshold while spectra series (c) is the same as spectra

series (b) but rendered at half the threshold as (b)
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