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7 Abstract

The Glutathione-S-Transferase superfamily are a widespread collection of enzymes that
catalyse glutathione conjugation to various compounds as well as wide range of other
functions. Chloride intracellular channel protein 1 is known to be a structural homologue of
Omega glutathione-S-transferase 1 an enzyme belonging to the omega subclass of this
superfamily. GSTO1 is a soluble enzyme thought to have a role in the glutathionylation cycle
whereas CLIC1 belongs to a special class of metamorphic proteins. CLIC1 has the ability to
switch from its soluble form which is homologous to GSTO1 to a membrane bound form
that oligomerises to create an ion channel. The mechanism for this is insertion is not well
understood. By comparing the crystal and in-solution structures of these two proteins some
notable differences were discovered. With the help of SAXS the in-solution structure of
CLIC1 was found not to match that of its X-ray crystal structure unlike GSTO1. Further
analysis of the proline rich ‘footloop’ found in CLIC1 also highlighted it as an area that could
potentially act as a hinge and allow for conformational change in CLIC1. This difference in
structure between the two proteins could explain how CLIC1 can change shape and GSTO1
cannot. Analysis of their enzymatic properties was also carried out but the data gathered

was less conclusive due to the lack of assignment for the GSTO1 protein.
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8 Introduction

8.1 Glutathione-s-transferase general background:

Omega glutathione-S-transferase 1 (OGST1) is a protein belonging to the Glutathione-S-
Transferase superfamily!, a widespread collection of enzymes with varied functions. The
superfamily can be further subdivided into three groups: cytosolic, mitochondrial and
microsomal®™. Microsomal since their discovery have been reclassified as, membrane-
associated proteins in eicosanoid and glutathione (MAPEG)>. Cytosolic GSTs are the largest
subfamily and are divided into classes based on their structure, these classes are alpha,
beta, delta, epsilon, zeta, theta, mu, nu, pi, sigma, tau, phi, and omega®. The mitochondrial
GSTs are in class kappa. And the MAPEG or microsomal GSTs consists of subgroups
designated I-1V°. Cytosolic GSTs within the same class have greater than 40% sequence
identity and between classes no more than 25% sequence identity®. Figure 1 below shows a
sequenced-based phylogenetic tree containing a member from each class of GST’s found in
humans and a the closely related CLIC family of proteins (CLIC1-6). The tree shows the close
evolutionary relationship between the cytosolic GST’s (GSTM1, GSTA1, GSTP1, GSTO1, MAAI
and GSTT1) The mitochondrial GST (GSTK1) has a slightly closer relationship than that of the
MAPEG GST (MGST1) to the cytosolic class. This is unsurprising as cytosolic and
mitochondrial GST have a much more similar fold which will be elaborated on below. This
tree also shows the relationship between the GST and CLIC family of proteins some of which

are close structural homologues.
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splQIY2Q3|GSTK1_HUMAN 1.76344
o sp|P09488|GSTM1_HUMAN 1.22064
sp|P08263|GSTA1_HUMAN 0.83936
sp|P09211|GSTP1_HUMAN 0.35276
sp|P78417|GSTO1_HUMAN 1.17563
sp|043708|MAAI_HUMAN 0.75249
sp|P30711|GSTT1_HUMAN 1.088
sp|P10620|MGST1_HUMAN 1.44831
sp|095833|CLIC3_HUMAN 0.35764
sp|QIBNY7|CLIC6_HUMAN 0.22058
sp|015247|CLIC2_HUMAN 0.25561
sp|000299|CLIC1_HUMAN 0.26546
——  splQ9Y696|CLIC4_HUMAN 0.10906
L splQINZAT|CLIC5_HUMAN 0.22393

Figure 1: Shows a sequenced-based phylogenetic tree.
This sequenced-based phylogenetic tree shows the evolutionary relationship between the human proteins
CLIC1-6 and a member of each class of GST’s found in humans.

8.2 Glutathione-s-transferase structure:

The cytosolic and mitochondrial GSTs have a deep evolutionary history and therefore have
some consistencies in their fold®’. However, the same cannot be said for the MAPEG class
of GSTs®. Mitochondrial and cytosolic GSTs can also form dimers®. The porcine pi-class
enzyme (pGSTP1-1) was the first cytosolic GST to have its structure elucidated. It also
contains all the hallmark features of the cytosolic GST subgroup, for this reason it has been
used as the standard to compare to the other isoenzymes®. These features are an N-
terminal thioredoxin-like domain (with BaBaBBa topology) and a C-terminal domain
composed of a-helixes. The glutathione binding site or ‘G-site’ is located in the thioredoxin-

like domain for both cytosolic and membrane GSTs3.
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8.3 Role and cellular function of Glutathione-s-transferase:

The classical role of the first discovered GSTs was detoxification of the cell by nucleophilic
substitution where the GST catalysed the addition of glutathione (GSH) to exogenous
compounds that contain an electrophilic nitrogen, carbon, or sulphur atom?!%13, Many of the
GST family are expressed in the liver'**> which is consistent with their role in detoxification.
GSTs role in cell metabolism is vital as, in order for a cell to maintain proper function and
stay healthy it must be capable of coping with and regulating pressures both internal and
external. Toxins that are either endogenously produced or xenobiotic compounds must be
neutralised. A build-up of one such type of toxin causes oxidative stress. Oxidative stress is
caused by an elevated intracellular level of reactive oxygen species (ROS), examples of
which are endogenously produced peroxides and superoxides!®!’. ROS can be produced
from mitochondrial oxidative metabolism, cytoplasmic enzyme systems, endoplasmic
reticulum-bound enzymes and the surface of the plasma membrane!®!°, An imbalance of
ROS can be caused by a variety of factors such as UV exposure, hyperoxia, inflammation or
heat!’2. High levels of ROS in cells have been linked to a number of different pathologies
and can cause damage to lipids, DNA and proteins. Therefore, cell detoxification

mechanisms are vital for cell health?.

Cell detoxification using enzymes is broken down into three phases. Phases | and Il work to
detoxify the compound by making it more water soluble??. Phase Il which actively
transports the toxin out of the cell via transmembrane ATPase such as the GS-X pump?3.
GSHs are phase Il enzymes with their main function being to catalyse conjugation of GSH to

the toxin. This prevents the toxin re-entering the cell after is has been actively transported
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out, as the toxin-GSH conjugate is too hydrophilic to freely diffuse through the
membrane?42>, GSTs also play a role as regulators for the MAP kinase pathway?®?’. They
play a key role regulating protein-protein interactions. One such example is GSTrr acting as
an endogenous inhibitor of c-Jun N-terminal kinase 1 (JNK1)22. This kinase is involved in

stress response, apoptosis, and cellular proliferation?®.

0
Epoxide

hydratase  HO

Figure 2: Overview of enzymatic detoxification.

Reprinted from “Structure, function and evolution of glutathione transferases: implications for classification

of non-mammalian members of an ancient enzyme superfamily” by D. Sheehan, 2001, Biochemical Journal,
360(1), 2. Copyright [2001] by the Biochemical Society.
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8.4 Glutathione S-transferase omega-1:

Toxins are not the only molecules in the cell that can be bonded with GSH, it has been found
that when a cell is undergoing oxidative stresses many protein thiols are ‘capped’ with GSH
forming a mixed disulphide. This protects the electrophilic atom in the thiol from
irreversible oxidation by ROS. After the cell had dealt with the oxidative stress the
disulphide can be reduced, and the protein can resume normal function3%31, It is here where
GSTO1 is believed to function®?. GSTO1 is not as well understood as many of its family,
Omega class GSTs were first discovered by bioinformation’s in 2000 and are the most recent
family of GSTs to be identified'33. It is one of two actively transcribed omega class GSTs and
in humans it is located on the long arm of chromosome 10, the Unigene map reference is
10g25.1. The gene is 12.5kb long and contains 6 exons34. GSTO1 is expressed widely
throughout mammalian tissue. Human GSTO1 is 241 amino acid long and forms a dimer, the

monomer of GSTO1 is 27.6kDa in size®33.

C-domain

Figure 3: The 1leem crystal structure of GSTO1.
GSTO1 shown above with a black line separating the C and N-domains. With the GST N-
terminal being shown in blue (22-101) and the GST C-terminal shown in red (106-230)
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As stated above Omega GSTs have a lower than usual sequence identity compared to other
GST classes at 20%. Despite this it still exhibits the GST fold. Unlike other GSTs GSTO1 has
proline rich N-terminal extension that is 19-20 residues long and a C-terminal extension®33,
These extensions interact to form a novel structural feature that has not been seen in the
other GST classes3>. A PXXP motif is found in the N-terminal extension, this motif provides
the core sequence for recognition by a SH3 domain, this has possible implications in
potential protein-protein interactions3®. One last major structural difference is in GSTO1
catalytic site. The typical serine/tyrosine atom found in the catalytic site of other GSTs is
replaced by a cystine in human GSTO1. This has large implications in potential functions for
the enzyme as it changes the type of reactions GSTO1 can catalyse3.

The inter-subunit interface is also more open than in other classes of GSTs with the buried
area only being 1960 A2 whereas other GST dimers have values ranging from 1900-2600 AZ2.

This interface is also largely full of non-polar interactions33,

The function of GSTO1 is not very well defined, although there have been several suggested
functions. One such function is a role in the glutathionylation cycle as GSTO1 catalyses
several reactions linked to this cycle and displays dehydroascorbate reductase, S-
(phenacyl)glutathione reductase activities as well as glutaredoxin activity3?. Meaning GSTO1
may have the ability to either ‘cap or ‘uncap’ vulnerable protein thiol groups when a cell is
undergoing oxidative stresses. The relatively open hydrophobic bonding site is big enough to
fit polypeptide chains further supporting this theory!. A chloride ion channel named CLIC1 is
a structural homologue to GSTO1%’, as CLIC1 can oligomerise to form an ion channel38,
Several experiments were carried out to test if the same was true for GSTO1. This turned

out not to be the case3’. However, another potential function of GSTO1 was discovered.
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GSTO1 was found to inhibit cardiac muscle ryanodine receptor (RyR2) activity, but in
contrast increase skeletal muscle ryanodine receptor (RyR1) activity3”-3°, Ryanodine
receptors are calcium channels and the inhibition effect depended on the GST being
catalytically active. When the cystine residue in the active site was mutated into an alanine
this effect was no longer observed. This may suggest a role for Omega GSTs in protecting

cells from apoptosis caused by Ca?+ mobilization from intracellular stores.

8.5 Chloride intracellular channel protein general background:

Chloride intracellular channel protein 1 or CLIC1 is a protein belonging to the CLIC family a
group of six evolutionarily conserved proteins in humans consisting of CLIC14°, CLIC2%,
CLIC3%2, CLIC4%34* CLIC5% and CLIC6.% All proteins in the CLIC family share a high homology
with one another and are in a rare classification of metamorphic proteins*’, meaning they
adopt different folded conformations for the same amino acid sequence in native
conditions*. Unlike some other proteins namely prions that can change conformations this
process for metamorphic proteins is reversable. The CLIC family of proteins exist in two
states a globular soluble form which has high structural homology to the GST superfamily of
proteins, and an integral membrane bound form that oligomerise to create ion channels in
the membrane®. The CLIC family of proteins is expressed in the cell membrane, cytoplasm,
nuclear membrane and nucleoplasm. It can also be found in the lysosome, endoplasmic

reticulum, and secretory vesicles>®>2,
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8.6 Chloride intracellular channel protein structure:

As stated above the CLIC family of proteins have metamorphic properties in CLICs case
meaning they adopt two distinct structures. The cytosolic or soluble crystal structure that
CLIC forms is very similar to that of the GST family, the thioredoxin-like domain is present in
CLICs N-domain as well as the alpha helixes in the C-domain®*>4. CLIC also binds GSH, with
the G site found in CLICs thioredoxin-like domain®>. There is an especially close link between
CLIC1 and GSTO1 soluble crystal structure3” which will be expanded upon further below. Far
less is known about the structure of CLIC in its integral membrane bound form. This is due to
the fact that it is very hard to get membrane proteins to crystallise and when removed from
the membrane CLIC immediately return to their soluble form. Other methods that may be
used for determining structure such as cryo-EM have difficulties as the CLIC proteins are
currently too small for the technique®®. Solid state NMR has been used with increasing
success over the last few decades to fill in this gap determining membrane bound
structures®” however, there are still limitations and so far, it has not been able to assist with
CLIC. It is thought the segment of the protein that forms the transmembrane section of the

ion channel is the thioredoxin-like domain of the N-domain>2.
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C-domain N-domain

Figure 4: The 1kOm crystal structure of CLIC1.

CLIC1 shown above with a black line separating to C and N-domains. The GST C-terminal domain
is shown in red (93-233), the suggested putative transmembrane domain shown in purple (24-46)
and the N-terminal region shown in green (6-92).

8.7 Chloride intracellular channel protein role, cellular function, and membrane insertion:

Elucidating the role of the CLIC has proven to be difficult due to what is thought to be
functional redundancy in knock out model systems. Despite this knock out model systems in
mice have been established for CLIC1°°, CLIC4%° and CLIC5°. From these knock-out systems
various roles in regulation have been suggested including cell growth, cell division, cell

apoptosis, formation of stereocilia and acidification of intracellular organelles.
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As stated above it is known that the CLIC family of proteins oligomerise in order to create
ion channels. The mechanism that causes CLICs to insert into the membrane has been at the
forefront of recent research, with many potential triggers being put forth such as signals
from redox states, pH change or membrane composition®%3, Some recent research has

evidence strongly suggesting that the switch is caused by divalent cations binding®*.

8.8 Chloride intracellular channel protein 1:

The most studied member of the CLIC family is CLIC1. Located on chromosome 6 Unigene
map reference 6p21.33 it is comprised of 241 amino acids and is 26.932kDa in mass3/>%3,
CLIC1 is expressed all throughout the human body and is especially abundant in cardiac or
skeletal muscle®®. Like the rest of the CLIC family its cellular function is not well understood
however it has been associated with roles in the cell cycle, regulation of electrical
excitability amongst others. CLIC1 is found in the cytoplasm, cell membrane, nucleus and

nuclear membrane37:°0:51,53,58

The structure of CLIC1s soluble form is well known and is a structural homologue of GSTO1.
Despite the low sequence identity between the two (19.1%) the sequence of CLIC1 is still
clearly compatible with the known GST fold, along with the conserved cystine residue in the
binding site of both proteins. CLIC1 like GSTO1 has a thioredoxin-like fold in its N-domain
and a C-domain made up of all alpha helixes. These two domains are linked via a proline rich
loop, which along with the position of the H9 helix being slightly shifted are the only major

differences between the structure of CLIC1 and GSTO1%. Like the rest of its family CLIC1s
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membrane bound structure is not known however, it has been shown to form a tetramer
when bound to the membrane®. It is not clear whether CLIC1 inserts into the membrane as
a tetramer or forms a tetramer once inserted into the membrane. The absence of a leader
sequence or obvious hydrophobic segment to enable membrane insertion has made it
difficult to study membrane insertion®. Combined with the fact that as soon as CLIC1 is
removed from the membrane it reverts to its soluble form instantly means there is still no
established mechanism of insertion. Historically it was suggested that insertion was
triggered by oxidative conditions®2. However, more recent research suggests that this is not
the case®%>, Other theories pointed towards cholesterol or pH being a factor in insertion. A
hydrophobic surface in CIC1 made up of residues 24-46 has been suggested as being a
putative transmembrane domain which could insert into the membrane to aid in channel
formation®8. Regulation of CLIC1s membrane bound form via redox signalling has been
suggested due to the existence of a glutaredoxin-like active site®®. More recent literature
has shown that increasing concentrations of cations such as zinc (Zn?*) and calcium (Ca?*)
triggers CLIC1 insertion into the membrane when reconstituted in synthetic phospholipid
vesicles. This data strongly suggests that CLIC1 therefore contains a cation binding site®.
Moreover, calcium Ca?* binding sites have been located in two invertebrate homologues of
CLIC1, EXC-4 and DmCLIC®’. The calcium binding site overlaps the GSH binding site found in
GSTs. This has all led to the hypothesis that cation binding to CLIC1 causes a conformational
shift that releases the putative transmembrane domain allowing it to help assist in
membrane insertions. CLIC1 is also implicated in many cancers such as glioblastoma®®, lung

adenocarcinoma®’?, hepatocarcinoma’® and gastric carcinoma’?.
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8.9 Project Aims:

The aim of this project is to better understand the soluble structure and enzymatic activity
of the proteins GSTO1 and CLIC1 and to compare and contrast these homologues. Both
already have well-defined structures as they have been extensively studied using X-ray
crystallography as evidenced by the many crystal structures in the Protein Data Bank.
However, the structure of a protein in a crystal can be different to that of the same protein
in solute. When crystalised the proteins’ structure is completely static, for that reason
further structural analysis of GSTO1 and CLIC1 using other techniques such as Small Angle X-
ray Scattering and Nuclear Magnetic Resonance can help elucidate more information about
the protein, as they show the proteins structure in solute allowing the protein to be in a
dynamic state. This is important to know as this dynamic state is how GSTO1 and CLIC would
look in vivo. Furthermore, the NMR can be used to study the proteins dynamics which
cannot be inferred from a typical crystal structure or many other forms of experiments. This
can help us better understand the enzymatic activity of the proteins which is not as well
understood as its structure. Various computational techniques will also be used to
compliment the experimental data. As it is known that CLIC1 inserts into the membrane
and GSTO1 does not, any differences found in the structure may help better understand the
differences that must exist allowing CLIC1 to insert into the membrane. This is where a

current gap in the literature lies, and these experiments aim to help understand this gap.

Lucas Robley Dixon 23



9 Materials and Methods

9.1 Transformations:

1 pl of DNA was added to 10 ul of C43 cells and mixed with the pipette tip, then incubated
on ice for 15 mins. The mixture was then heat shocked at 42°C for 45 seconds, then
transferred immediately to ice for 5 minutes. 500 ml of Lb was added to the mixture then
transferred into a shaking incubator where it was left for 1 hour at 37°C. 250 ml of the

mixture was then transferred onto an agar plate with a ratio of 1/1000 antibiotic/LB.

9.2 Cell Growth:

GSTO1 and CLIC1 were both grown using ampicillin (AMP). A starter was made by
inoculating 50 ml of LB in a 200 ml conical flask with a colony from the transformation plate.
The starter was left to grow overnight at 37°C with AMP (1 ml/L). The starter was added to 1
L of LB and grown to an OD of 0.7 at 37°C in AMP (1 ml/L) in 2 L plastic conical flasks. Once
an OD of 0.7 was reached 1 ml of IPTG (1 ml/L) was added and left to grow in a shaking
incubator at 30°C overnight. The cells were then poured from the growth flasks into
centrifuge bottles and balanced within 0.1 g of each other. The cells were then spun down
at 6000rpm for 15 minutes at 4°C. The cells were always kept on ice when not being spun
down. The supernatant was poured away immediately after the cells had been spun down,
and the pellets resuspended in 100 ml lysis buffer. Finally, protease inhibitor was added to

the cells and flash frozen in liquid nitrogen for storage.

Lucas Robley Dixon 24



9.3 Protein Purification:

Lysis buffer —50 mM Tris, 150 mM NaCl, 1 mM DTT, pH 8
Wash buffer — Same as lysis buffer
Elution buffer — Same as lysis buffer + 500 mM imidazole

Dialysis buffer — 20 mM Tris, 150 mM NaCl and 1.5 mM CacCl, pH 8

The cells were thawed out and sonicated for 15 seconds on 15 seconds off for a total time of
20 minutes, the solution went from light brown to dark brown. The sonicated cells are then
placed in ultracentrifuge tubes and balanced to exactly 0.0 g difference. The cells were then
spun down at 45,000 rpm for 45 minutes at 4°C, once finished the supernatant was poured
into a falcon tube and kept on ice as the sample. Next the supernatant was run through a
nickel gravity column. To prepare the column it was first left to drain then 20ml water was
ran through and finally 20 ml lysis buffer was ran through. The sample (supernatant) was
run through the column and flowthrough collected in 50 ml falcon tubes. Next 20 ml of
wash buffer was run through (the first 5 ml was collected as flowthrough) then the rest
collected as wash. Finally, 20 ml elution buffer was run through and collected as elution. To
store the column 20 ml of water was run through then the column was stored in 20%
ethanol. A SDS page gel was run using the column samples to see where and if the protein
eluted. The protein was then transferred into a dialysis membrane and (1 U/ml) of thrombin
was added. The protein in the membrane was then added to 5L of dialysis buffer at 4°C and
left overnight. The cleaved protein was then transferred from the dialysis bag into a falcon

tube and kept on ice. Next a reverse nickel column was run using the cleaved protein. This
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means the flowthrough was collected as the sample as it contains the cleaved protein. The
column was run using the same method as day 1. Another gel was run to make sure the
protein was cleaved and eluted in the flowthrough. The cleaved protein, now with a
continuing a gh sequence and referred to as ‘wild type’ in the Thermofluor experiments,
was then concentrated down to ~10 mg/ml using spin concentrators at 4000 rpm at 4°C for
10 mins. The sample was then flash frozen in liquid nitrogen. The protein was thawed out

and then run through a SEC column.

9.4 Multiple sequence alignment:

The sequences of GSTO1 and CLIC1 were aligned using Clustal Omega with default
settings’?.

9.5 Structural alignment:

The structural alignment of GSTO1 and CLIC1 was carried out using their crystal structures
leem and 1kOm respectively. The alignment was performed using PyMOL’s align function’3.
Monomer A was deleted in CLIC1 along with all the water molecules. Glu-63 in monomer B
of 1kOm was mutated using PyMOL’s mutagenesis function into GIn-63, and rotamer 4 was
chosen as it had the least atom clashes. This was done as the crystal structure sequence

does not match to the uniport sequence.

9.6 SAXS:
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SAXS samples were collected on Beamline 21 in the synchrotron at Diamond light source.
GSTO1 samples existed between 10-20 mg/ml and were in 20 mM NaCl, 20 mM phosphate
5% glycerol pH 7.4. While CLIC1 samples existed between 10-20 mg/ml and were in 50 mM
Hepes buffer pH 7.4 with 5% glycerol. SEC-SAXS was implemented, and the SEC column
coupled with the SAXS was the KW-403 Shodex. The results were analysed using SCATTER

and fitted to the crystal structures using FOXES web server.

9.7 B Factor analysis:

B factors from GSTO1 (PBD ID:1eem) and CLIC1 (PBD ID:1kOm) were calculated using
Disulphide by Design v2.13 on default settings’. The individual B-factors for each residue
and a mean B-factor for the whole protein is displayed. The B Factors for each residue were
then plotted on a graph in Excel. Using PyMOL’s B Factor putty function a visual

representation was generated of both GSTO1 (PBD ID:1eem) and CLIC1 (PBD ID:1kOm).

9.8 Intramolecular bond analysis:

To compare the amount and type of bonds between GSTO1 (PBD ID:1eem) and CLIC1 (PBD
ID:1kOm) C and N-domains, and the loops that connects them Protein Interaction Calculator
(PIC interactions) was used’>. The crystal structures were uploaded in PBD format and run-
on default settings with all intramolecular interactions selected. These were then counted
and put into tables. As 1kOm contains monomer A and B duplicate interactions from

monomer A were not counted.
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9.9 Thermofluor analysis:

The Thermofluor samples were prepared by adding 2.5 pL of protein from an 100 uM stock,
10 pl of sypro dye from a 500x stock and 37.5 ul of reaction buffer to each well for a total
volume of 50 ul. Samples were pipetted into a clear 96 well thin-wall PCR plate and the
plate sealed with optically clear adhesive sheets. The Thermofluor assay was carried out
using an Applied Biosystems QuantStudio 5 Real-Time PCR System. Using the ROX dye
calibrations the detector, setting the passive reference at none and excitation at 485 nm
and emission at 570 nm. The temperature ramp was set to increase 1.5°C every 2 minutes

from 25°C to 99°C. Results were analysed using the QuantStudio 5 software.

9.10 NMR:

GSTO1 NMR samples were concentrated down to 100-250 uM in 20 mM NaCl 20 mM
Phosphate pH 7.4. CLIC1 NMR samples were concentrated down to 100-200 uM in HEPES
NMR buffer pH 7.4 and collected at 30°C on a Brunker spectrometer which operates at a 1H
frequency of 600MhZ. Samples were collected at 300 uL with 15 uL/5% D,0 added in
shigemi tubes. For GSTO1 a BTROSY-HSQC experiment was run and for CLIC1 a SOFAST-

HMQC experiment was run.

9.11 PEPTIDE SYNTHSIS AND PURIFICATION:

The peptide (SQLWCLSN) 1076.3 Daltons was dissolved in 0.1 M ammonium acetate, pH 8.0,

and glutathionylated by incubating with a 10-fold molar excess of oxidized glutathione for
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24 h at room temperature with constant stirring. Next a HPLC was used to purify the
saturated protein from the mix. This pure fraction of saturated protein was then lyophilized

using a vacuum pump then it could be redissolved as needed into the NMR sample.
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10 Results

The aim of this project is to better understand both the structure and enzymatic activity of
both GSTO1 and CLIC1. By using a variety of methods both computational and experimental
to try and uncover the differences between the two homologues crystal structures, as well
as the difference between their crystal structure and their structures in solution. In the hope

that the differences discovered may help explain how CLIC1 can insert into the membrane.

Chapter 1

10.1 Sequence and structural alignments of GSTO1 and CLIC1:

GSTO1 and CLIC1 have long been known to be structural homologues and both having the
ability to bind GSH. When CLIC1 adopts its soluble form, it assumes the same folds as a GST
protein. A multiple sequence alignment using Clustal Omega was carried out as shown in
figure 4. The alignment shows a high amount of conservation with 46 amino acids being
fully conserved, 42 amino acids having conservation between amino acids of strongly similar
properties and 27 amino acids having conservation between amino acids of weakly similar

properties. This is consistent with GSTO1 and CLIC1 being structural homologues.
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Figure 5: A sequence alighnment between Human GSTO1 and Human CLIC1.
(*) Indicates a single fully conserved residue, (:) indicates conservation between groups of amino acids with
strongly similar properties and (.) indicates conservation between groups of amino acids with weakly similar

properties.

As well as the sequence alignment a structural alignment was also performed as shown in

figure 6. This was carried out using the crystal structure 1eem of GSTO1 and the crystal

structure 1kOm of CLIC1 and the align function in Pymol. This alignment shows that the

crystal structure of GSTO1 and CLIC1 also have a high homology.
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Catalytic cystine residue
in the GSH binding site
-interacting with GSH

H9 helix

Figure 6: A structural alignment of GSTO1 and CLIC1.

A) Shows GSTO1 (PBD ID:1eem) shown in green and CLIC1 (PBD ID:1kOm) shown in red. This alignment shows a
high homology between the two structures. However, some clear differences can be noted such as CLIC1 negatively
charged ‘footloop” which is absent in GSTO1, and the positioning of the H9 helix. Both of which are labeled in the
figure above. The catalytic cystine residue found in the GSH binding site is also shown, C32 for GSTOland C24 for
CLIC1. B) Shows the same alignment rotated 180°.

Whilst the structural homology is high there are some notable differences, these included
CLIC1s negatively charged ‘footloop’ found between the helices H5 and H6. This loop while
not thought to have a role in binding is highly negatively charged containing 7 acidic
residues. It is also located spatially next to the loop linking CLICs two domains. This could
suggest a role in any conformational change. Another notable difference is that of the
positioning of the helix H9 which in GST forms the ‘lid’ of the H binding site. This H site in

CLIC1 is more elongated and open than in GSTO1, as can be seen in the figure above.
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10.2 Elucidating the in-Solution Structures and Conformational Dynamics of GSTO1 and
CLIC1 using SAXS:

As well as the computational sequence and structural alignment experimental SAXS data
was collected on both GSTO1 and CLIC1. Figure 7 A) shows a plot of the experimental SAXS
curve for GSTO1 shown in black, and the theoretical SAXS curve derived from the X-ray
crystal structure of GSTO1 (PDB ID:

leem http://www.rcsb.org/pdb/explore.do?structureld=1Z7E) shown in red. Figure 7 B)

shows a plot of the experimental SAXS curve for CLIC1 shown in black, and the theoretical
SAXS curve derived from the X-ray crystal structure of CLIC1 (PDB ID:

1kOm http://www.rcsb.org/pdb/explore.do?structureld=1Z7E).
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Figure 7: A graph showing experimental scattering data plotted against the theoretical SAXS curve
of the crystal structure.

A) Shows the theoretical scattering curve of GSTOLI crystal structurer (PBD ID: leem) in red against the experimental
scattering data of GSTO1 shown in black. Also shown is the Chi squared of the fit between the two. B) Shows the
theoretical scattering curve of CLICI crystal structure (PBD ID: 1kOm) in red against the experimental scattering data of
CLIC1 in black. Also shown is the Chi squared of the fit between the two.
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The chi squared for the fit of the scattering data to the crystal structure for A and B is
calculated and shown in figure 7 above. A chi squared score of 1 is seen as ideal for SAXS
data as anything below this likely means you are overfitting the data or the error estimates
are too large. Therefore (A) chi squared value of 1.26 means this data is a very good fit to
the x-ray crystal structure and the x-ray structure is likely to be what we would see in
solution. (B) shows a chi squared value of 5.14, this is a high chi squared score therefore the
fit of the data is not good and the crystal structure is likely to be not what we would see in

solution.

The P(r) is a distance distribution function and can be obtained via an indirect Fourier
transformation of the scattering data, and is used to determine the shape of a protein’s
envelope. Using the experimental data gathered two P(r) were created as shown in figure 8.

Figure 8 A) shows the P(r) plot of GSTO1 and B) shows the P(r) plot of CLIC1.

Composite Distribution Composite Distribution

\
\

/ \_

Q 0 5 10 15 20 25 30 35 40 45 50 S5 60 65 70 75 B 0 5 10 15 20 25 30 35 40 45 SO 55 60 65 70 75 80 85

P(r)
P(r)

r A rA

Figure 8: P(r) graphs for GSTO1 and CLICI.
A) Shows a P(r) graph of GSTO1. B) Shows the P(r) plot for CLIC1

Lucas Robley Dixon 34



The symmetrical bell-shaped curve on the P(r) plot shown figure 8 (A) would indicate that
GSTO1 is a globular protein. This would support the close fit of the experimental scattering
SAXS to that of the compact globular crystal structures of GSTO1. Interestingly CLIC1’s P(r)
plot as shown in figure 8 (B) is not a symmetrical bell-shaped curve and instead has a ‘tail’.
This would imply a certain amount of disorder in the protein and it not being as compact
and globular. The difference in shape of the P(r) plot, along with the high chi squared value
in figure 7 (B), would suggest that the in-solution structure for CLIC1 and GSTO1 are not as
similar as their crystal structure. This could help explain why the supposed homologues have

very different functions in vivo.

10.3 Measuring protein flexibility, subunit-subunit interactions and intramolecular dynamics

for GSTO1 and CLIC1:

To further probe the potential difference of the structure in solution some further analysis
was carried out using B factors. Simplified a B factor is the precision of an atoms position in
a crystal structure. The uncertainty can be due to disorder in the crystal when the
measurement was taken. B factors can therefore be used to indicate the flexibility of parts
of a protein. Shown below in figures 9 and 10 are the B factors for every amino acid in
GSTO1 and CLIC1. Stretches of amino acids with high B factors may indicate areas of the

protein functionally important to flexibility and therefore conformational change.
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Figure 9: A graph plotting all B factors for each amino acid in CLIC1’s (PBD ID:
1kOm) monomer A and B.

B factors for monomer A are shown in blue and for B are shown in orange. Regions of significantly
higher B factors are highlighted in green. The loop connecting the C and N-domains of CLIC1 is also
highlighted in red (residues 88-100). The mean B-factor of 1kOm is 10.152A2 as shown by the back
dotted line.

147-164 147-164
88-100

A

Figure 10: B factor visually displayed on CLIC1’s crystal structure (PBD ID: 1kOm).

A) Shows the B factor of each residue in monomer A of CLIC1 represented by thickness of the backbone
(the thicker the backbone the higher the B factor) and colour (red indicates a high B factor and blue
represents a low B factor.) B) shows the same for monomer B of CLIC1. Highlighted by a red box in both
A) and B) is the loop connecting the C and N-terminus, green boxes highlight other areas of high B factor
also highlighted in figure 9.
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Figure 9 shows the monomers A and B of CLIC1’s and the B factor for each residue. Areas of
notably higher than average B factor have been highlighted. Highlighted in red is 88-100
which is the loop connecting the C and N terminus, with the loop of monomer A having a
slightly lower B factor than that of monomer B. This is further visualised in figure 10 showing
the B factors on the crystal structure. The high B factor would indicate the area is likely
flexible and could be involved in the protein’s dynamics. The ‘foot loop’ region of monomer
B also has a B factor significantly higher than the average however, interestingly this is not
the case for monomer A. The inverse is true for loop between residues 41-61 with the B

factor being higher than average for monomer A but not monomer B.
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Figure 11: A graph plotting the B factor for each amino acid in GSTO1 (PBD ID: leem).
Regions of significantly higher B factor are highlighted in green. The loop connecting the C and N-
terminus is highlighted in red. The mean B factor of leem is 30.704A2 as shown by the black dotted line.

Lucas Robley Dixon 37



217-231

128-146
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Figure 12: B factor visually displayed on GSTO1’s crystal structure (PBD ID: 1eem).
The B factor of each residue is represented by the thickness of the backbone (the thicker the backbone
the higher the B factor) and colour (red indicates a high B factor and blue represents a low B factor).
Areas of above average B factor are highlighted in green boxes and the loop linking the C and N-
terminus is highlighted in a red box.

GSTO1’s average B factor is higher than that of CLIC1’s as can be seen in figures 8 and 10
however; this is likely due to the lower resolution crystal structure of GSTO1 (2.40A) in
comparison to CLIC1’s crystal structure (1.40A). The areas with the highest B factor in GSTO1
are highlighted in green in figure 11 and 12, these areas are not found to have a high B
factor in CLIC1. The loop linking the N and C-domains of GSTO1 highlighted in red (97-106)
has a lower average B factor than the same linking loop in CLIC1. Only two of the residues in
this loop, 99 and 100 have a higher-than-average B factor for GSTO1. The low average B
factor in residues 97-106 in GSTO1 would indicate it is not especially flexible and therefore

unlikely to assist in any major conformational change. The opposite however could be said
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for the loop linking CLIC1s C and N-domains with the high B factor and pivotal location

making it a potential candidate to explain the different shape CLIC1 adopts in solution.

NMR spin relaxation experiment for CLIC1:

While B factors can be useful in finding potentially flexible areas of a protein it is limited in
scope. Some of these limitations are it is only computational, it is based on the crystal
structure and the rate of exchange is not known, this means the timescale of the movement
is impossible to derive. Therefore, the difference between disorder and a slow
conformational shift cannot be determined. For this reason, an NMR spin relaxion
experiment was performed. By measuring the R1 (fast backbone movements picosecond to
nanosecond (ps-ns) timescale) and R2 (slower backbone dynamics in the microsecond to
millisecond (pus-ms) timescale) a R2/R1 ratio could be used to tell which residues had fast
motions and which had slow. Above the R2/R1 mean of the proteins indicates slow motions
potentially related to function whereas, areas below this average correlates to fast motions

related to disorder. This can be seen in figure 13 below.
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Figure 13: NMR spin relaxation of CLIC].

15N R2/R1 values of 250mM CLIC1 in PBS buffer, pH 7.4 plotted against their residue number. Areas above
or below the mean R2/R1 ratio of the protein are highlighted in blue. The data was taken from Dr Jose
Ortega-Roldan’s lab.

All the areas highlighted in blue above in figure 13 were also areas of interest in the B factor
analyse, figures 8-11. Residues 40-50 are highlighted in figure 9 as residues 41-61 in figure
10, the data in figure 13 shows experimentality in solution that this area does indeed move
and that it is an area of slow movement as the R2/R1 values are above that of the average
for the protein. Meaning it is potentially involved in a conformational shift. Residues 145-
165 are below the R2/R1 average value making it an area of fast movement, most likely
disorder of the backbone. Therefore, this area of the protein is less likely to be involved in
any large conformational shifts. Finally, residues 88-100 are shown as having an above
average R2/R1 ratio. This would line up with the B factor analysis predicting the flexibility

and show this area does exhibit slow movement. The fact this area does not have high
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predicted flexibility in GSTO1 as well as its prime location linking the C and N-domains

makes it a likely candidate for the difference in SAXS structure between GSTO1 and CLIC1

Intramolecular non-covalent bond and interactions analysis:

With the hypothesis that the loop between the N and C-terminus is facilitating a potential

conformational shift in CLIC1 but not in GSTO1 some further analysis was done to see if this

could be the case. An analysis on the amount and type of intramolecular non-covalent

bonds between the N and C-domains of CLIC1 in comparison GSTO1 was carried out in order

to shed some light on this.

Table 1: Intramolecular non-covalent bonds and interactions predicted in CLIC1 crystal structure
(PBD:1kOm).

Below shows predicted interaction in areas of interest of CLIC1 with focus on the interface between the N and C-domains.

CLIC1 Hydrophobic Main chain- | Main chain- Side chain- Cation Pi lonic Total
interactions Main chain Side chain Side chain interactions interactions
hydrogen hydrogen hydrogen
bonds bons bonds
AcrosstheN | g 0 7 11 1 2 30
and C-
domain
interface
N-domainto | 8 2 6 0 0 1 17
linker
C-domainto | 3 3 4 4 0 0 14
linker
Total 20 5 17 15 1 3 61
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Table 2: Intramolecular non-covalent bonds and interactions predicted in GSTO1 crystal structure
(PBD:leem).

Below shows predicted interaction in areas of interest of GSTO1 with focus on the interface between the N and C-domains.

GSTO1 | Hydrophobic | Main Main Side Cation Pi lonic Aromatic- Aromatic- Total
interactions | chain- chain- chain- interactions | interactions | Aromatic Sulphur
Main Side Side interactions | interactions
chain chain chain
hydrogen | hydrogen | hydrogen
bonds bons bonds
Across 20 0 16 15 2 4 2 1 60
the N
and C-
domain
interface
N- 7 1 4 4 0 1 1 0 18
domain
to linker
C- 4 4 4 4 0 1 0 0 17
domain
to linker
Total 31 5 24 23 2 6 3 1 95

As shown above in tables 1 and 2 GSTO1 has double the total amount of intramolecular

non-covalent bonds between subunits than CLIC1 has. This includes 20 hydrophobic

interactions to CLIC1s 9, 15 main chain-side chain hydrogen bonds to CIC1s 7 and 4 ionic

interactions to CLIC1s 2. GSTO1 also has aromatic-sulphur and aromatic-aromatic

interactions that are not predicted in CLIC1. The higher number of interactions between the

domains in GSTO1 does fit with the hypothesis that GSTO1 is globular and has minimal

movement between domains whereas, CLIC1s 88-100 loop is facilitating a conformational

shift between the domains.
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Thermofluor analysis:

The fewer intramolecular non-covalent bonds and interactions between the two domains of
CLIC1 in comparison to GSTO1 as shown in the tables above, as well as the less globular
shape suggested by the SAXS data should mean that CLIC1 will denature at a lower
temperature than GSTO1. To test this, we measured the Tm or melting point of both
proteins. A thermofluor stability assay using spyro orange dye was used to measure the Tm.
Sypro orange is a dye that exhibits fluorescence when it binds to hydrophobic surfaces.
Using a QPCR machine the protein is slowly heated up until denatured. As the protein
unfolds the dye starts to bind to the hydrophobic areas that are becoming unravelled, and
the fluorescence increase is measured by the QPCR. The Tm can be extrapolated when the

fluorescence reaches its peak. Below are the melt curves of both CLIC1 and GSTO1.

Melt Curve Plot
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Temperature (°C)

CONTROL. Il CONTROL B/W I TAGGED/B./D/ Il TAGGED/B/D Il TAGGED/B/D. Il WILD./MET/B/D

B wWiLD/1 ul cacl/e/D I WILD/1UL CcaCl/e/D. Il WILD/2UL Cacl/B./D [l WILD/2 ul CaCl/B/D WILD/2 UL CaCl/B/D.. [l WILD/4 ul CaCl

Figure 14: Shows the Thermofluor melt curve plot for soluble wild type CLIC1 and un-cleaved His-

tagged CLICI.
Un-cleaved and wild type CLICI are indicated by colour code.
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Melt Curve Plot
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Figure 15: Shows the Thermofluor melt curve plot for GSTOLI in various buffers.
Individual buffers for GSTOL1 are indicated by colour code.

As shown above in figures 13 and 14 GSTO1 has a Tm of between 60-62°C whereas CLIC1
has a Tm of 56-58°C. Such a large difference in Tm as well as the rest of the data we have
gathered such as the fewer number and type of intramolecular interactions shown in tables
1 and 2, the less globular shape the SAXS data predicts in figures 1 and 2, and finally the
evidence of slow movement indicative of function gathered from the CLIC1 NMR spin
relaxation experiment. These all point towards the theory that the crystal structure for
CLIC1 with the extremely high homology for GSTO1 is incorrect and is not the conformation
CLIC1 adopts in solution. Another point of interest in figure 15 is the double transition CLIC1
goes through while denaturing and the fact it does not go through this transition when the

His-tag is left un-cleaved.
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Chapter 2:

The next step after analysing CLIC1 and GSTO1 structural homology was to compare the
protein dynamics of both while binding to a ligand. GSH is a ligand both GSTO1 and CLIC1

bind with and therefore was used for comparison.

10.4 Comparison of the GSH binding site on GSTO1 and CLIC1:

Solution NMR can be used to determine the regions affected by binding in proteins.

To observe the interaction between GSTO1 and GSH a titration monitored by NMR was
carried out. A BEST TROSY HSQC NMR experiment was collected in the absence and
presence of GSH. A TROSY HSQC experiment was chosen as GSTO1 in solution is a relatively
large molecule for NMR at a 55kD dimer, and as shown above very globular. These two
factors result in GSTO1 ‘tumbling’ slowly in solution therefore, to obtain the best results a
TROSY HSQC was the most suitable NMR experiment. Using a 15N-labelled sample of GSTO1
and starting at a molar ratio of 0 GSH the spectrum was recorded. After each run the molar
ratio of GSTO1 to GSH was increased by 0.25 until a molar ratio of 2 was reached. This was
when we deemed when the GSTO1 was most likely fully saturated as no further shift of the

backbone resonance was observed. The titrations can be seen below in figure 16.
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GSTO1 titration with glutathione (GSH)
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Figure 16: BEST TROSY HSQC spectra of GSTO1 at 181uM, 308K, pH 7.4, 20mM
NaCl, 20mM Phosphate.

Three spectra aligned and overlayed with each other. A 0 molar ratio of GSH in red, a 1 molar ratio in
green and a 2 molar ratio in black.

Figure 16 above shows three BEST TROSY HSQC experiments overlayed, with GSH at a molar
ratio of 0, 1 and 2. As evidenced by the magnified peaks highlighted in the green boxes
there is a clear chemical shift when GSH is titrated into the sample, meaning GSTO1 is
binding to GSH, and this is causing changes in the chemical environment around a subset of
peaks in the protein. Unfortunately, we are unable to determine the residue number of the
peaks that are shifting as the assignment of GSTO1 could not be completed due to the data

not being of high enough quality.
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To observe the structural shifts of CLIC1 binding GSH the same titration was carried out.

However, this time a SOFAST HMQC NMR experiment was run instead of a TROSY HSQC due

to its increase sensitivity and a molar ratio of 3 was reached. The results of this can be seen

in figure 17 below.

CLIC1 titration with glutathione (GSH)
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Figure 17: SOFAST spectrums of CLIC1 at 181uM, 308K, pH 7.4, 20mM NaCl,
Phosphate 20mM.

Two spectrums aligned and overlayed with each other. A 0 molar ratio of GSH in red and a 3 molar ratio
in black.

Figure 17 above shows three SOFAST experiments overlayed, with GSH at a molar ratio of 0

and 3. As can be seen in figure 17 above there is less shifting of residues in this titration and

more of residues changing in intensity Unlike GSTO1 we do have assignments for CIC1

meaning we can assign each chemical shift on the spectrum to a residue in the backbone

and therefore identify exactly which residues and therefore areas of the protein are

undergoing a conformational change. This is visualised in figure 18 below showing the
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chemical shift in ppm for each residue in CLIC1 when bound to GSH. In figure 18 the most
shifted residue is V74 which shifted 0.177ppm, this is significantly above the mean shift for
the assigned residues of 0.004ppm indicated by the yellow line in figure 18 below. V74 is
further visualised in figure 19 in red and can be seen to sit in the binding pocket. Residue

F69 is the next most shifted residue 0.04ppm.

CSP (ppm)
o
|
T

0 50 100 150 200 250
Residue number

Figure 18: Chemical shifts (ppm) plotted against amino acid number for CLICI.
A graph showing the chemical shift in ppm for each residue in CLIC1 after GSH was added to the
solution. The yellow line indicates the mean chemical shift for assigned residues (0.004ppm).

The chemical shifts from figure 18 were then visualised on the CLIC1s x-ray crystal structure

(PBD:1kOm) as shown in figure 19 below
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Cystine 24

A B

Figure 19: A visual representation of chemical shift in CLIC1’s (PBD:1kOm) amino acids when
binding to GSH.

A) Shows chemical shifts (ppm) greater than 0.05 are shown in red, 0.02 in orange, 0.00 in green and areas of 0
chemical shift are shown in blue. The grey arrow points to the cystine 24 which binds GSH. B) shows the same
model but rotated 180.

Residues that shifted greater than 0.05 ppm are shown in red, 0.02 in orange and 0.00 in
green. CLIC1 as stated in the introduction is known to bind GSH via the conserved cystine 24
residue. This cystine sits in a binding ‘pocket’ in CLIC1 as shown in the diagram above, this
pocket displays a high amount of chemical shift when GSH binds. However, there are
significant amounts of chemical shift throughout the protein even in areas not in close

proximity to this binding site.
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10.5 Analysis of GSTO1 GSH binding site when complexing with GSH saturated peptide:

In vivo GSTO1 is thought to have a role in the glutathione cycle more specifically
deglutathionylating cystines ‘capped’ with GSH and stated in the introduction. Meaning
GSTO1 does not interact with free GSH in cell but GSH attached to compounds. For this
reason, an experiment was derived to see if GSTO1 not only interacts with the GSH but also
potentially has an interaction with the compound GSH is attached to. A small polypeptide
(SQLWCLSN) was saturated with GSH to produce (SQLWCEHLSN). Then the same titration
used in the first part of this chapter was carried out. The results of which can be seen below

in figure 20.

GSTOL1 titration with peptide saturated with glutathione (GSH)
&
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BTROSY spectrums of GSTO1 at 145uM 308K

Figure 20: BEST TROSY HSQC spectra of GSTOL1 at 145uM, 308K, pH 7.4, 20mM NaCl,
20mM Phosphate.

Two spectra aligned and overlayed with each other. A 0 molar ratio of GSH in red, a 1 molar ratio in black.
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Here we see some peak shifting and intensity change but this time some of these
resonances are in slow exchange. Unfortunately, due to the lack of assignment we cannot
compare the titration data of GSTO1 with free GSH and the peptide saturated with GSH to
see if there are any residues shifting more or less, or any extra residues shifting as we don’t

know which peaks correspond to which residues due to the lack of assignment.

Lucas Robley Dixon 51



11 Discussion

CLIC1 has long been known to be a structural homologue of GSTO137, the CLIC family of
proteins are also known to be metamorphic and able to insert into the membrane and
oligomerise to form an ion channel**%>, GSTO1 does not have metamorphic properties and
only exists in a soluble form, it does however have strong enzymatic properties which CLIC1

lacks!037

. The aim of this project using both computational and experimental analysis is to try
and better understand how to CLIC1 can have these vastly different functions to GSTO1

despite the high homology.

11.1 Differences in X-ray crystal structure:

The sequence alignment done in figure 5 shows a relatively low sequence identity at 19.1%
however, many the amino acids that are not fully conserved are either strongly or weakly
conserved via their properties. This is evidenced by the very high homology in the X-ray
crystal structure alignment shown in figure 6. The overall structure is clearly the same with
both having a C-domain full of alpha helixes and a N-domain containing the thioredoxin-like
domain and the catalytic cystine residue C32 for GSTO1 and C24 for CLICI. Despite these
overarching similarities there are some intresting disparities found in the crystal structure
which could explain the very different function of the two proteins. Two of the major
differences being the proline rich ‘footloop’ and the shifted H9 helix, both of which will be

expand upon further below.
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11.2 Elucidating the in-Solution Structures and Conformational Dynamics of GSTO1 and

CLICI using SAXS:

The SAXS experiments performed to try and gain insight into the in-solution structures
provided some interesting results. When looking at the crystal structures for GSTO1 and
CLIC1 they appear extremely similar as would be expected of structural homologues.
However, looking at the SAXS data shown in figure 7 it is clear that while GSTO1’s in-
solution structure matches that of its crystal structure with a chi squared score of 1.26 for the
fit. The same cannot be said for CLIC1 which has a chi squared score of 5.14. This suggests
that the crystal structure for CLICI is not the shape it is adopting in-solution. This is
compounded by the results from figure 8 showing a P(r) plot of both proteins. As has been
stated above GSTO1’s bell shaped curve which is indicative of a globular protein supports
the shape of its crystal structure CLIC1’s does not. The P(r) plot for CLIC1 has a ‘tail’
implying a certain amount of disorder in the protein, something not commonly found in
globular proteins. This disorder is shown in the B factor analysis figures 8-11 where CLIC1
has higher disorder in certain key areas of the protein such as the ‘footloop’ than GSTO1. It is
also shown in the NMR spin relaxation experiment that the ‘footloop’ (residues 41-61)
disorder is not fast backbone movements (ps-ns) but slow backbone movements (us-ms).
These slow movements are often associated with conformational change. Therefore, one
explanation for the difference in in-solution structure could be this ‘footloop’ providing the

flexibility for CLIC1 to change shape in-solution and GSTO1 remaining globular.
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11.3 Structural disorder and intramolecular bonding in GSTO1 and CLIC1:

B-factor analysis of both GSTO1 and CLIC1 shows areas of higher disorder in CLICI.
Although the average disorder in GSTOI is greater, this is due to the lower resolution X-ray
crystal structure. Figures 8 and 9 show these areas of high disorder in CLIC1 particularly
residues 41-61, 88-100 and 147-164. The same areas do not exhibit the same disorder in
GSTOL1 as shown in figures 10 and 11. The NMR spin relaxation experiment showing
CLIC1s backbone movements (figure 13) experientially backs up the B-factor analysis and

shows these same areas of disorder are conserved when the protein is in-solution.

As well as having areas of higher disorder CLIC1 also has fewer intramolecular bonds
between its two domains the C and N-domain. This can be seen in tables 1 and 2 showing
CLICI having half the amount of intramolecular bonds (30) that GSTO1 possesses (60).
CLICI also has two fewer types of interactions as well lacking both the Aromatic-Aromatic
interactions and Aromatic-Sulphur interactions that GSTO1 has. The Thermofluor
experiments carried out also experimentally back up the intramolecular bond analysis,
showing GSTOI1 to have a higher Tm (60-62°C) than that of CLIC1 (55-58°C) (figures 14
and 15) as with fewer intramolecular bonds holding the two subunits together it takes less
energy to denature CLIC1 and therefore the Tm is lower. One interesting thing to note from
figure 14 and 15 is the difference between GSTO1, un-cleaved CLIC1 and cleaved CLCls
transition peaks. CLIC1 with a cleaved his-tag has two transitions peaks whereas, un-cleaved
CLIC1 and GSTO1 only has one. It is known that the his-tag being left on CLIC]1 stops
oligomerisation and membrane insertion. Therefore, potentially the two transition peaks we
are seeing in figure 14 are one for the CLICI in its soluble state resembling GSTO1 and

another for the conformation that the SAXS data is suggesting.
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The fewer intramolecular interactions combined with the higher disorder in certain areas of
CLIC1 would allow for more flexibility in the protein, potentially allowing it to shift from the

globular X-ray crystal structure, which CLIC1 must do before it inserts into the membrane.

11.4 Comparison of the GSH binding site on GSTO1 and CLIC1:

Figures 15 and 16 are of NMR titration experiments showing GSTO1 and CLIC1 complexing
with GSH as evidenced by the clear shifting of peaks and changes in intensity when GSH is
titrated into the sample. Visually from the spectra GSTO1 appears to have both a greater
number of peaks shifting and this shifting being of higher ppm than CLIC1. This aligns with
the knowledge that GSTOL1 is an enzyme that binds GSH as its substrate, and CLIC1 is not
known to have these same strong enzymatic properties. Unfortunately, due to the lack of
assignment of GSTO1 we cannot directly compare these two data sets as we cannot know

which exact residues are shifting in GSTO1 and by how much.

Whilst we do not have GSTO1 assigned we do have CLIC1 assigned. This means we can see
exactly which residues in CLIC1 shifted when GSH was added and how much they shifted.
The shift in ppm for each residue in CLIC1 can be seen in figure 18 and is visualised in the
crystal structure 1kOm in figure 19. These figures show the greatest amount of chemical shift
around the binding pocket where cysteine 24 interacts with GSH however, there are
significant amounts of chemical shift all over the protein.

Figure 20 shows an NMR titration of GSTO1 with GSH saturated peptide. The aim of this
experiment was to look for differences in peak shifting between GSTO1 binding free GSH

and binding GSH bound to a peptide. The hope was to see if there were any allosteric binding
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sites on GSTO1 where the peptide may interact. Again, unfortunately due to the lack of
assignment we cannot directly compare the peak shifting of the two experiments shown in
figure 16 and 20, to see if the same residues are shifting the same amount or if there are any

new areas of chemical shift.

11.5 The Footloop hypothesis:

One of the main differences in structure is the ‘footloop’ connecting the two domains in
CLICI1 and GSTOL1. This ‘footloop’ is found between helixes HS and H6 and in CLICI is
greatly elongated compared to GSTO1. Interestingly the B-factor analysis shown in figures 8
and 9 of this loop showed a high above average B-factors for this loop in CLIC1, indicating it
as an area of high flexibility due to disorder in the crystal structure. When the same analysis
was done on the loop connecting GSTO1’s two domains shown in figures 10 and 11 it was
not found as an area above the average B-factor and therefore was not indicated as an area of

high flexibility.

Whilst B-factors can give good insight into areas of potential flexibility in proteins it is
computational and therefore not experimental data. The NMR spin relaxation experiment
shown in figure 13 supports the computational data of the B-factors, as in previous studies
areas with a hinge bending motion generally have a slow backbone movement at the
microsecond to millisecond (pus-ms). This can be seen in figure 13 with the ‘footloop’, giving
more weight to the hypothesis that the ‘footloop’ connecting CLIC1’s two domains could act
as a hinge allowing for conformational shift. This could explain how GSTO1 is a globular
relatively static enzyme and CLIC can undergo conformational changes and insert into the

membrane despite the seemingly high structural homology. An interesting thing to note that
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in the literature proline rich loops such as the ‘footloop’ in CLIC1 normally have high

rigidity, CLIC1 appears to be an exception to this.

The hypothesis of the ‘footloop’ acting as a hinge is further supported by the intramolecular
bond analysis. Tables 1 and 2 shows the total number of interactions between the two
domains in both CLIC1 and GSTO1. GSTOI has double the total amount of intramolecular
interactions between the two subunits as well as two extra types of intramolecular
interactions. This would be consistent with GSTO1 being a globular enzyme in the solute and

CLIC1 have the ability to undergo conformational change and insert into the membrane.

The Thermofluor analysis shown in figure 14 and 15 displays GSTO1 having a Tm of 60-
62°C which is higher than CLIC1’s Tm of 57°C. This reinforces the computational
intramolecular bond analysis as you would expect less bonding between the subunits to lower
the Tm of the protein. This lowered Tm makes senses in the context of a less globular and
more dynamic protein, as more dynamics requires more freedom in terms of movement in the

backbone therefore a greater density of bonds in a protein is disadvantageous to this.

11.6 The H9 helix hypothesis:

The other major difference in crystal structure between GSTO1 and CLICI is the shifted H9
helix. This helix forms as the ‘lid” of the H binding site, in CLIC1 the H site is more
elongated and open than in GSTO1 hence why the H9 helix is shifted as shown in figure 676.

It is known that CLIC1 can bind cations such as Zn*" and Ca?" and in insect homologues of
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CLIC1 this site is found overlapping the GSH binding site of GSTO1¢’. One reason for this

shift in the H9 helix could be to allow for this cation binding site.

11.7 Limitations:

A triple labelled backbone assignment NMR experiment was attempted for GSTO1. This was
unsuccessful as GSTOL is a large 55kDa dimer in solution, it is also very globular. These
characteristics make GSTO1 a difficult protein to study using NMR due to a slow tumble and
very slow exchange in the centre of the protein. With a few more months I believe that high
enough quality results could have been achieved to successfully perform the assignment. The

lack of this data severely affected comparisons we could conduct with out titration data.

11.8 Further research:

Obtaining the assignments for GSTO1 would allow for greater comparison between GSTO1
and CLICls interactions with GSH and general enzymatic activity. As there is evidence for
cation binding causing the conformational shift allowing CLIC1 to insert into the membrane,
a similar NMR titration experiment could be carried out for CLIC1, but instead of using GSH
as the ligand a cation such as Zn?" could be used. This titration could then be compared to
GSTOI1 and CLICls titration with GSH. If the cation binding does cause a conformational
shift in CLIC]1 these areas will show on the CLIC1 titration with Zn** but not on GSTO1 or
CLICls titration with GSH as this complex does not cause insertion into the membrane.
These areas of the protein could be further studied to try and understand more about the

mechanism of CLIC1 membrane insertion.
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12 Conclusions

In summary from the data gathered it is clear that while GSTO1 and CLIC1s X-ray crystal
structures are very similar this changes when both proteins are put into solution. While
GSTO1 X-ray crystal structure is indicative of its in-solution structure CLICl1s is not, the
SAXS data shows CLIC1 does not adopt this globular structure but instead something more
disordered. This different shape is likely facilitated by the extended proline rich ‘footloop’
found in CLIC1 which may act as a hinge allowing for conformational change. This would fit
with the current literature as CLIC1 is a metamorphic protein and is known to adopt two
distinct structures. Furthermore, the shifted H9 helix could be to accommodate a cation
binding site in CLIC1. The enzymatic differences between the two proteins are less clear due
to the lack of assignment in GSTO1 stopping direct comparison of chemical shift in the
protein. However, looking at the spectra visually there are some clear differences which

could be confirmed once the assignment has been obtained.
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