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Abstract

V-ATPases play an important role in the acidification of intracellular compartments such

as lysosomes, endosomes, Golgi complexes and secretary granules. The V-ATPases are
composed of at least 14 separate gene products, with many of these subunits present in multiple
isoforms. The proposed subunit stoichiometry of V1 is As:B3:C:D:Es:F:Gs:Hi (1). The integral
Vo domain contains six different subunits in a stoichiometry of a:d:cs-s:c’:c”:e. V-ATPases exist
in a dynamic equilibrium between fully assembled complexes and reversibly disassembled V1
and Vo subcomplexes. Depending on the energy status of the cell, this equilibrium can be rapidly
shifted (2). Vacuolar ATPases use the energy derived from ATP hydrolysis, catalyzed in the
AsB3 sector of the V1 ATPase to pump protons via the membrane-embedded Vo sector. The
energy coupling between the two sectors occurs via the so-called central stalk, to which subunit
F belongs. In the present study, the low resolution structure of recombinant subunit F (VMA7p)
of the eukaryotic V-ATPase from Saccharomyces cerevisiae has been analyzed by small angle
X-ray scattering (SAXS). The protein is divided into a 5.5 nm long egglike shaped region,
connected via a 1.5 nm linker to a hook-like segment at one end. Circular dichroism
spectroscopy revealed that subunit F comprises of 43% a-helix, 32% B-sheet and a 25% random
coil arrangement. To determine the localization of the N- and C-termini in the protein, the C-
terminal truncated form of F, Fi-94 was produced and analyzed by SAXS. Comparison of the F1-94
shape with the shape of the entire subunit F showed the missing hook-like region in Fi-4,
supported by the decreased Dmax value of Fi-94 and indicating that the hook-like region consists
of the C-terminal residues (3). The NMR solution structure of the C-terminal peptide, Foo-116, Was
solved, showing an a-helical region between residues 103-113 (3). The Foo-116 solution structure
fitted well in the hook-like region of subunit F (3). In order to understand the structural features
of Fi-94 at the atomic level, X-ray crystallography was performed. The crystal structure of Fi-94
reveals a Rossmann fold with alternating p-strands and a-helices (4). Elliptical shaped Fi-94 has
four B-strands which are surrounded by four a-helices. Fi-94 contains two important loops
spanning between al-B2 (26GQITPETQEKSs) and a2-B3 (s0ERDDIes) which are present only in
eukaryotic F subunits. Multiple sequence alignments of subunit F show that the sscERDDIs4 loop
is highly conserved among the eukaryotic V-ATPases (4). NMR spectroscopy of the entire
subunit F confirmed the secondary structural features of the crystallographic structure Fi-94 in
solution as well as the C-terminal peptide, Foo-116. The heteronuclear NOE experiment shows that
subunit F has a rigid core in the N-terminal domain, whereas al and a5 are more flexible in the
solution (4). To understand the cross-talk between central stalk subunits with the neighboring
subunits, a DF-heterodimer was generated. The DF-heterodimer binds to subunit d with a

dissociation constant (Kq) of 52.9 uM as determined by ITC experiment (4). The DF-heterodimer
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yielded crystals with a dimension of 0.13 mm x 0.10 mm x 0.04 mm, which diffracted maximum
to5A.
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1.1 Overview on eukaryotic ViVo ATPases (V-ATPases)

Chemical energy is very important for various vital cellular tasks, generally for
metabolism purpose, transport of required substances as well as for various mechanical work
like muscle movement. ATP is the major source of energy of all living cells. Chemical energy
of ATP is stored in high potential phosphoanhydride bonds and removal of terminal
phosphate during ATP hydrolysis liberates energy. Whenever the cell requires energy, ATP
becomes converted to ADP+Pi by different ATPases. The vacuolar ATPase is one of them
and is responsible for pH homeostasis and is involves in various important cellular events. V-
ATPases are multi-subunit complexes which have a membrane bound region acting as a
proton pump, thereby generating proton gradient across the transmembrane by using chemical
energy released after the hydrolysis of ATP (1,2). Generally in eukaryotic cells, the V-
ATPases are present in endomembrane systems, in some cases they are also present in the
plasma membrane. V-ATPases acidify different subcellular organelles to maintain their
activity like endosomes, lysosomes, Golgi-derived vesicles, synaptic vesicles, the plant
vacuole, and chromaffin granules (3-5). Due to the acidification property, the enzyme
involves in some crucial activities like endocytosis regulated by receptors, regulation of
apoptosis and secretion of neurotransmitter etc. (6,7). The endocytic trafficking regulated by
V-ATPase is complicated. As shown in figure 1.1, upon internalization at the plasma
membrane, molecules pass through different endocytic compartments which have
progressively decreasing pH. The pH of endosomal compartments is maintained by V-
ATPase, which pumps protons into the lumen. In early endosome, the V-ATPase interacts
with ADP-ribosylation factor-6 (Arf6) and ADP-ribosylation factor nucleotide site opener
(ARNO). The process dependents on the intra-endosomal pH (8). Bafilomycin (Baf) inhibits
V-ATPase activity, leading to the blockage of endocytic trafficking at early endosomes.
During this blockage recruitment of endosomal COPI coat (eCOPI), which is depended on
ARF1, is hampered. It also affects endosomal carrier vesicles (ECVs) formation (9).
Transport of molecules in different compartments is controlled by ARF1 and ARF®6.
Molecules, which are not to be degraded, are recycled by recycling endosome regulated by
ARF6 and transferred to plasma membrane (9). In lysosomes, the substrate degradation is
carried out by cathepsins, which are synthesized in the trans-Golgi network. The activity of
cathepsins depends on a low pH environment. Newly synthesized cathepsins are supplied to
late endosome by mannose-6-phosphate receptor (MPR) as a carrier followed by the release
of cathepsin in lysosome which then degrades the substrates (Figure 1.1).
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Figure 1.1: Roles of V-ATPases in substrate internalization (modified from Recchi and Chavrier, 2006 and
Nishi and Forgac, 2002) (5,9). ARF1: ADP-ribosylation factor-1; ARF6: ADP-ribosylation factor-6; ARNO:
ADP-ribosylation factor nucleotide site opener; Baf: Bafilomycin; eCOPI: endosomal COPI; MPR; mannose-6-
phosphate receptor

Besides acidification and membrane trafficking, V-ATPases function as pH sensors in
renal proximal tubular cells (10). In normal physiological condition, the V-ATPase maintains
the pH of renal tubule. Maintenance of pH for sperm maturation and keeping sperms in
immotile state during its passage through vas deferens and epididymis are also few of the
functions that can be ascribed to ViVo ATPases (Figure 1.2A) (2,4,11-13). In higher
organisms, V-ATPases can be located in the plasma membrane of renal intercalated cells and
bone osteoclasts. Here, the enzyme pumps protons to the space outside of the cell through the
plasma membrane, thereby functioning for example in urine acidification and bone
remodeling (Figure 1.2B-C) (14).
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Figure 1.2: Physiological roles of V-ATPases. (A) V-ATPase maintains the pH in epididymal lumen, which
helps in the maturation and viability of the sperm. (B) Maintenance of pH in renal tubular lumen by V-ATPase.
Some certain mutations in subunit a4 or B1 isoforms increase acid secretion in distal tubule or collecting duct
creates renal acidosis. (C) V-ATPase is essential for bone resorption (modified from Nishi and Forgac, 2002)
(5,15).

Vacuolar ATPases are also essential components of lepidopteran insects such as the
tobacco hornworm (Manduca sexta) larva and mosquito (Aedes aegypti) larva midgut. V-
ATPase is responsible for the high alkalinization of the tobacco hornworm midgut. Proton
motive force generated by V-ATPase activates, K*/H" antiport in midgut and leads to high
alkalinization with a pH higher than 11 (16-18). It has been proposed that high midgut pH in
the insects helps in the breakdown of dietary tannins for their easier absorption (18). In
another study, it was proved that clathrin-coated vesicles obtained from calf brain contain a
proton pump, which utilized Mg* and ATP to generate proton motif force. It has been
observed that the low pH generated by proton pump inside the vesicle is required for
dissociation of receptor-ligand complex and delivered to lysosomes degradation (ligand) or
recycled-back to the plasma membrane (receptors) (19). Synaptic vesicles take key
responsibility during the neuronal transmission at the nerve terminals. It stores
neurotransmitters followed by controlled exocytosis into the synaptic cleft. Among the
various factors, responsible for the neurotransmitter accumulation in the synaptic vesicles, the
generation of electrochemical gradient of protons mediated by the VV-ATPase is crucial (20).
Neurotransmitters are accumulated in synaptic vesicles, located at the nerve endings, and the
V-ATPase has a prominent role in this accumulation process. Proton translocation against the
electrochemical gradient leads to the transportation of neurotransmitters through the
exchangers (antiporters) (Figure 1.3). When the presynaptic vesicles are docked to the
synaptic membrane, neurotransmitters are released via membrane fusion channels, formed by

the merging of two opposing Vo domains of V-ATPases (21). Under such conditions, free Vo
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sectors are generated by established regulatory phenomenon of reversible disassembly, where
soluble V1 domain dissociates from membrane Vo sector to inhibit V-ATPase activity
(2,22,23).
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Figure 1.3: Energy coupling of uptake of transmitter by synaptic vesicles (modified from Nishi and Forgac,
2002; Morel, 2003 and Moriyama et al., 1992) (5,6,20).

Recently, a diverse and unexpected function of V-ATPases in the left-right symmetry
during the development in Xenopus has been reported (24). This mechanism is seen as an
early upstream event in the process of development and is conserved in zebrafish (24). In one
recent study, it has been reported that V-ATPase has also a role in Wnt signaling
(nomenclature of Wnt is derived from the combination of Drosophila wingless (w) and the
mouse homolog Intl (nt) proteins (25)). Wnt/b-catenin signaling considered as a vital process
in embryonic development, stem cell biology and even different diseases including cancer.
During early central nervous system development of Xenopus, Wnt signaling is important for
anterio-posterior patterning which is mediated by V-ATPase (26). V-ATPases are involved in
different kind of crucial pathophysiology like cancer and diabetes (27-29). In one study, it has
been shown that inhibition of V-ATPses lead to S-phase cell-cycle arrest and triggers
apoptosis in cancerous epithelial cells (30). Acidity of extracellular compartment is an
important factor in the cellular invasiveness, tumor proliferation and metastasis (28,29). It has
been reported that in the metastatic state, cancerous cells have high density of V-ATPases
compared to the cells that exhibit low metastatic rate. The V-ATPases are important
regulators of intracellular pH in tumor cells, which have acidic cytosols due to high glycolytic
rate (28). In the highly invasive cells, other than intracellular compartments, V-ATPase is
over-expressed and translocated to the plasma membrane. Excessive expression of the plasma

membrane V-ATPase gives the cells an edge in the increased proliferation and metastatic
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activity (29). It has been studied that in a V-ATPase-transfected yeast cell model, the pHeyt
increased, because of the overexpression of proton pumps on the cell membrane causing cell
proliferation and finally leads to tumorigenesis (31). Since cellular acidity is associated with
apoptosis (32,33), this is triggered in many mammalian cell types due to the inhibition of V-
ATPase (34). It has been reported that in poorly metastatic and angiogenic cells from diabetes
mellitus model exhibit decreased plasma membrane V-ATPase and also reduced cell
invasivenes (29). It is also reported that V-ATPase is involved in multi-drug resistance
(MDR) (Figure 1.4) (28,35). Anti-cancer drugs like doxorubicin generally gets efflux by the
cells due to the self defense mechanism, which can be inhibited by blocking the activity of V-
ATPase (28). In cancerous cells, pH is always low because of high metabolism. During this
time, V-ATPases are accumulated in plasma membrane and efflux proton from cells and
subsequently increase the pH. As acidic pH is a critical factor to trigger cell death, inhibition
of V-ATPase by specific inhibitors such as bafilomycin A1 causes cellular apoptosis (36-38).
Apoptotic death of neutrophils under in vitro culture condition is reported. Incorporation of
G-CSF (Granulocyte Colony Stimulating Factor) can delay apoptosis via a mechanism which

is involved in the up regulation of V-ATPases (33).

Figure 1.4: An example of multi drug resistance in cancer cells. where drug becomes inactivated followed by
pump out from the cell (modified form Daniel et al., 2013) (35).
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1.2 Structural features of eukaryotic V1Vo ATPase from S. cerevisiae

V-ATPases have mechanistic and overall structural similarities to FiFo- and AiAo ATP
synthases; however, they have remarkable diversities in subunit composition, functioning as
well as modes of regulation (12). ViVo-ATPases are solely ATP dependent proton pumps, in
contrast to F/A-type ATP synthases, which
produce ATP at the expense of ion motive force
(imf) under physiological conditions in
eukaryotes and archae, respectively (12). Also,
V-ATPases are regulated by reversible
disassembly phenomenon, causing dissociation
of ViVo ATPase into the individual V1 and Vo
sectors, in response to various conditions for
example glucose deprivation (23). This unique
feature of ViVo ATPase was first observed in
the internal membrane of yeast cells and apical
membrane of Manduca sexta intestine (23,39).
Later on it has been demonstrated that this

reversible disassembly is very important for the

Figure 1.5: Modified schematic diagram of V-
ATPases (12). ATP hydrolysed by Vi catalytic

dendritic cells (40). Such regulatory mechanism  domain of V-ATPase producing energy, which is
used to transport ion to the cellular compartment

is absent in the A- and F-ATP synthases. V1Vo  across the membrane.

regulation of lysosomal acidification of the

ATPase of S. cerevisiae is composed of a ~570 kDa water-soluble hydrophilic V1 ATPase,
dressed in a hexameric fashion at the top of the enzyme. The hexameric domain is produced
by the alternating arrangement of subunit A and B, around a central cavity that occupies an
asymmetric seventh mass forming the central stalk (41,42). The V1 domain is responsible for
ATP hydrolysis. Upon ATP hydrolysis, energy is released and used by membrane-bound Vo
domain leading to the H*-translocation (1,2,12,43-45). The proposed subunit stoichiometry of
V1 domain is As:B3:Ci:Di:Es:F1:Gs:Hi (12,46). The enzyme has an integral membrane
embedded Vo domain, which is responsible for the ion translocation. The subunit
stoichiometry of Vo domain is ai:di:e:csa-s:c’1:¢”1 (Figure 1.5) (5,46-48). Higher eukaryotes
lack ¢’ subunit but contain accessory subunits Ac45 (49,50) and M8-9 (51,52) which are
attached to the Vo domain. A heavily glycosylated Vo associated subunit M9.7 has been
identified in the midgut and malpighian tubules of Manduca sexta (53).
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Table 1.1. Genes of S. cerevisiae V-ATPase subunits are shown along with the respective
molecular weight and subunit function(s) (2,42,47,48,54-68).

Domain Subunits Yeast MW Subunit Function
Gene (kDa)
V1 A VMA1 70 Catalytic site, coupling, peripheral stalk
B VMA2 60 Nucleotide binding, regulatory, actin and aldolase
binding
C VMAS 44 Assembly, reversible dissociation, actin binding
VMAS8 29 Coupling process
E VMA4 33 Assembly, peripheral stalk, RAVE, aldolase
binding
F VMA7 14 Coupling process

G VMA10 13 Activity, assembly, peripheral stalk
H VMA13 54 ATPase activity

Vo a VPH1, 100 Proton pumping, targeting, assembly, peripheral
STV1 stalk
d VMAG 40 peripheral stalk, activity
C VMA3 17 H*-transport
c’ VMA1l 17 H*-transport
c”’ VMAL6 21 H*-transport
e VMA9 9 unknown

Previously, the 3-D model of the S. cerevisiae vacuolar ATPase was derived by single
particle transmission electron microscopy (14). The EM structure clearly showed the
hexameric fashion of catalytic subunits (AsBs), where the non homologous region (NHR) of
subunit A is protruding outwards (14). Recently, the cryo-EM structure of S. cerevisiae V-
ATPase was solved at 11 A resolution revealing the subunits arrangement in the enzyme more
clearly (Figure 1.6) (56). Due to the clarity of the subunits rearrangement several in-vitro
cross linking studies could be explained. The EM structure revealed that, there are three
peripheral stalks made up of EG-heterodimers present in the V1 domain and interestingly one
unique peripheral stalk has different conformation than others. One side of the EG-
heterodimer is linked to the catalytic subunit B and the other side is close to the Vo domain.

In the enzyme structure subunit C, H and N-terminal domain of subunit a forms a collar like
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region, oriented parallel to the Vo domain. Subunit C, which is parallel to the Vo domain,

connects two peripheral EG-heterodimers.

Figure 1.6: The 3-D cryo-EM structure of V1V ATPase from S. cerevisiae solved at 11 A resolution, shows
subunits rearrangement in the intact complex (46). NHR: Non-homologous region.

1.3 High resolution insights into the subunit C, E, G and H of eukaryotic V1Vo ATPase
from S. cerevisiae

Inspite of subunit arrangements in S. cerevisiae V-ATPase being clear from the EM
structure, a high resolution structure of the entire V-ATPase is still missing. There are some
low as well as high resolution structures available of different isolated subunits. Atomic
structures of subunit C (69,70), G (70-72), H (66) and E (70) from S. cerevisiae V1 ATPase
are solved so far, which belong to the stalk part of the enzyme.
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The hydrated form of subunit C is a boot-shaped
structure with 12.5 nm in length (73). As determined by X-
ray crystallography, subunit C comprises of an upper head
domain, composed of both a-helices and [-strands
(residues 167-262), a globular foot domain (residues 1-55
and 320-392) and both are connected by an elongated
helical neck domain (Figure 1.7) (69). Deprivation of
glucose from the media or a drop in the ATP to ADP ratio
eukaryotic V-ATPases undergo a reversible dissociation,
where subunit C has been shown to play an important
regulatory role (2,60,61). It has been revealed that subunit
C is lost from V-ATPases during the process of
disassembly. Furthermore, mutational analysis of subunit
C have demonstrated a critical role of C, to balance the
activities like ViVo assembly as well as ATPase activity
(74). Previous study demonstrated that the C-terminus of
subunit C has an ATP/ADP binding site (60). Upon
binding of ATP/ADP subunit C might undergo structural

9
'S . . § g
~ pr= "‘l(é head domain

e o

foot domain

Figure 1.7: Crystal structure of
subunit C (PDB ID: 1U7L (69)).

alteration, regulating reversible disassembly of V-ATPase (60).

Subunit H is an a-helical subunit with a molecular
weight of 54 kDa, whose N- and C-terminal domain form
a shallow groove. Both domains are connected by a four-
residue loop (Figure 1.8) (66). Subunit H is an essential
regulatory component, believed to inhibit the V-ATPase
activity of the dissociated V1 domain during the process
of reversible disassembly (65-67). It has been shown that
the C-terminal part of subunit H is situated parallel to the
N-terminal part of subunit a (46). It was hypothesized that
during reversible disassembly, there is a structural
rearrangement of both N- and C-terminal domain, which
is mediated through the flexible linker segment regulating
the ATPase activity of the enzyme (46). Subunit H is

proposed to interact with the N-terminal domain of

Figure 1.8: Cartoon representation of
subunit H determined by X-ray
crystallography ( PDB ID: 1HOS8

(66)).
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subunit a and may act as a stator to prevent energy loss due to the futile rotation of V1 domain
relative to Vo (75).

Subunit G is an a-helical elongated structure and required for ATPase activity and
assembly of V1 and Vo (70-72). Mutations of G subunit can partially inhibit the reversible
disassembly of ViVo ATPase (64). Genetic experiment and cross- N-terminus
linking data suggested that subunit E and G are situated close together
(76). Subunit G forms a 150 A long heterodimer with subunit E in a
coiled coil fashion which has been determined recently (Figure 1.9) (70).
The characteristic feature of subunit G is the presence of an unstructured
glycine reach ‘bulge’, proposed to be important during the association of
the EG-heterodimer and subunit C (70). Mutational analysis have

demonstrated the crucial roles of subunit E in the assembly and catalytic

activity of the AsBs subcomplex (63). Subunit E has also been shown to

be in close proximity to the catalytic subunits A, B and to subunit D (in ¢
nucleotide dependent manner) and has been described to be essential for :
the ATPase activity. Conformational changes of subunit E in the ‘:
presence of Ca?*ATP and -ADP are also reported in the M. sexta Vi :4
ATPase (77). The N-terminal domain of subunit E (residues 19-39) has : )

been recently mapped to bind to subunit G (78), whereas the C-terminus C-terminus

of subunit E is believed to have a regulatory function in ViVo ATPases  Figure 1.9: High

(63). Studies with the M. sexta V1 ATPase have shown that subunit C, F gefsomé'g]hers:gé?mu;f

and H dissociation increases the hydrolyzing activity of V1 (79). ‘(jsgg”i”el%_by Z(JE%
(70)).

Docking of existing atomic structures of individual subunits from S. cerevisiae V-
ATPase into the cryo-EM structure reveals many interacting interfaces (Figure 1.10) (46).
Docking study has been done using Situs program (80). Initially subunit H was not fitting
properly. EInemo program (81) was used to find out the optimum position of subunit H. The
final overall correlation coefficient of fitted structures to the EM map was 0.8542. The C-
terminal domain of subunit E is making contact with subunit B and the C-terminal part of
subunit G is interacting with subunit E, not with the subunit B. The N-terminal region of the
three different EG-heterodimers interact with different subunits in different manners. One
peripheral stalk is attached only with the head domain of subunit C, where as the second EG-

heterodimer is positioned close to the N-terminal region of subunit H and a. The third one is
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making contact with the N-terminal domain of subunit a and the foot domain of subunit C
(46).

90°

Figure 1.10: Docking of existing atomic structures of individual subunits (subunit E (Blue; PDB ID: 4DL0
(70)), G (Yellow orange; PDB ID: 4DLO (70)), H (Green; PDB ID: 1HO8 (66)) and C (chocolate; PDB ID:
1U7L (69)) of the V-ATPase from S. cerevisiae into the 11 A cryo-EM structure of the same enzyme (46).

Only one rotational position of the central stalk was captured in the cryo-EM structure
although three structurally different orientations could be observed (46,82). Due to the static
single orientation of the central rotor part, it is difficult to answer other probable interactions
with neighbouring subunits. The uniqueness of eukaryotic V-ATPases is that it can undergo
reversible disassembly in deprivation of glucose, which is not found in other ATPases. During
reversible disassembly there are structural changes mainly at the stalk part (83). Thus, more
structural, biochemical and biophysical work are needed to understand nature’s most versatile

enzyme, especially the rotary coupling central stalk region.

1.4 Outline of the thesis

During the coupling process, the “stalk” part of V-ATPases plays an important role. This
part resides in the interface of an assembly of the V1 and Vo, which contain subunits C-H and
a and d, respectively. Subunit F and D are situated at the central part of the stalk and directly
involved in the ATP hydrolysis and proton translocation (41). Structural alterations of subunit
F have been reported during the catalysis of ATP (77,84). Subunit F interacts with subunits A,
D, and E, which is nucleotide dependent (77,84). It has been proved that when Ser 381
residue of C-terminal part of subunit H is mutated to cysteine, it cross-linked to subunit in the
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free V1 ATPase, resulting in a drop of ATP hydrolysis (65,67). In a recent study, it has been
demonstrated that subunit H has a flexible linker segment, allowing the C- and N-terminal
domain to reorient during the reversible dissociation of V-ATPases (46). It was hypothesised
that in the free V1 domain the C-terminal domain of subunit H might cross-linked with the
central rotor part which might then stop the rotation of central part, resulting drop in ATP
hydrolysis (46). Due to the prime role of the central stalk, more structural information of
subunit D and F from yeast V-ATPase are needed, which would throw light into the
mechanistic details of the enzyme. In this thesis, subunit F and Fi-04 were over-expressed and
purified. Solution X-ray scattering, X-ray crystallization technique and NMR spectroscopy,
which are complementary to each other, were used to characterize subunit F. Initially, SAXS
experiments were performed which showed domain features of subunit F and Fi94. The
structural superimposition of subunit F and Fi-94 sShowed that the major domain is made by N-
terminal amino acids, whereas C-terminal amino acids are making minor domain positioning
orthogonal to the major domain. As the C-terminal domain was predicted to be dynamic in
solution (85), the atomic structure of the C-terminal domain of subunit F was solved by NMR,
showing o helical content in solution. Thereafter, the high resolution structure of Fi-04 was
solved by X-ray crystallography. The atomic structure of Fi-94 revealed the unique structural
features, which are different from subunit F of the related A-ATP synthase. The structure
showed two important loops, present only in eukaryotic subunit F. NMR experiments have
been performed to assign the backbone amino acid residues. The secondary structure, of F1-04
revealed by X-ray crystallography, is also confirmed by NMR spectroscopy in solution. It is
also confirmed that the C-terminal helix is present in the entire subunit F. The *N-[*H]
heteronuclear NOE experiment was performed to identify the flexible regions in the entire
subunit F. The data revealed the flexibility of the adjacent helix near to the unique loop,
which might allow the movement of loop close to subunit H resulting in decrease ATP
hydrolysis during disassembly. Subunit F is proposed to interact with other subunits, thus it is
important to study the probable interaction at atomic level. Together with subunit F, subunit D
also forms the part of central stalk. Therefore, both proteins were co-expressed. ITC
experiment confirmed interaction between the subunit DF-heterodimer and subunit d with a
Kd value of 52.9 uM. The weaker interaction reflects that during disassembly subunit DF is
separated from the subunit d. Finally, crystals of the DF-heterodimer have been generated and
diffracted to 5 A resolution at an in-house Rigaku machine. The crystallization condition
optimization is still going on.
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2.1 Materials
2.1.1 Chemicals

All the chemicals used for the study were at least or higher grade. Chemicals were purchased

from the following companies:

2.1.1.1 Buffers and salts

DTT
Ni?*-NTA
PefablocS®
PMSF
BNH4CI

13C Glucose

2.1.1.2 Electrophoresis Chemicals
Agarose, SDS, Glycine, APS etc.
Antibiotics

IPTG

BSA

2.1.1.3 Molecular biology materials
Genomic DNA
Primers

Peptides

Pfu DNA polymerase

Ncol, Sacl, BamHI, Ndel, Xhol
T4 DNA Ligase

Miniprep Plasmid Kit

Sigma (St. Louis, MO, USA)
USB (Sampscott, MA)
Calbiochem (Darmstadt, Germany)
Fluka (Sigma, Buchs Germany)
Roth (Karlsruhe, Germany)

Serva (Heidelberg, Germany)
Hoefer (San Francisco, CA, USA)
QIAGEN (Hilden)

BIOMOL (Hamburg, Germany)
Sigma (St. Louis, MO, USA)
Cambridge Isotopes Lab (USA)
Cambridge Isotopes Lab (USA)

Bio-Rad (Hercules, CA, USA)
Calbiochem, Sigma and Gibco (Invitrogen)
Fermentas

GERBU (Heidelberg, Germany)

Saccharomyces cerevisiae (AH104 strain)

1% Base and Research Biolabs (Singapore)
NTU proteomics core facility, School of
Biological Sciences, Nanyang Technological
University, Singapore.

Fermentas (Glen Burnie, MD, USA)
Fermentas and New England Biolabs
Fermentas and NEB

Qiagen (Hilden, Germany)
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Nucleobond AX mediprep Kit
Escherichia coli expression strains

Plasmid vector
2.1.2 Chromatography

2.1.2.1 lon Exchange
RESOURCE™ Q (6 ml)

2.1.2.2 Gel filtration
Superdex 75 HR (10/30)

2.1.2.3 Instruments and accessories
Akta FPLC

Millex Filters (0.45 uM)

Syringe, needles and accessories

2.1.2.4 Protein concentration, estimation

Centriprep YM10
Amicon ulta (3-30kDa)
BCA Assay Kit

2.1.3 Other instrumentation

PCR Thermocycler:

Biometra T personal

Biometra T gradient

Sonoplus Sonicator

Micropulser Electroporator

Ultraspec 2100 Pro Spectromphotometer
Microcal iTC200

2.1.4 Computer software
Vector NTI 10.3.0
SPARKY

Topspin 1.3

CAYANA 2.1

MN & Co (Diren, Germany)
DH5a, BL21 (DE3)
pET-9d1(86), pETDuet-1.

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)

GE Healthcare (Uppsala, Sweden)
Millipore (Bradford, USA)
BD Biosciences

Millipore (Co-cork, Ireland)
Millipore (Co-cork, Ireland)
Pierce (Rockford, IL, USA)

Biometra

Biometra

Bendelin

Bio-Rad

Amersham Biosciences
Microcal (Northampton, UK)

Invitrogen
University of California (San Francisco, USA)
Bruker Biospin

Kimmo Paakkonen and Peter Gunter (Japan)
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TALOS
MOLMOL
PyMOL v0.99
HKL2000 package
Refmac5 (CCP4 package)
MOLREP
PHASER

CNS

Coot

PROCHECK
Quantity One
CCP4

NMRpipe

nmrDraw

Gabriel Cornilescu et al, (NIH, USA)
Koradi et al, (ETH, Zirich)

DeLano Scientific LLC, USA
OTWINOWSKI and MINOR, 1997
MURSHUDOV et al., 1997

VAGIN and TAPLYAKOV, 1997
McCOQY et al., 2007

BRUNGER et al., 1998

EMSLEY and COWTAN, 2004)
LASKOWSKI et al., 1993

Bio-Rad

Winn et al., 2011

Delaglio et al (NIH, USA)

Howard Hughes Medical Institute, USA
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2.2 Methods
2.2.1 Production and purification of subunit F (VMA7p) and F1.94 of yeast V1Vo ATPase
2.2.1.1 Induction test
Composition of 4x Lysis buffer:

250 mM Tris/HCI, pH 6.8

9.2 % SDS

40 % Glycerol

0.2 % Bromophenol Blue

Subunit F and Fi-94 were cloned by Dr. Youg Raj Thaker, as described elsewhere (87).

Five single colonies were randomly picked from agar plate and grown at 37 °C in an
incubator shaker (Infors HT Minitron shaker) until the ODsoo of the cells reached 0.6 - 0.7.
Shaking was maintained at 170 — 200 rpm. Isopropyl B-D-1-thiogalactopyranoside (IPTG)
was added to final concentration of 0.5-1 mM, to induce protein production and kept for 2 — 3
h at 37 °C. The concentration of IPTG depends on the characteristics of the protein being
produced and the conditions that have been optimized for the respective protein expression.
Respective controls were left uninduced by not using IPTG under identical conditions. The
same amount of cells were pelleted down by centrifugation at 13000 x g for 5 min and
resuspended with 60 ul of 1x lysis buffer in presence of 10 mM DTT. Resuspended cells were
heated at 95 °C for 5 min and 15 — 20 pl of each sample was loaded onto a 17% SDS
polyacrylamide gel. It has been observed that the expression was high in the induced cultures
((+) supplemented with IPTG) than uninduced cultures ((-) not supplemented with IPTG). A

representative induction gel is shown below in figure 2.1.

(A) (B)
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Figure 2.1: Induction test of subunit F1.94 (A) and F (B). uninduced (-) and induced (+) culture of subunit F and
F1.04. Induction was done with 0.5 —1 mM IPTG at 37 °C. 1x lysis buffer was used and heated at 95°C for 5 min
and run on a 17% SDS gel.
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2.2.1.2 Solubility test of recombinant proteins

After optimization of the IPTG concentration, temperature and shaking condition, the
solubility of the produced proteins were tested in various buffers using 50 ml of culture. Cell
suspensions were first divided into 5 equal fractions and then pelleted down by centrifuging at
10,000 x g for 10 min. Pellets in different fractions were suspended in different buffers such
as (A) 50 mM Hepes, 300 mM NacCl, pH 7.0, (B) 50 mM Hepes, 150 mM NacCl, pH 7.5, (C)
50 mM Tris, 150 mM NaCl, pH 7.5 and (D) 25 mM Phosphate buffer, 200 mM NacCl, pH 6.8.
Freshly prepared Pefabloc® (2 - 8 mM) in water and/or (1 - 2) mM PMSF (dissolved in
isopropanol) were added into the corresponding buffer to inhibit proteases. Reducing agent
such as DTT (I mM) or B-mercaptoethanol (1 mM) was used in some preparations.
Resuspension was sonicated at 10% power with KE 72 tip (Bandelin Sonoplus) three times
for one min, each with a cooling interval of two min between each cycle. Afterwards samples
were centrifuged at 10,000 x g for 7 min. Supernatant was then transferred to a fresh tube and
the pellet was resuspended in the same buffer. All steps were carried out on ice. Pellet and

supernatants were subsequently loaded onto a 17% SDS gel.

2.2.1.3 Purification of subunit F and F1.04

After successful solubility tests, the proteins were purified in larger amount. The cells
were grown in LB medium containing kanamycin (30 pg/ml) and shaken at 37 °C until an
optical density ODeoo of 0.6 - 0.7 was reached. To induce the expression of Hise-F, the
cultures were supplemented with IPTG to a final concentration of 1 mM. Cells were grown
for another 4 h at 37 °C and then harvested at 8 500 x g for 12 min, 6 °C. The cells were lysed
by sonication for 3 x 1 min in buffer A (50 mM HEPES, pH 7.0, 300 mM NaCl, 2 mM PMSF
and 2 mM PefablocS® (BIOMOL)). The lysis step was done on ice. Precipitated material was
pelleted down by centrifugation (Centrifuge 5810R, eppendorf) at 10 000 x g for 35 min. The
supernatant was then filtered (0.45 um; Millipore) and His-tagged protein was mixed with
Ni?*-NTA resin and allowed to bind to the matrix for 1.5 h at 4 °C. Subsequently the sample
was passed through column containing Ni?*-NTA resin and the flow through was collected.
Afterwards bound protein was eluted with an imidazole-gradient (25 - 400 mM) in buffer A.
Fractions containing His-tagged subunit F were identified by running an SDS-PAGE (88).
Required fractions of protein were then pooled together and concentrated using Centricon
YM-3 (3 kDa molecular mass cut off) spin concentrators (Millipore). Imidazole was removed
by gel filtration chromatography using a Superdex 75 HR 10/30 column (GE Healthcare),
where 50 mM HEPES (pH 7.0), 300 mM NaCl and 5 mM EDTA was used as a mobile phase.
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Fi1-04 was purified following the same protocol described before. The purity and
homogeneity of all protein samples were analyzed by SDS-PAGE (88). SDS-gels were
stained with Coomassie Brilliant Blue G250 and bicinchoninic acid assay (BCA; Pierce,

Rockford, IL., USA) was performed to determine protein concentrations.

2.2.2 Quantification of proteins by bicinchoninic acid (BCA) method

Bovine serum albumin (BSA) is used as a standard for protein quantification by BCA
method. BCA reagent is available in a kit from Pierce (Rockford, IL, USA.) and the protein
concentration was measured as per manufacture’s protocol. Generally, two dilutions of
protein samples were taken. To minimize any error in the measurement, each of the samples
was measured in triplicates. Optical density was measured at 562 nm in a spectrophotometer.
Water or buffer was used as a blank. The standard curve was then drawn from ODse2. From

the standard curve final protein concentration was calculated.

2.2.3 Circular dichroism (CD) spectroscopy

Steady state CD spectra were measured in the far UV-light (190 — 260 nm) using a
Chirascan spectropolarimeter (Applied Photophysics). Spectra were collected in a 60 pl
quartz cell (Hellma) with a path length of 0.1 mm, at 20 °C and a step resolution of 1 nm. The
readings were average of 2 sec at each wavelength and the recorded ellipticity values were the
average of triplicate for each sample. CD spectroscopy of subunit F and the truncated Fi-o4
(2.0 mg/ml) were performed in a buffer of 50 mM HEPES (pH 7.0) and 300 mM NacCl. The
CD spectrum of the buffer was used as a blank and subtracted from the spectrum of the
protein. CD values were converted to mean residue molar ellipticity (®) in units of degree
cm? dmol™? using the software Chirascan Version 1.2, Applied Photophysics. This baseline
corrected spectrum was used as input for computer methods to obtain predictions of
secondary structure. The following algorithms were used to analyze the CD spectrum:
Varselec (89), Selcon (90), Contin (91), K2D (92) (all methods as incorporated into the
program Dicroprot (93) and Neural Net (94).

2.2.4 Solution X-ray scattering experiments and data analysis of subunit F and Fi.g4
Small angle X-ray scattering (SAXS) data for subunit F and Fi-94 were collected by
following standard procedures on the X33 SAXS camera (65,95) of the EMBL Hamburg
located on a bending magnet (sector D) on the storage ring DORIS 11l of the Deutsches
Elektronen Synchrotron (DESY). A photon counting Pilatus 1M pixel detector (67 x 420

mm?) was used at a sample - detector distance of 2.4 m covering the range of momentum



Materials and methods 19

transfer 0.1 <'s < 4.5 nm™ (s = 4p sin(g)/l, where q is the scattering angle and | = 0.15 nm is
the X-ray wavelength). The s-axis was calibrated by the scattering pattern of Silver-behenate
salt (d-spacing 5.84 nm). The scattering from buffer alone was measured before and after each
sample measurement and the average of the scattering before and after each sample is used for
background subtraction. A range of protein concentrations (2.5 to 7.4 mg/ml) was measured
for both S. cerevisiae subunit F and Fi-94, to assess any concentration-dependent inter-particle
effects. Both proteins have been measured in a buffer, composed of 50 mM HEPES (pH 7.0),
300 mM NaCl and 1 mM DTT. The protein as well as the buffer samples have been injected
automatically using the sample-changing robot for solution scattering experiments at the
SAXS station X33 (96). All the data processing steps were performed automatically using the
program package PRIMUS (97). The forward scattering 1(0) and the radius of gyration Rgq
were evaluated using the Guinier approximation (98) assuming that for spherical particles at
very small angles (s < 1.3/Rg) the intensity is represented by I(s) = 1(0) exp(-(sRg)?/3). These
parameters were also computed from the entire scattering patterns using the indirect transform
package GNOM (99), which also provide the distance distribution function p(r) of the particle

as defined:
p(r):ZzI I (s)srsin(sr)ds

The molecular mass of both proteins were calculated by comparison with the forward
scattering from the reference solution of BSA. From this procedure a relative calibration
factor for the molecular mass (MM) can be calculated using the known molecular mass of
BSA (66.4 kDa) and the concentration of the reference solution by applying

MM, = 1(0), /¢, x— e (';")'Z';tCst
where 1(0)p, 1(0)st are the scattering intensities at zero angle of the studied and the BSA
standard protein, respectively, MMp, MMst are the corresponding molecular masses and cp, Cst
are the concentrations. Errors have been calculated from the upper and the lower 1(0) error
limit estimated by the Guinier approximation.

Low-resolution models of subunit F and Fi-94 were built by program DAMMIN (100),
which represents the protein as an assembly of dummy atoms inside a search volume defined
by a sphere of the diameter Dmax. Starting from a random model, DAMMIN employs
simulated annealing to build a scattering equivalent model fitting the experimental data lexp(S)

to minimize discrepancy:
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12=N1_12j{lexp (Sj:(:;a'c (S‘)r

where N is the number of experimental points, c is the scaling factor and lcaic(Sj) and o(s;) are

the calculated intensity and the experimental error at the momentum transfer sj, respectively.
Ab initio shape models for subunit F and Fi-94, respectively were obtained by superposition of
ten independent DAMMIN reconstructions for each subunit by using the program package
DAMAVER (101).

2.2.5 Cloning of F1.94 mutants of V1Vo ATPase from S.cerevisiae

F1-04 mutants were generated according to the method of Ho et al., 1989 (102), by using
four primers: flanking forward primer with a Ncol restriction site (a), flanking reverse primer
with a Sacl restriction site (d) and internal primers with site of mutation (c and b) (Table 2.1).
The DNA fragments encoding the N-terminal extein (232 nucleotides) and C-terminal extein
(109 nucleotides) were amplified by polymerase chain reaction (PCR) method with the
primers a-b and c-d, respectively (Table 2.1). The DNA of subunit F construct (VMAT) of S.
cerevisiae was used as template for the PCR. Two separate PCR reactions were setup in a

total volume of 50 pl as follows:

Reagents Amount
Pfu buffer (10x) 5ul
dNTP's (2 mM) 1.5l
Primers (100 uM) 2x0.5pl
Template (genomic DNA) 1l
MilliQ water 40.5 pl
Pfu DNA polymerase 1l

The flanking primers (a and d) hybridized at each end of the subunit Fi-04 sequence,
thereby incorporating Ncol and Sacl restriction sites (underlined), and an internal primer
(forward primer b and Reverse primer c), that hybridized at the internal site (Table 2.1). The
PCR reaction mixture was set up on ice and the lid of the PCR thermocycler (Biometra T
personal) was preheated to 99 °C, before reaction tubes were placed inside the machine. The
cycle denaturation, annealing and extension steps were repeated for 30 cycles. Total time
taken for the PCR program was 1h 43 min 49 sec. The following PCR thermocycler program
was used for the amplification:
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Cycle steps Temperature Time

Lid 99°C

Initial denaturation 96 °C 3 min

Cycle denaturation 96 °C 30 sec

Annealing 58 °C 45sec » 30 cycles
Extension 72°C 60 sec

Final extension 72°C 5 min

End 4°C

In separate PCRs, two fragments of the subunit F1-94 gene were amplified by using primers
a and b and primers ¢ and d, respectively. The amplified fragments coding the N-terminal and
C-terminal exteins were fused together via a second PCR using the primers a and d. The
overlap allowed one strand from each fragment to act as a primer on the other, and extension
of this overlap by flanking primers (a and d) in second PCR reaction resulted in the product.
To check the amplification and purity of the desired product, 5 pl of PCR amplified product
was applied onto the analytic agarose gel (1.5%). If the product was found sufficiently pure,
the remaining reaction mixture was applied onto preparative agarose gel and purified by gel
extraction kit (QIAGEN) according to the manufacturer’s protocol. The purified PCR product
was finally eluted in 50 pl volume of elution buffer (Qiagen). The primers (b and c) contain
the mutation. A flow chart summarizing the procedures involved in site directed mutagenesis

is given in Figure 2.2.

a C

(1)J(a+b)—"_

d
)| (c+d)

__(AB) (D)

Mutant fusion product

Double digestion with Ncol and Sacl

ll:i;atiun

&,

Figure 2.2: A flow chart showing the procedures involved in site directed mutagenesis using overlap extension
polymerase chain reaction method (102). The same strategy was used to generate the mutants of subunit Fi.ga.
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After amplification, the PCR product was stored at -20 °C. 5 pl of the sample was
applied onto an analytical agarose gel (1.5%) to check the quality of the PCR amplified
product. The gel was soaked in ethidium

bromide solution for 5 min to observe the BooR sz

Pvu 1(3954)
Sgf I(3ss4)

PCR product under UV light. The size of the spicers) gl

Sma 1(3828)

BamH | (458)
. Sac(510)
~ Neo 1(550)
~ _-Xba I(588)
Bsa I(s13)
Bgl ll(646)
SgrA 1(867)

PCR product was confirmed with the

appropriate DNA marker. In order to purify " Sph i
Finc g0
PshA 1(893)

PCR the product, the remaining reaction  wee e

Eco57 1{3300)

mixture was applied onto a preparative .

(4341 bp)

Eag l(1216)

ApaB I(1329)
BspM l(1331)

agarose gel and the portions corresponding

to the correct PCR product were cut out

Afl lll2752) —
BspLU11 |(2752)

immediately and purified by gel extraction Bsg:agj?%g?;?;/
st (2523) -/,
Bsah |(2504) /

kit (QIAGEN) as per the manufacturers’ WEREN Bealen

Pvu 1(2343)
Xmn 12310y

Msc I{1723)

protocol. The product was finally eluted in
Figure 2.3: Modified pET-9d1 (+) (86) vector showing
30 - 50 pl volume of water or EB buffer  yjj map and unique multiple cloning sites (MCS) that

(Tris-HCI buffer of pH 8.0). Purified DNA "2 been used to clone various genes.

was double digested overnight at 37 °C (SW22 Shaking Water Bath, Julabo, Germany) by
taking 1 pl each of Ncol and Sacl enzymes. After overnight digestion, the reaction mixture
was again purified by enzyme reaction purification kit from QIAGEN. Subsequently, ligation
reaction between vector (Figure 2.3) and insert (amplified PCR product) was setup at room

temperature. The reagents used were as follows:

Ligase buffer (10x) 1.5l

Vector (V) 50-100 ng

Insert (1) Variable (1-5 times of vector)
T4 Ligase 1pl

MilliQ water variable

Total 15 pl

Before setting up the reaction, ligase buffer was vortexed to completely dissolve
MgClI2 precipitate. The ligation mixture was kept at room temperature for 1.5-2 hrs. After 2
hrs, the ligation product was purified by butanol precipitate method (103). In the reaction
mixture, 80 pl Milli Q water was added to make a final volume of 100 ul. 1 ml of butanol was
then added into the mixture and mixed thoroughly. Then the mixture was centrifuged at
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13,000 x g (MiniSpin® plus, eppendorf) for 10 min. Supernatant was discarded gently and the
pellet was resuspended in 500 pl of 70% ethanol and centrifuged again for 10 min.
Supernatant was removed and the pellet was re-dissolved in 6 pl of elution buffer (10 mM
Tris-HCI, pH 8.5) (EB buffer, QIAGEN) or Milli Q water. 6 ul of ligation mixture was used
for the transformation into E. coli DH5a cells. On the next day, several colonies were picked
from the transformation plate containing appropriate antibiotic marker and then grown at 37
°C overnight. The plasmid DNA was isolated using a standard protocol (QIAGEN mini-prep
kit). Purified plasmid DNA was then double digested for 2.5 hrs and applied onto an 1.5%
agarose gel, in order to confirm the ligated insert. Size of insert and vector were compared
with appropriate controls and markers. After confirming the presence of the insert, purified
vector was sent for sequencing. Verified plasmid was finally transformed into E. coli BL21
(DEZJ) cells for protein production and they were grown on 30 pg/ml kanamycin-containing
Luria-Bertoni (LB) agar plates. E. coli BL21 expression strains were purchased from
Novagene (Darmstadt, Germany).

A similar approach has been taken to obtain different mutant constructs. The sequences
of flanking primers (a and d) and internal primers (b and c) used for the mutants are enlisted

in table 2.1. The primers (b and c) contain the mutation.

Table 2.1: Primer sequences used for the generation of different Fi-e4 mutants. The primers
were synthesized at 1st Base Pte Ltd, Singapore.

Constructs Primer sequence (5’-3%)

F1-0418M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTTATGGCT
Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAACGC

F10111M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTT

Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAA
Primer c TGATGGCTGACGAAGATACTACAACTGGTTTA
Primer b TAAACCAGTTGTAGTATCTTCGTCAGCCATCA
F1.04L.20M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTTATAGCTGTG
Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAACGC
Primer ¢ GAAGATACTACAACTGGTATGTTGTTAGCCGGGATTG
Primer b CAATCCCGGCTAACAACATACCAGTTGTAGTATCTTC
F1.04L67M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTTATAGCTGTG
Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAACGC
Primer c GACGATATTGCCATCATGCTAATCAACCAACATATC
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Primer b GATATGTTGGTTGATTAGCATGATGGCAATATCGTC
F1.04 68M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTTATAGCTGTG

Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAACGC

Primer ¢ CGATATTGCCATCCTTATGATCAACCAACATATCGC

Primer b GCGATATGTTGGTTGATCATAAGGATGGCAATATCG
F1-04169M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTTATAGCTGTG

Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAACGC

Primer ¢ GATATTGCCATCCTTCTAATGAACCAACATATCGC

Primer b GCGATATGTTGGTTCATTAGAAGGATGGCAATATC
F1-04173M Primer a GTAACTAAACCATGGCTGAGAAACGTACTCTTATAGCTGTG

Primer d ATCGAGCTCTTAAATTTCTAAAATAGCAGGGAACGC

Primer ¢ TTCTAATCAACCAACATATGGCGGAAAACATAAGAG

Primer b CTCTTATGTTTTCCGCCATATGTTGGTTGATTAGAA

2.2.6 Peptide synthesis

The C-terminal peptide Foo-116 of subunit F from S. cerevisiae was synthesized by
Liberty Automatic Microwave Peptide Synthesizer (CEM) at the Division of Chemical
Biology and Biotechnology, School of Biological Sciences, Nanyang Technological
University, Singapore. The peptide was then purified by reversed phase high pressure liquid
chromatography on a Dynamax C-18 column (Varian Inc.), eluted with a linear 5-100%
gradient of acetonitrile in 0.04% aqueous trifluoroacetic acid. The identity of the purified
peptide was confirmed by MALDI-TOF MS (4800 MALDI TOF/TOF, Applied
Biosystems/MDS Sciex). The purity of the peptide was analysed by electrospray ionization-
MS.

2.2.7 NMR spectroscopy of peptide Fgo-116

All NMR experiments were performed on a Bruker DRX 600 MHz spectrometer
equipped with a cryoprobe. For structure determination, appropriate amounts of peptide Foo-116
was dissolved in 25 mM phosphate buffer, pH 6.5. TOCSY and NOESY spectra of the
peptide were recorded with mixing times of 80 and 300 ms, respectively, at a temperature of
25 °C. TopSpin (Bruker Biospin) and Sparky suite (104) of programs were used for spectra
processing, visualization and peak picking. Standard procedures based on spin-system
identification and sequential assignment were adopted to identify the resonances (105). Inter
proton distance was obtained from the NOESY spectra. NOESY peaks were categorized as
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strong, medium and weak based on the signal intensity and were translated into distance
constraints as 3.0 A, 4.0 A and 5.0 A, respectively. Dihedral angle restraints as derived from
TALOS (106) were employed to generate the three dimensional structure of the peptide in the
CYANA 2.1 package (107). In total 100 structures were calculated and an ensemble of 10
structures with lowest total energy was chosen for structural analysis.

2.2.8 Crystallization of Fi.04

Crystallization of Fi94 was attempted using vapour diffusion method. Sparse matrix
screens from Hampton research, Molecular dimensions and Emerald biosystems were used
for the initial screening. Both hanging and sitting drops were set up in VDX plates (Hampton
Research) by mixing 2 pl of the purified Fi-94 protein (3-8 mg/ml) in buffer B (50 mM
HEPES, pH 7.0, 300 mM NaCl, 5 mM EDTA) with 2 ul of the precipitant solution and
incubated at 18 °C (108). Initial crystals were seen in Hampton research crystal screen 1 in
both hanging and sitting drops. Once these crystals were confirmed to be protein crystals by
testing in the in-house Rigaku machine, further optimization of the crystallization condition
was done in order to decrease the nucleation and promote further crystal growth.
Cryoprotectant solution was also optimized by testing different percentages of glycerol and
final cryoprotectant solution comprised of 30 % (v/v) polyethylene glycol 4000 (PEG 4000),
0.1 M MgClz, 6xH20, 0.1 M Tris/HCI (pH 8.8), 25 % (v/v) glycerol. The crystals were
quickly dipped in the cryoprotectant solution and were flash-frozen in liquid nitrogen at 100
K. Optimized crystals were initially tested in the in-house Rigaku machine. Finally crystals
were measured at the National Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan for data collection.

Attempt was also taken to crystallize the entire subunit F by setting up drops in different

crystallization screen but no crystal was obtained.

2.2.9 Production, purification and crystallization of selenomethionyl Fi.94and its mutant
forms
Following digestion with Ncol and Sacl, the final PCR product of mutant was ligated
into the pET9d1-Hiss vector (86). The resulting coding sequence included an N-terminal
MKHHHHHHP-tag. The mutation was verified by DNA sequencing. The verified plasmids
were finally transformed into E. coli BL21 (DE3) cells (Stratagene), which were grown on 30
mg/ml kanamycin-containing Luria-Bertani (LB) agar plates. The selenomethionine proteins

were produced in E. coli strain BL21 (DE3) cells by growing a 5 ml culture overnight at 37 °C
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in LB medium containing kanamycin. The cells were pelleted by centrifugation and were
washed twice with M9 minimal medium. The cell suspension was used to inoculate pre-
warmed (310 K) M9 minimal medium and the cells were grown at 37 °C. When the ODeoo
reached 0.6, the minimal medium was supplemented with 100 mg/l lysine, phenylalanine and
threonine, 50 mg/l isoleucine, leucine and valine, and 50 mg/l selenomethionine. This
medium was then shaken for a further 15 min. Thereafter, protein production was induced by
the addition of isopropyl B-D-1-thiogalactopyranoside to a final concentration of 1 mM and
growth was continued at 20 °C overnight. The selenomethionyl Fi-94 was purified in 50 mM
HEPES, pH 7.0, 300 mM NaCl, 5 mM EDTA and 1mM DTT buffer. Crystallization drops of
selenomethionine substituted Fi-94 protein proteins were setup in the final optimized
crystallization condition of native Fi-94 (see section 2.2.8). The protein produces reproducible
crystals. Due to the lack of suitable search models, molecular replacement did not work.
Therefore, crystallization drops of all mutant proteins were setup, which produced either

small crystals or precipitation except F1-04169M mutant.

2.2.10 Crystallization of selenomethionyl F1.04169M mutant (SeMetF1.04169M)

The hanging drops of selenomethionyl F1-04169M mutant protein were setup in VDX
plates (Hampton Research) and the crystals could be successfully reproduced in the condition
of 30 % (v/v) polyethylene glycol 4000 (PEG 4000), 0.1 M MgClz, 6xH20, 0.1 M Tris/HCI
(pH 8.8), 25 % (v/v) glycerol (109). In the cover slip 2 ul of the protein solution was mixed
with 2 pl of the mother solution and the crystal drops were equilibrated at 18 °C. The protein
produced small crystals under the same condition. Therefore, the crystallization conditions
were optimized. Good diffraction quality crystals appeared within a day in 30% PEG 4000,
0.05 M MgClz, 0.1 M Tris-HCI pH 8.8, 10% glycerol with a 5 mg/ml protein concentration
which were tested in the in-house Rigaku machine and diffracted maximum to 3.5 A.

2.2.11 Data collection and processing

The native crystals were quick-soaked in a cryoprotectant solution containing 25%
glycerol in mother liquor and flash-cooled in liquid nitrogen. The SeMetF1-942169M mutant
crystals were transferred to stabilizing solution (32% PEG 4000, 0.05 M MgClz, 0.1 M Tris-
HCI pH 8.8, 10% glycerol) and the crystals were cryoprotected in the same stabilizing
solution containing 22% glycerol and flash-cooled in liquid nitrogen (109). A single-
wavelength data set was collected from a native F1-94 crystal in-house at 100 K on a Rigaku R-

AXIS 1V image-plate detector with a Rigaku RA-Micro 7 HFM rotating copper-anode
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generator (Rigaku/MSC). 360 frames were collected with an oscillation range of 1° and an
exposure time of 5 min per frame. For the SeMetF1-04169M mutant protein crystal, a three-
wavelength multiwavelength anomalous diffraction (MAD) data set was collected at 100 K on
beamline 13B1 at the National Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan using an ADSC Quantum 315 CCD detector. A single crystal was used to collect data
at appropriate inflection, peak and high remote wavelengths based on the selenium absorption
spectrum (109). Data were collected as a series of 0.5° oscillation images with 5 s exposure
time, covering crystal rotation ranges of 360° for the peak wavelength and 180° for the
inflection and high remote wavelengths. The inflection and high remote wavelength data sets
were initially collected, followed by the peak wavelength data set. All diffraction data were
indexed, integrated and scaled using the HKL-2000 suite of programs (110). All the crystals
belong to orthorhombic space group C222: and have similar unit cell parameters.

2.2.12 Structure determination of Fi.04

The crystals of recombinant mutant protein SeMetF1-04169M of S. cerevisiae V-ATPase
(VMAT7p) were obtained by hanging drop method and diffracted to 2.3 A. The crystal belongs
to the orthorhombic C2221 space group (unit cell parameters a = 47.21 A, b = 160.26 A and ¢
= 102.49 A) with 4 molecules in the asymmetric unit. Phasing was carried out by three
wavelengths MAD technique. Analysis with SHELXC (111) indicated a maximum resolution
of 2.9 A for substructure determination and initial phase calculation. All the four Se-sites
were found using SHELXD program (112) with a correlation coefficient of 43.62%. The
correct hand for the substructure and initial phases were calculated after density modification
using the program SHELXE (113). The phases were improved by density modification and
phase extension to 2.44 A resolution using the program RESOLVE (114). Automated model
building was carried out by Buccaneer program (115), which gave the model of the SeMetF:-
94169M mutant protein with 312 residues for four molecules. The phases were extended up to
2.3 A and iterative cycles of model building and refinement were carried out using programs
COOT (116) and REFMACS5 (117) of the CCP4 suite to built the final model. Refinement
was done until convergence and the geometry of the final model was validated with
PROCHECK (118). The final figures were drawn using the program PyMOL (119) and
structural comparison analysis was carried out by using the SUPERPOSE program (120) as
included in the CCP4 suite.
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2.2.13 Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is one of the principal techniques used to study the structural and
functional aspects of macromolecules such as proteins. The technique enables to determine
the solution structure of proteins and to study protein-ligand and protein-protein interactions.
As hydrogen is one of the most receptive and abundant NMR active nuclei besides other
isotopes such as °N, 13C, 3!P etc., it can be observed in magnetic resonance. Any nuclei
having mass number, which exhibits net intrinsic magnetic momentum and angular
momentum, can be defined as NMR active. All the NMR experiments were collected on
Bruker Avance 600/700 MHz machines at SBS NMR core facility.

2.2.13.1 BN single and *C N double labeling of proteins
Reagents for Minimal Media (M9):

42 mM NazNPO4

22 mM KH2POq4

8.5 mM NaCl

1 g/l ®NH4CI

0.1 mM CaCl2

2 mM MgSOs4

10 g D-Glucose

30 uM FeCls

5 ng/l Thiamin

For NMR experiments, either single (**N) or double (*3C ®N) labelled recombinant

proteins were produced in E. coli BL21 (DE3) cells and purified according to the established
protocols mentioned in section 2.2.1.3. The clones were grown in M9 minimal media to get
labelled protein. 30 ml of overnight culture was pelleted down at low centrifugal force at
room temperature and washed with minimal media and then transferred to large volume of
minimal media with ODsoo of 0.1. The cultures were grown in incubator shaker at 37 °C till
ODesoo of 0.6 - 0.7 was achieved. The protein production was induced with IPTG to final
concentration of 1 mM overnight at 20 °C. Cells were harvested and frozen in liquid nitrogen

and stored at -80 °C till purification.

2.2.13.2 One dimensional (1D) 'H and multi-dimensional (2D, 3D) '3C-®N NMR
spectroscopy
1D NMR spectrum of various proteins was collected at temperatures ranging from
283 K to 308 K on core facility Avance 600 MHz instruments (Bruker, Billerica, MA).
Unlabelled or labelled protein sample in phosphate buffer, pH 6.8 was used in presence of 10

% D20 (v/v) to record the spectrum. For 2D experiments like HSQC (Hetero nuclear Single



Materials and methods 29

Quantum Coherence), °N labelled proteins in 90% H20 and 10% D20 in 25 mM phosphate
buffer (pH 6.8) was used to collect data. Different parameters including temperature, buffer,
and protein concentration were optimized before making final measurements. Pulse was also
calibrated accordingly. ©®N-*3C labelled samples were utilized to collect 3D spectra such as
CBCA(CO)NH, HNCACB in 10% (v/v) D20 lock signal. Baseline corrections were applied
wherever necessary. The proton chemical shift was referenced to the methyl signal of DSS (2,
2-dimethyl-2-silapentane-5-sulphonate (Cambridge Isotope Laboratories)) as an external

reference to O ppm.

2.2.13.3 NMR data collection and processing

All NMR experiments were performed at 20 °C on 700 MHz NMR spectrometer
(Bruker Avance) equipped with 5 mm triple-resonance (*H/**N/*3C) single axis gradient
probes and a cryoprobe. 0.5 mM of F subunit was prepared in 50 mM Tris at pH 7.5, 200 mM
NaCl, 5 mM EDTA and 5 % D20. D20 was added for the locking of the sample. Appropriate
pulse calibrations and other parameters including temperature, buffer and protein
concentration were optimized before making final measurements. To assign the backbone of F
subunit, TROSY-based experiments such as 2D *H-®N TROSY-HSQC, 3D-TROSY-HNCO,
3D-TROSY-CBCA(CO)NH and 3D-TROSY-HNCACB were performed with improved
signals (~ 10-50 % increase) unlike non-TROSY experiments, showing signal broadening for
many residues. In all the above experiments, spectral widths were generally 9.6 kHz for
protons, 2.8 kHz for °N, while for 3C dimensions they were 6-12 kHz. All the three-
dimensional experiments made use of pulsed-field gradients for coherence selection and
artifact suppression, and utilized gradient sensitivity enhancement schemes. Quadrature
detection in the indirectly detected dimensions was achieved using either the States/TPPI
(time-proportional phase incrementation) or the echo/anti-echo method. Baseline corrections
were applied wherever necessary. The proton chemical shift was referenced to the methyl
signal of 2, 2-dimethyl-2-silapentane-5-sulphonate (Cambridge Isotope Laboratories) as an
external reference to 0 ppm. The 3C and N chemical shifts were referenced indirectly to
DSS. All the NMR spectra were processed either using nmrPipe/nmrDraw (121) or Bruker
Avance spectrometer in-built software Topspin. Peak-picking and data analysis of the Fourier

transformed spectra were performed with the SPARKY program (104).



Materials and methods 30

2.2.13.4 Resonance assignment

In the initial stage, protein molecules must be assigned in order to investigate nuclear
magnetic resonance data for analysis of any kind of interaction or dynamic studies. Scalar
couplings, via dipolar coupling and via chemical shift are useful information for sequence
specific assignment of protein backbone. Depending on the type of sample whether it is
unlabeled proteins or isotopically labeled proteins (122), different strategies are employed to
assign the resonance. In NMR, a one-dimensional (1D) spectrum is useful to investigate
dispersion of resonance line of protein and also it gives an idea about the folding of the
protein. But by doing one-dimensional (1D) experiment it is impossible to resolve all
resonance lines in a spectrum for protein. Assignments can be done using the sequential
assignment approach based on homonuclear two-dimensional (2D) correlation spectroscopy
(COSY) or total correlation spectroscopy (TOCSY) (123) and 2D nuclear Overhauser effect
spectroscopy (NOESY). The TOCSY experiment is basically used to identify the resonance
position within each amino acid spin system and the NOESY experiment is used for the
sequential assignment of the spin systems present in the amino acids. For a protein/peptide
NMR spectrum, amide hydrogens resonances are generally the best dispersed and observed
between 6-12 ppm. The side chain resonance assignments are generally best done by
examining the peaks in the backbone amide regions. This process is known as the sequential
assignment strategy developed by Wuthrich et al (124).

For larger molecules (>10 kDa) the sequential assignment strategy by using above
assignment approach is not useful, because overlaps of the NMR signals make the assignment
complicated. For that it requires the addition of a third dimension by the replacement of
naturally abundant isotope **N with N and *2C by 3C. Hence, assignment is based on triple
resonance experiments allowing further decrease in the overlap of NMR signals. There are six
triple resonance experiments commonly used in chemical shift assignments of the backbone
atoms of the protein. HNCA, HN(CO)CA, HNCACB, CBCA(CO)HN, HNCO and
HN(CA)CO. In HNCO experiment, magnetization is transferred from HN(i) proton via the
N(i) atom to the directly attached CO(i-1) carbon atom and return the same way to the HN(i)
nucleus which is directly detected. This experiment gives the chemical shifts of 1*CO of the
previous amino acid. The details of transfer of magnetization as well as an example of
assignment of the same four residues of subunit F is shown in figure 2.4 in case of HNCO

experiment.
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Figure 2.4: Transfer of magnetization in the HNCO experiment. The HNCO experiment correlates the amide
!HN and 5N chemical shifts of one amino acid with the *3CO chemical shift of the preceding residue, by using
the one-bond **N-*3CO J coupling (15 Hz) to establish the sequential correlation (122).

HNCACB experiment correlates the 3Ca. and *Cp resonances with the amide H and
®N resonances of the same and previous residue whereas the CBCA(CO)NH experiment
correlate the 3Ca. and 3CP resonances with the amide *H and N resonances of previous
residue (122). These two experiments take into account both 3C* as well as 3CP values for
the sequential assignments of residues. They are extremely useful in case of degeneracy of
13C values. In addition, *3C* and *CP values can provide information about the type of amino
acid. The details of transfer of magnetization as well as an example of assignment of the same
four residues of subunit F is shown in figure 2.5 in the case of HNCACB and CBCA(CO)NH

experiments.
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Figure 2.5: Transfer of magnetization in the HNCACB (A) and CBCA(CO)NH (B).

2.2.13.5 Backbone dynamics

The backbone H-'°N steady state heteronuclear NOE provides information about the
motion of individual N-H bond vectors. Those motions are faster than the overall tumbling of
the molecules (i.e. in the pico- to nanosecond time scale) and show a decreased NOE intensity
relative to the average observed for the majority of the residues. This heteronuclear steady-
state °N-'H NOE values were obtained from the ratios of peak intensities in the saturated
spectrum to those in the unsaturated spectrum. In order to suppress time- or temperature-

dependent effects, the spectra were acquired in an interleaved mode with incremented
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relaxation delays. All experiments were recorded with 256 t1 increments of 2,048 data points
in t2. The spectral widths were set to 9,586.15 Hz (*H), 2,406 Hz (**N) at 700 MHz. Errors
were estimated by evaluating the standard deviation of the NOE, onoE.

oNoE/NOE = (clsat/lsat)? + (o lunsat/lunsat)?) 2

where olsatand clunsat are the standard deviation of the noise in the spectra.

2.2.14 Cloning and production of subunit H, Hs.3s3, Hsss-a7s and subunit C from

S.cerevisiae V-ATPase

The genes encoding subunit H, Hs3ssa and Hsss4s7 Of S.cerevisiae V-ATPase were
amplified using S.cerevisiae genomic DNA as a template for PCR amplification. The
amplified products were digested with Ncol and Sacl restriction enzymes subsequently ligated
with pET9d1-Hiss vector (86). The vector containing the individual gene was transformed
into E. coli cells (BL21 (DE3)) and grown on 30 ug/ml kanamycin containing LB agar-plates.
Recombinant protein was expressed by IPTG supplemention to a final concentration of 1 mM.
The induction of individual protein was confirmed by SDS-PAGE gel. Cloning of subunit C
was done as described previously (125). The names of subunits and corresponding primers for

cloning are summarized below.

Constructs Primer sequence (5°-3’)

Subunit H Forward Primer GATCCATGGGCGCAACCAAAATTTTAAT
Reverse Primer ATGCGAGCTCTTATTTGAAGGTATATCCAATGATT
Subunit Hg-3s3 Forward Primer GATCCATGGACAGTACTCATTTCAATGAGA
Reverse Primer CATCGAGCTCTTACAATTCTTGGTACTCG
Subunit Hzss-47¢  Forward Primer  ACCCCATGGCAACCTCCTTCGAT
Reverse Primer ATGCGAGCTCTTATTTGAAGGTATATCCAATGAT
Subunit C Forward Primer CATGCCATGGCTACTGCGTTATATA

Reverse Primer CGGGATCCTTATAAATTGATTATATACAT

2.2.14.1 Purification of subunit H, Hsss478, C and d from S. cerevisiae V-ATPase
The cells containing Hiss-tagged subunit H and Hasss-487 were sonicated separately.
The supernatant was collected after centrifugation which was then incubated with Ni?*-NTA

beads. Bound protein was eluted by an imidazole gradient (0-400 mM). Fractions between the
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imidazole concentrations of 75 mM to 200 mM were pooled together and passed through the
size exclusion column (Superdex75™10/300 GL), which was equilibrated with buffer 50 mM
Tris/HCI, pH 7.5, 150 mM NaCl and 1 mM DTT. The fractions containing the respective
proteins were pooled together and concentrated using Centriprep YM-3 (3 kDa molecular
mass cut-off) spin concentrator and 1 pl of the respective concentrated protein sample was
loaded onto the SDS-PAGE gel to check the purity of the protein. Subunit C and d were
purified as described previously (125,126).

2.2.15 Binding studies with NMR

NMR spectroscopy is extensively used to identify the important residues for protein
protein interaction or protein ligand interaction (Figure 2.6) (127,128). 'H-®N HSQC
spectrum of single labeled protein was used as starting point at final optimized condition. The
ligand protein/peptide was then added in increasing amount at the same temperature and
buffer conditions. A series of *H-1®N HSQC spectra were recorded at each concentration of
the ligand protein/peptide. 100 - 500 uM of *N labeled protein without ligand was used for
the reference spectrum. Experiments were performed on Bruker Avance 700 machine using
Topspin software (Bruker BioSpin) for acquisition and processing of spectra. Spectra were

overlapped to monitor chemical shift changes, further analysis were done in SPARKY (129).
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Figure 2.6: lllustration of peak position change (red color) in *H-SN HSQC spectrum upon addition of binding
partner (122).
2.2.16 Cloning of the subunit DF-heterodimer of S. cerevisiae V-ATPase

The genes encoding subunit F (VMA7Y) and subunit D (VMAS8) of S. cerevisiae V-
ATPase were amplified by using genomic DNA as a template. In PCR reactions forward
primer 5'-AACATATGCATCACCATCATCACCACATGTCTGGTAATAGA-3' and reverse
primer 5-CCTCTCGAGTCAGAATATAACATCGTCTTCTTGATCAGCAA-3'
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incorporating Ndel and Xhol (underlined) restriction sites, were used to amplify subunit D
gene  whereas for subunit F gene amplification forward primer 5'-
AAGGATCCCATGGCTGAGAAACGTACTCTT-3' incorporating BamHI and reverse
primer 5-GTCCTGAGCTCTTACTCACCGAACAACTTTC-3" incorporating Sacl were
used. Six additional histidine codons were incorporated in the forward primer for VMAS. A
total volume of 50 ul reaction mixture was prepared to setup the polymerase chain reaction

and the appropriate concentrations of constituents are mentioned below:

Reagents Amount
Pfu buffer (10x) Sul
dNTP's (2 mM) 1.5ul
Primers (100 uM) 2x0.5ul
Template (genomic DNA) 1l
MilliQ water 40.5 pl
Pfu DNA polymerase 1pl

All reagents were accurately measured and mixed properly inside a PCR tube, which
has to be kept on ice all the time. Before, reaction tubes were placed inside the machine PCR
thermocycler (Biometra T personal) and the lid was preheated to 99 °C, followed by
amplification by using appropriate program. DNA denaturation, annealing and extension were
repeated for another 29 cycles. Total time taken for the PCR program was variable for each
gene. The annealing temperature for VMA7 and VMAS8 genes was 60 °C and 54 °C,

respectively.

Cycle steps Temperature Time

Lid 99°C

Initial denaturation 96 °C 3 min

Cycle denaturation 96 °C 30 sec

Annealing Variable 45sec > 30 cycles
Extension 72°C 60 sec

Final extension 72°C 5 min

End 4°C
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After amplification, PCR products were stored at -20 °C. 5 pl of PCR amplified
products were applied onto an analytical agarose gel (1%) to analyze the quality. To identify
the correct PCR products, the gel was soaked in ethidium bromide solution for 5 min followed

by washing with water and observed under

BamHI (107)

UV light. A DNA marker (100 bp) was used %mmm
to confirm the right products. Preparative Nde1(205)
’ § . P & Rﬁﬁol@ss)
agarose gel was made to purify PCR products s 'g? %H ORI
Lacl -

and the portions corresponding to the correct

PCR products were cut out immediately and
purified by gel extraction kit (QIAGEN) Pg;:l“::l
described in section 2.2.5. Water or EB buffer A
(Tris-HCI buffer of pH 8.0) was used to elute
products. 1 pl of gel extracted PCR products
was applied onto an 1% analytical agarose gel ~ Figure 2.7: pETDuet-1 vector (Novagen) showing
full map and two multiple cloning sites (MCS1 and
to estimate the purity of samples. Both MCS2), has been used to clone VMA7 and VMAS
purified DNA (VMA7 and VMA8) were then genes.
single digested. The VMAT gene was digested by BamHI and Sacl enzymes overnight at 37 °C
(SW22 Shaking Water Bath, Julabo, Germany) and the VMAS8 gene was digested by Ndel and
Xhol enzymes. After overnight digestion, the reaction mixtures were again purified by
enzyme reaction purification kit from QIAGEN. The vector was also single digested with
respective restriction enzymes for one gene and then treated with alkaline phosphatase at 37
°C (SW22 Shaking Water Bath, Julabo, Germany) for 30 min. Ligation reaction between
pETDuet-1 vector (Figure 2.7) and one insert (amplified PCR product, VMA?7) was setup at

room temperature. The reagents used were as follows:

Ligase buffer (10x) 2 ul

Vector (V) 50 ng

Insert (1) Variable (1-5 times of vector)
T4 Ligase 1l

MilliQ water variable

Total 20 pl

MgClz, which is present in ligase buffer, has a tendency to precipitate during the

storage. Before setting up the reaction, ligase buffer has to be vortexed to completely dissolve
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the precipitate. The ligation mixture was kept at room temperature for 1 h, followed by the
purification of the ligation product by the butanol precipitate method as mentioned in section
2.2.5. The ligated product was transformed into E. coli DH5a cells. Cells were grown at 37 °C
for 1 h and plated on LB-agar containing carbenicillin as a marker. On the following day, five
colonies were picked from the transformation plate, containing carbenicillin antibiotic marker,
and grown at 37 °C overnight. The plasmid DNA was isolated using a standard protocol
(QIAGEN mini-prep kit). To confirm incorporation of expected gene, purified plasmid DNA
was double digested with restriction enzymes for 2.5 hrs and applied onto 1% agarose gel.
Size of insert and vector were compared with the DNA markers (1 Kb). After confirming the
presence of insert, the purified construct was sent for sequencing. Verified plasmid was then
transformed into E. coli BL21 DH5a cells for second gene (VMABS) ligation. The same process
has been carried out, in order to get vector with both genes inside and sent again for
sequencing. The VMA7 and VMAS8 genes have been cloned inside MCS1 and MCS2,
respectively. Verified plasmid was finally transformed into E. coli BL21 (DE3) cells for
protein production and they were grown on 100 pg/ml carbenicillin containing Luria-Bertoni

(LB) agar plates.

2.2.17 Production and purification of the DF-heterodimer of S. cerevisiae V1Vo ATPase
Induction and solubility tests (Figure 2.8A-B) were done in a similar way as described
for subunit F, mentioned in section 2.2.1. After successful solubility tests, cells containing
DF-heterodimer were scaled up for further purification. Cells were grown in LB medium
containing carbenicillin (100 pg/ml) and shaken at 37 °C until an optical density ODsoo Of 0.6
was reached. IPTG was added with final concentration of 1 mM, in order to induce the
expression of DF-heterodimer and grown for another 4 hrs. Cells were harvested at 8 500 x g
for 12 min, 6 °C followed by purification, and opened by sonication in buffer A (50 mM
TrisHCI, pH 8.5, 200 mM NaCl, 2 mM PMSF and 2 mM PefablocS® (BIOMOL)). After
sonication cell debris was pelleted down by centrifugation at 10 000 x g for 35 min. The
supernatant was separated from pellet and filtered through 0.45 pm Millipore filter paper. The
His-tagged protein complex was mixed with Ni?*-NTA resin, which was equilibrated with 50
mM TrisHCI, pH 8.5, 200 mM NaCl. The mixture was allowed to bind to the matrix for 1.5 h
at 4 °C. After which the lysate-resin mixture was poured in column and the flow through was
collected. Bound protein was eluted with an imidazole-gradient (25 - 200 mM) in buffer A.
Fractions containing His-tagged DF protein were identified by SDS-PAGE (88). Required
fractions of protein were pooled together and diluted with 50 mM TrisHCI, pH 8.5 to make a
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final NaCl concentration of 50 mM. The sample was applied onto anion exchange column
(Resouce Q, 6 ml) and subsequently protein fractions were eluted using NaCl salt gradient.
The DF protein fractions were confirmed by running SDS-PAGE gel and pooled together
followed by concentration using Centricon YM-3 (10 kDa molecular mass cut off) spin
concentrators (Millipore). The protein complex was injected on to a gel filtration Superdex
S200 column (GE Healthcare), where 50 mM TrisHCI (pH 8.5), 200 mM NaCl and 5 mM
EDTA was used as a mobile phase. The purity and homogeneity of all protein samples were
analyzed by SDS-PAGE (88). SDS-gels were stained with Coomassie Brilliant Blue G250
and bicinchoninic acid assay (BCA; Pierce, Rockford, IL., USA) was performed to determine

protein concentrations.
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Figure 2.8: Induction and solubility test of DF-heterodimer. (A) Induction test of DF-heterodimer. Uninduced
and induced proten are shown in lane 2 and 3, respectively. Lane 1 correcponds to protein ladder. (B)
Representative picture of solubility test of DF-heterodimer. Lane 1, 2 and 3 are corresponding to protein ladder,
protein in pellet and protein in supernatant, respectively.

2.2.18 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was used to study the macromolecular
interactions in the solution. It permits determination of binding affinities and also the binding
constant of protein-protein interaction (130). Thermodynamic parameters such as entropic and
enthalpic components of such binding reactions can be resolved using ITC. Subunit
interactions of the VV-ATPase were monitored by isothermal titration calorimetry. The proteins
were equilibrated in the same buffer (50 mM Tris-HCI, pH 7.5, 200 mM NaCl, 5 mM EDTA,
1 mM TCEP), filtered and degassed before titration. The protein was then loaded in the

syringe and titrated in 1.5 ul injections against variable concentration of protein placed in the
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sample cell in a MicroCal iTC200 microcalorimeter (Microcal, Northampton, UK). All
experiments were performed under identical conditions at 20 °C. The binding curve was
determined by least squares method and the binding isotherm was fitted using Origin v7.0

(Microcal) assuming a single-site binding model.

2.2.19 Crystallization of the subunit DF-heterodimer

Crystallization of the DF-heterodimer was attempted using vapour diffusion method.
Sparse matrix screens from Hampton research and Emerald biosystems were used for the
initial screening. Hanging drops were set up by mixing 1 ul of the purified DF protein (5
mg/ml and 8 mg/ml) in buffer B (50 mM TrisHCI, pH 8.5, 250 mM NaCl, 5mM EDTA) with
1 ul of the precipitant solution and incubated at 18 °C (108). Initial crystals were seen in
Hampton research crystal screen 1 condition 11 (0.1 M Sodium citrate tribasic dihydrate pH
5.6, 1.0 M Ammonium phosphate monobasic). Once these crystals were confirmed to be
protein crystals, further optimization of the crystallization condition was done in order to
increase the size of crystals. Cryoprotectant solution was also optimized by testing different
percentages of glycerol and final cryoprotectant solution comprised of 0.1 M sodium citrate
tribasic dehydrate, pH 5.6, 1.1 M ammonium phosphate monobasic, 25 % (v/v) glycerol. The
crystals were quickly dipped in the cryoprotectant solution and were flash-frozen in liquid
nitrogen at 100 K. Optimized crystals were tested in the in-house Rigaku machine and

subsequently analyzed at National Synchrotron Radiation Research Center (NSRRC), Taiwan.
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3.1 Structural characterization of subunit F domains of
the S. cerevisiae ViVo ATPase in solution by SAXS
and NMR spectroscopy
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3.1.1 Introduction

Eukaryotic V-ATPases are multi-subunit enzyme complexes which pump proton in an
ATP-dependent manner and play crucial physiological roles in various intracellular
compartments, which lead to several cellular events such as endocytosis and intracellular
transport (131). ViVo-ATPases consist of a hydrophilic V1 domain, which is water-soluble
and responsible for ATP hydrolysis, and a membrane bound Vo domain, which is responsible
for translocation of proton. The stalk part consists of the V1 subunits C-H and subunit a and d
of Vo, and has an important role in energy coupling. The stalk subunits form the structural
and functional interface between the two domains. Two important subunits F and D, which
belong to central stalk, and are directly involved in ATP hydrolysis in the AsBs hexameric
headpiece of the Vidomain (41). A secondary structure prediction (Figure 3.1.1) shows that

subunit F is composed of an alternative arrangement of a-helices and B-strands.

conf : 11110030330033303330000=2000303330300300%
Pred: 4:>_] | ——

Pred: CCCCCCEEEEECCHHHHHHHHHHCCCCCCCCCCCCCCEEE
AA: MAEKRTLIAVIADEDTTTGLLLAGIGQITPETQEKNFFVY

10 20 30 40

cont : 1020303333033333300320333030332033333370%
Pred: > ;_:>_)

Pred: EECCCCHHHHHHHHHHHHHCCCCEEEEEECHHHHHHHHHH
AA: QEGKTTKEEITDKFNHFTEERDDIATILLINQHIAENIRAR

50 60 70 80

conf : 1110a030030130303330073222300303000000
Pred: 4'::> ] —_

Pred: HHHHCCCCCEEEEECCCCCCCCCHHHHHHHHHHHHHC
AA: VDSFTNAFPAILEIPSKDHPYDPEKDSVLKRVRKLFGE
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Figure 3.1.1: Secondary structure prediction of subunit F by psipred, where a-helix=C_0 , B-strand==>, cOil===
and confidence of prediction=4,
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A recent peptide array analysis revealed that several peptides of subunit F can interact
with other stalk subunits, indicating complicated arrangements of stalk subunits in the entire
complex (132). Due to the central role of subunit F, structural insight of this protein is very
important. In this current study, complementary techniques such as SAXS and NMR
spectroscopy were utilized to solve and characterize the low, as well as high resolution
structures of subunit F and its C-terminal peptide Foo-116, respectively. The domain features of
subunit F and Fi-94 are characterized by SAXS experiment. Superimposition of these two

structures was enabled to identify the both termini of the subunit F.

3.1.2 Production and purification of subunit F

The 14 kDa His-tagged protein, subunit F was overexpressed using conditions
mentioned in section 2.2.1.1. The protein was soluble in the respective buffer mentioned in
section 2.2.1.2, which
represent subunit F of the 90 -
S. cerevisiae  ViVo
ATPase and was
confirmed by applying the 60
sample onto the SDS-
PAGE gel. In the first step

of purification, affinity

Absorbance (mAu)

30 -

column chromatography

technique was carried out,

where Ni?*-NTA matrix 8 16

was used to bind the Volume (ml)

protein. Subsequently the Figure 3._1_.2: _Purification o_f S. cerevisiae subunit F (VMAT7p). After Ni?*-
NTA purification the protein was loaded onto Superdex™ 75 10/300 GL
bound protein was eluted column. Insert in the figure shows the SDS gel with two lanes where lane 1
. o represent the protein after Ni2*-NTA purification and lane 2 represent the

by a gradient of imidazole eluted protein after Superdex™ 75 purification (87).

(0-400 mM) which was prepared in a buffer containing 50 mM HEPES, pH 7.0, 300 mM
NaCl, 2 mM PMSF and 2 mM PefablocSC. Each fraction was collected in a separate tube
containing EDTA and then applied onto the SDS-PAGE gel to check for the presence of
desired protein. Protein eluting between 75 to 200 mM concentration of imidazole was pooled
together, concentrated and then loaded onto a gel filtration column (Superdex™ 75 10/300
GL) (Figure 3.1.2), to obtain pure and monodispersed protein. Purity of the protein was
ascertained by applying the sample onto an SDS-PAGE gel. The gel was stained with
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Coomassie Brilliant Blue G250 dye to visualize protein (Figure 3.1.2). BCA and BioSpec-
nano (Shimadzu Scientific Instruments) were used to determine protein concentration (87).
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry was performed and
showed, that the subunit F has a total mass of 13,685.82 Da, thus confirming mass calculated

from the sequence of the protein.

3.1.3 Estimation of secondary structure content in subunit F

Circular dichroism spectroscopy was carried out to estimate the percentage of secondary
structure content of subunit F. The spectrum was obtained between 190-260 nm wavelength
and showed one maxima at 192 nm and two minima at 208 and 222 nm (Figure 3.1.3). This
pattern is typical for an a-helical protein. A minimum at 215 nm is expected for proteins with
B-sheet. Due to the overlapping a-helical region, the minimum of B-sheet is not clear. The
percentage of average secondary structure content was determined to be 43%, 32% [-sheet
and 25% random coil, which is in line with the predicted secondary structure calculated from
the amino-acid sequence of subunit F. The molar ellipticity ratio at 208 nm and at 222 nm is

calculated to be 0.98 (87).
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Figure 3.1.3: CD spectrum of subunit F showing far UV-CD region (87).

3.1.4 Solution shape of S. cerevisiae subunit F determined by SAXS

The first aim of this project was to analyze domain features of subunit F from eukaryotic
V-ATPases. Henceforth, SAXS experiments were conducted to obtain a scattering pattern of
subunit F in solution. The final experimental composite scattering curve is shown in figure

3.1.4A. Further Guinier plots analysis revealed the good experimental data quality without
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any protein aggregation in the solution in the concentration range of 2.5-7.4 mg/ml. Subunit F
displayed a radius of gyration (Rg) of 2.28 + 0.3 nm and a maximum dimension (Dmax) of 7.7
+ 0.3 nm (Figure 3.1.4B). Forward scattering of reference protein bovine serum albumin
(BSA: 66.4 + 2 kDa) was also obtained to compare the scattering of subunit F to calculate the
molecular weight of sample protein. The calculated molecular mass of subunit F is 14 £+ 2
kDa, which is in agreement with the result from gel filtration chromatography mentioned in
chapter 3.1.2 and implied that subunit F is a monomer in solution at the 2.5-7.4 mg/ml
concentration range. Distance distribution function analysis suggested the existence of one
major domain in subunit F, producing a principal maximum (p(r)) of around 2.8 nm (Figure
3.1.4B) (87). It is also observed that a separate protuberant domain present in the structure
produced a shoulder from 5.8 nm to 7.7 nm. The gross structural shape of subunit F was
calculated from the scattering data as shown in figure 3.1.4A. The calculated and
experimental scattering curves of the protein are fitting nicely in the entire scattering range
(87). The respective fit is shown in figure 3.1.4A which has a discrepancy of ¥* = 1.349. In
total, ten independent models were reconstructed by the program DAMMIN (100) and each
generated a reproducible shape. Finally all shapes were averaged and are shown in figure
3.1.5. Subunit F contains two domains; a large egg-like major domain, connected to a small
hook-like domain via a 1.5 nm long linker part. The dimensions of major egg-like domain is
about 5.5 x 3.3 nm, whereas the hook-like region is around 0.89 nm in length and 2.23 nm in
width (87).
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Figure 3.1.4: SAXS experiment of S. cerevisiae subunit F. (A) Scattering curve obtained from experiment (e)
and the fitting curve (—) of subunit F. (B) Distance distribution functions of subunit F. For clarity the scattering
curve unit of subunit F is displaced by a logarithmic unit (87).
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Figure 3.1.5: Picture showing domain features of subunit F solved by SAXS, rotated 90° along the Y axis (87).

3.1.5 Production and purification of Fi.04

Based on the previous study, the N- and C-terminal domain of subunit F were shown to
have globular and extended conformations, respectively. The extended C-terminal region is
speculated to be flexible and dynamic in nature (85,87). Based on the secondary structure
prediction, Fi-94 construct was generated and Fos-118 was thought to be C-terminal flexible
region which might have an effect on the dynamic stability of N-terminal region. Therefore,
the generation of Fi-94 shall enable to find out the effect of the C-terminal domain on the
entire structure as well as the correct positions of both termini in the low resolution shape of
subunit F. The gene encoding Fi-94 was cloned by PCR method which is reported recently
(87). The over-expressed recombinant protein Fi-94 was purified in two steps. Firstly, metal
chelate affinity chromatography (Ni?*-NTA) technique was used, where the protein was
eluted using imidazole-gradient (0-400 mM). The protein fractions, eluted between 75-200
mM imidazole-gradient, were pooled together and applied onto the gel-filtration (Superdex™
75 10/300 GL) column for further purification (Figure 3.1.6). Protein quality was checked by
an SDS-PAGE gel. The protein was then analysed by mass spectrometry and showed a mass

of 11,155.94 Da (87), confirming the presence of protein Fi-g4.
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Figure 3.1.6: Purification of Fi.o4 from S. cerevisiae V-ATPase. (A) Elution profile of F1.94 protein, applied onto
gel filtration Superdex S75 column as a final step of purification. Insert in figure shows SDS gel where lane 1
represents protein purified after Ni2*-NTA affinity chromatography and lane 2 represents protein purified after
gel chromatography by using Superdex 75 column (87).

Circular dichroism spectroscopy was utilized to confirm the presence of secondary
structure in F1-94. Average secondary structure composition was calculated, showing 40% a-

helix, 32% B-sheet and 28% random coil present in the structure (Figure 3.1.7).
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Figure 3.1.7: CD spectrum of recombinant protein Fi.¢4 (87).
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3.1.6 Low resolution shape of F1-g4 in solution

SAXS experiments were performed to further investigate Fi-04. The main aim of doing
these experiments was to look into the effect of C-terminus truncation on the tertiary structure
of the protein as well as to identify the position of termini of subunit F. The scattering curve
generated from the SAXS data of Fi-94 in solution is presented in figure 3.1.8A. The solution
shape of Fi-04 was calculated, producing a good fit to the experimental scattering curve in the
entire range of scattering with a discrepancy of 2 = 1.175 (Figure 3.1.8A). Comparing the
SAXS-data of both subunit F and Fi-94, it was found that the Ry value of the truncated protein
reduced slightly by 0.19 £+ 0.02 nm, whereas the Dmax of F1-04 decreased drastically (Dmax = 7.0
+ 0.3 nm) (Figure 3.1.8B) (87). The calculated molecular mass of Fi-04 reflected that Fi-04 is
monomeric in solution. Figure 3.1.9 shows the low resolution molecular shape of the Fi-94
determined ab initio. F1-94 also has an egg-like domain similar to the entire F subunit but the
hook-like region is missing. An interesting observation is that the truncation of C-terminal
region does not alter the shape and dimensions of the larger major domain in the case of both
proteins. Superimposition of the major domain of subunit F and Fi-94 allowed to locate the C-

terminus of subunit F, which is situated on the upper hook-like domain (Figure 4.1.2).
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Figure 3.1.8: SAXS experiment of Fi.q4. (A) Scattering curve obtained from experiment (e) and the fitting curve
(-) of F1.4. (B) Distance distribution curve of Fi.q4. For clarity the scattering curve unit of Fi.¢4is displaced by a
logarithmic unit.
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Figure 3.1.9: Low resolution solution shape of Fi.q4, rotated 90° along the Y axis (87).

3.1.7 Secondary structure of the C-terminus of subunit F (Fgo-116)

According to the secondary structure prediction, the C-terminal region has a tendency to
form a helix between residues E1o04-F116, Which is predicted to be dynamic in solution. In order
to investigate the C-terminal domain of subunit F, the solution structure of a 27-residues
peptide, Foo-116 (9oAILEIPSKDH PYDPEKDSVL KRVRKLF116), was determined by NMR.
The peptide was synthesized by microwave technique and then purified by reverse phase
HPLC at the Division of Structural Biology and Biochemistry, SBS, as described in section
2.2.6. Circular dichroism spectroscopy was performed to estimate the percentage of secondary
structure presence in the peptide. The spectrum was measured in a range of 190-260 nm
wavelength (Figure 3.1.10A). The peptide contains 45% a-helix and 55% unstructured
features. The formation of a-helix was triggered by Trifluoroethanol (TFE). This result is in
line with the predicted secondary structure based on the amino-acid sequence of Foo-116
(Figure 3.1.10B). The molar ellipticity ratio at 208 nm and at 222 nm is 0.98 (87).
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Figure 3.1.10: CD spectrum of peptide Fgo-116. (A) Spectrum showing Far UV-CD region of peptide Fgo-116 in the
presence of TFE. (B) Prediction of Secondary structure of peptide Fgo-116 by psipred software, where a-helix=C0
, B-strand=—=>, coil===="and confidence of prediction=-"

3.1.8 NMR structure of Fgo-116 in solution

It is very essential to solve the peptide Foo-116 Structure to gain deeper insight about the
structural behaviour of the hook-like region in solution (87). NMR spectroscopy was used to
acquire homonuclear *H-tH TOCSY and *H-'H NOESY experiments in solution and standard
sequential assignment procedures were followed to assign residues of the peptide (Figure
3.1.11A) (105). Based on HA chemical shifts information, an online software PREDITOR
(87) was used to predict the secondary structure content, showing an a-helical stretch at the C-
terminus of the peptide spanning between Pios-Ri1s (Figure 3.1.11C). A representative cross
peaks assignment for the NH-NH region is shown in figure 3.1.11A. Based on the assigned
NOESY spectrum, NH-NH, Ho—NH (i, i+3), Ho—Hp (i, i+3) and Ho—NH (i, i+4) connectivity
were drawn which is presented in figure 3.1.11B. Analysis of NOE connectivity data supports
the formation of an a-helical stretch in the C-terminus (87). 100 structures were calculated
and among them 10 structures which have the lowest energy were chosen for further analysis.
The calculated overall RMSD of 10 ensembled structures for the backbone atoms and heavy
atoms was 0.303 A and 1.46 A, respectively (Figure 3.1.12A-B). All structures had energies
lower than -100 kcal/mol. There were no NOE and dihedral violations greater than 0.3 A and
59 respectively. Table 3.1.1 represents the summary of the statistics for 10 lowest energy
structures. The calculated structure has a total length of 27.30 A with a helical region
(residues Pio3-Ru13, 14.9 A) flanked with N- and C-terminal unstructured regions (residues

Aogo-D102 and Kiis-Fi1s, respectively) (Figure 3.1.12B). Figure 3.1.13C shows the surface
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electrostatic potential of Feo-116 generated by Pymol program (87). The charged distribution

showed that the helix is positive-charged which is contributed by basic residues like Kiao,
Ri111, Ru1z and Kai4 (87).
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doN (i,i+1)
dpN (iji+1)
dnnN (1,i+2)
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Figure 3.1.11: 2D homonuclear NMR experiment of peptide Fgo.116 (87). (A) Assignment of cross-peaks at HN-HN
region of the NOESY spectrum of peptide Fgo.116. Sparky 3.1 program was used for peak picking and based on
TOCSY and NOESY spectra, cross peaks were identified. (B) The NOE connectivity plot of Fgo.116. (C) Prediction of
secondary structure using Ha chemical shifts of Fgo.116 by online program PREDITOR (87).
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Figure 3.1.12: Solution structure of Fgo.116 by NMR. Line (A) and cartoon representation (B) of superimposed 10 lowest
energy NMR structures of Fep.116. (C) Surface electrostatic charge of Feo.116, Showing positive (blue) and negative (red)
potentials (87).

Table 3.1.1: NMR structural statistics of peptide Fgo-116 (87).

Total number of residues 27
Total number of NMR restraints 410
Intraresidual (|i—j|=0) 51
Short range (Ji—j|< 1) 69
Medium-range (2 <|i—j|< 5) 94
Long-range (Ji-| > 5) 2
Dihedral angle constraints 30

Ramachandran plot statistics (%0)

Most favoured regions 58.2
Additionally allowed regions 30.5
Generously allowed regions 114
Disallowed region 0

Structural precision for well ordered region
rmsd backbone (P103-Fi16) 0.303 A
rmsd heavy atoms 1.46 A
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3.2.1 Introduction

V-ATPases are known to catalyze ATP into ADP leading to release of energy which is
used for proton translocation through the transmembrane domain into the intracellular
vesicles. As a part of central stalk, subunit F plays an important role during the coupling
event. Subunit F is proposed to undergo structural alterations and interact with subunit A, D
and E during catalysis in nucleotide-dependent manner (41,45,133). Among all ATPase
family, V-ATPases have a unique feature called reversible disassembly. During this process
V1 part dissociate from Vo part causing structural rearrangement in the stalk region. Due to
the dynamic rearrangement of stalk region, high resolution structural information is required
which might help us to understand the complex mechanism of this part. With the intention to
get a high resolution structure, crystallization studies were done for both subunits F and F1-o4.
Among these, F1-e4 produced crystals and diffracted to 2.64 A resolution. Due to the lack of a
suitable structural model, molecular replacement did not work, which directed us to generate
selenomethionine protein. Initially Fi-04 had two methionine residues at the very N-terminal
region which were not enough to produce selenium signal during the fluorescence scanning of
the selenomethionyl protein crystals. To increase the number of methionine residues, Fi-
94169M mutant was produced and finally selenomethionyl Fi-04169M protein was crystallized
to solve the structure.

3.2.2 Crystallization of F1.04

Crystallization drops for subunit Fi-04 were setup in both sitting and hanging drops, using 3
mg/ml and 5 mg/ml protein concentrations. Initial crystals were observed in crystal screen 1 of
Hampton Research condition 6 (30% (v/v) polyethylene glycol 4000 (PEG 4000), 0.10 M
Tris/HCI, pH 8.5 and 0.20 M MgClz, 6xH20) at 18° C. In both sitting and hanging drops, numerous
tiny crystals were observed after quick nucleation and the crystals looked multiple when observed
under microscope (Figure 3.2.1A). These crystals were small in size (0.17 mm x 0.07 mm x 0.01
mm). Few crystals which did not appear multiple under the microscope were tested in the in-house
machine and diffracted maximum to 7 A resolution machine (Figure 3.2.1B). After indexing the
diffraction data by HKL2000 suite program, it showed higher unit cell parameters (a =545 A, b =
177 A, ¢ = 295 A). To improve the quality of the F1.es crystals and diffraction resolution, a series

of optimizations were carried out by varying crystallization parameters.
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(A) (B)

Figure 3.2.1: Initial Fq.04 crystals, which were crystallized in the condition of 30 % (v/v) PEG 4000, 0.10 M
Tris/HCI, pH 8.5, 0.20 M MgCl,, 6xH-0 at 18° C temperature. (A) Crystals of F1q4. Red arrows indicate the presence
of few multiple crystals observed under microscope. (B) The best diffraction pattern of Fi.gs crystal before
optimization. Circles show resolution shell for 20 A and 10 A, respectively.

Different concentrations of glycerol (5-25%) were added to reduce the rate of nucleation,
resulting in uniformly shaped crystals with a dimension of 0.3 mm x 0.04 mm x 0.02 mm (Figure
3.2.2A-C). Different concentrations of PEG 4000 (20-35%) were also tested in the grid screen
but the protein crystallized only with 30% PEG 4000 (Figure 3.2.3A-C). Varying magnesium
chloride hexahydrate (MgClz, 6xH20) concentrations (0.01-0.4 M) in the grid screen had a major
effect on crystal size and rate of nucleation (Figure 3.2.4A-C). Probably due to salting in effect
at 0.1 M MgClz, 6xH20 concentration, the nucleation rate was considerably reduced resulting in
bigger sized crystals with a dimension of 0.4 mm x 0.07 mm x 0.03 mm.

(A) (B) (©)

Figure 3.2.2: Selected pictures of Fi.q4 crystals at different glycerol concentrations. Formation of Fi.g4 crystals
in the condition of 30% (v/v) PEG 4000, 0.20 M MgCl,, 6xH20 and 0.10 M Tris/HCI, pH 8.5 at 5% glycerol
(A), 10% glycerol (B) and 15% glycerol (C).
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(A) (B)

Figure 3.2.3: Representative pictures of Fi.gx crystals where percentage of PEG 4000 was varied.
Crystallization drop in the condition of 0.20 M MgCl,, 6xH20, 0.10 M Tris/HCI, pH 8.5 and 10% glycerol at
25% PEG 4000 (A), 30% PEG 4000 (B) and 35% PEG 4000 (C).

(A) (B) (©)
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Figure 3.2.4: Selected pictures of crystals yielded after varying MgCl,, 6xH,O concentration. (A) Crystals in
the condition of 30% PEG 4000, 0.10 M Tris/HCI, pH 8.5 and 10% glycerol at 0.1 M MgCl,, 6xH,0 (A), 0.25
M MgCl,, 6xH,0 (B) and 0.4 M MgCl,, 6xH,0 (C).

Variations of pH (7.5-9.0) were done to improve the crystal quality. At pH 8.8 of 0.10 M
Tris/HCI buffer, multiple crystals were not observed under the microscope (Figure 3.2.5A-C).
Thereafter, nucleation rate was slower down using paraffin and silicon oil yielded microcrystalline
precipitation (Figure 3.2.6A-C).

PEG 4000, 0.10 M MgCly, 6xH20, 10% glycerol and 0.10 M Tris/HCI at pH 8.2 (A), pH 8.4 (B) and pH 8.8 (C)
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Figure 3.2.6: Crystal pictures of Fi.94 after covering the reservoir solution by paraffin and combination of paraffin and
silicon oil. Crystals were formed in the condition of 30% (v/v) PEG 4000, 0.20 M MgCl,, 6xH,0, 0.1 M Tris/HCI, pH
8.8, 10% glycerol without covering reservoir solution (A), reservoir solution was overlaid by paraffin (B) and reservoir

(A) (C)

solution was covered by mixture of paraffin and silicon oil (C).

List of other parameters, which were attempted during optimization are given below:

Q

U D

OO0 000

Different grades of PEG e.g. PEG 400, PEG 1500, PEG 2000, PEG 3350, PEG 5000,
PEG 6000, PEG 8000.

Different types of chloride salt e.g. CsCl, LiCl, NH4Cl, NiClz, 6xH20 and KCI.
Different types of magnesium salt e.g. (CH3COO)2Mg, 4H20, Mg(CHOOQO)2, 2H20,
Mg(NOs3)2, 6xH20 and MgSOa, H20.

Addition of 2-methyl-2,4-pentanediol (MPD) instead of PEG 4000.

Addition of basic amino acid e.g. arginine.

Variations of protein concentration.

Variations of temperature.

Micro and macro seeding.

Additive screening.

Based on the grid screens, crystal drops were set up in the condition of 30 % (v/v) PEG 4000,
0.10 M of MgClz, 6xH20, 0.10 M Tris/HCI, pH 8.5 and 10 % (v/v) of glycerol which yielded
better diffracting crystals (Figure 3.2.7B-C). The optimized crystals were harvested and tested

in in-house Rigaku machine.
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(A) (B)
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Figure 3.2.7: Optimization of Fi.g4 crystals. (A) Crystals in conditions of 30% PEG 4000, 0.20 M MgCl,,
6xH20, 0.10 M Tris/HCI (pH 8.5). (B) Pictures of a crystal after optimization using 30% PEG 4000, 0.10 M
MgCly, 6xH,0, 0.10 M Tris/HCI (pH 8.8) and 10% glycerol. (C) Representative diffraction image of Fi.os Of V-
ATPase from S. cerevisiae. Circles showing resolution shell for 4.5 A and 3.0 A, respectively (109).

A single-wavelength data set of a F1-04 crystal was collected at the in-house Rigaku machine where
temperature was maintained at 100 K (Figure 3.2.7C). A total of 360 frames were collected and the
exposure time was 5 min per frame with an oscillation range of 1°. HKL2000 suite of program
(110) was employed to index, integrate and scale all diffraction data. The summary of data

processing statistics is shown in Table 3.2.1.
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Table 3.2.1: Summary of data collection parameters and processing statistics of Fi-g4 crystal
(109).

Wavelength (A) 1.54178
Space group C222:
Unit cell parameters (A)
a= 47.206
b= 160.264
c= 102.494
Molecules in asymmetric unit 4
Solvent content (%) 46.03

Resolution limits (A)

30.0-2.64 (2.73-2.64)

No. of images 360
No. of reflections 26881
Unique reflections 11788
Multiplicity 6.4 (6.3)
Completeness (%) 98.9 (99.0)
Rmerge (%)* 10.2 (28.0)
<l/lo(1)> 13.7 (7.1)

*Rimerge = ZZilln - Inil/ZZi In, where Iy, is the mean intensity for reflection h.

The native Fio4 crystal diffracted to 2.64 A resolution. The crystal belongs to the
orthorhombic space group C222: having unit cell parameters of a = 47.21 A, b = 160.26 A
and ¢ = 102.49 A. A representative diffraction pattern is shown in figure 3.2.2C. Cell content
analysis showed 46.03% solvent content and 2.28 A% Da! Matthews coefficient (Vm) (134),
considering four molecules in one asymmetric unit (109). Initially molecular replacement was
tried to solve the phase where the structures of subunit F of the related A-ATP synthase from
P. furiosus (PDB ID: 2QAl) and from A. fulgidus (PDB ID: 214R) were used as initial model.
However, no final solution for structure determination could be found. Hence, my focus was

directed towards obtaining crystals from selenomethionine substituted Fi-g4.

3.2.3 Production, purification and crystallization of selenomethionyl F1.94 protein
Multi-wavelength anomalous diffraction (MAD) technique is a fundamental approach

for the phasing of protein crystal structures (135). A single protein crystal is required to

contain one or more heavy atoms that cause anomalous diffraction from the incoming X-rays

at the wavelength used for the diffraction experiment. The most suitable heavy atom for this
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purpose is selenium. Selenomethionine is most commonly incorporated into the protein for
collecting MAD data. As there was no suitable model for molecular replacement,
selenomethionine substituted Fi-94 protein was produced to solve phasing problems during
structure determination. Two methionine residues are present in the His-tagged Fi-94 protein,
one is at the very N-terminus His-tagged region (MKHHHHHHP), whereas the second
methionine is at the very first amino acid of the encoded Fi-94 protein. The details about the
production and purification procedure of selenomethionine substituted Fi-94 protein are given
in section 2.2.9. Crystallization setup for selenomethionine substituted Fi-94 was done using
hanging-drop vapor diffusion method at 18° C at optimized solution condition, containing
30% (v/v) PEG 4000, 0.10 M Tris/HCI, pH 8.8, 0.10 M MgCl2, 6xH20 and 10% glycerol. In
the optimized condition, 2 ul protein solution was mixed together with an same volume of
mother solution and equilibrated at 500 pl volume of reservoir solution. The nucleation
process initiated within two days leading to the formation of crystals. Figure 3.2.8A-B shows
an image of selenomethionine substituted Fi-94, which could be successfully crystallized and
diffracted to 3.8 A resolution.

(A) (B)

/I
- 6 ..m..\\\\\\

Figure 3.2.8: Crystals of selenomethionine substiuted Fi.g4 protein in the condition of 30% (v/v) PEG 4000, 0.1
M MgCl,, 6xH,0, 0.1 M Tris/HCI (pH 8.8) and 10% glycerol. (A) Crystals of selenomethionine substiuted Fi.ga.
(B) Diffraction pattern of selenomethionine substiuted Fy.g4 crystal. Circles showing resolution shell for 10.0 A
and5.0 A

A fluorescence scan was performed at the absorption edge of selenium with selenomethionyl
native F194 crystals which produced very weak signal (Figure 3.2.9). The data set that was

collected and processed resulted in anomalous signal which is not useful for phase
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determination. The most probable reason for the weak signal is attributed to the fact that there

are only two methionine residues situated at the very N-terminus end of the protein.
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Figure 3.2.9: Fluorescence scanning of SeMet F1.4 protein crystal.

3.2.4 Cloning, expression and purification of F1.04 mutants

In an effort to improve the speed and accuracy of protein structure determination by X-
ray crystallography, the methionine residues should be spread throughout the whole protein
structure (136). Two methionine residues are present in the His-tagged Fi-94 protein, one at the
very N-terminus of the His-tagged region and the second methionine is the very first amino
acid of the encoded F1-94 protein. To increase the number of methionine in the structure of Fi-
o4 protein, mutagenesis was done. Leucine residue of Fi-94 was mutated into methionine with
the idea that this mutation would not impact significantly on the structure of the whole
protein, because methionine is roughly the same size as leucine and flexible enough to fairly
occupy the same volume (137,138). Methionine is the only moderately conserved amino acid
most frequently replaced by leucine or isoleucine in the course of evolution (139). After
multiple sequence alignment analysis, several different mutants, F1-0418M, F1-04111M, F1-
94L.20M, F1-94L67M, F1-94L68M, F1-94173M, F1-04L.20, 67M and F1-04169M were designed and
generated (Figure 3.2.10). Mutations were done in the structural region to minimize flexibility
of selenomethionine residue, which might enhance fluorescence signal of the selenium atom.
Initial focus was on those leucine residues which are present in the structural region. Based on
this, F1-0aL20M, F1-94L67M and F1-94L68M mutants were designed. After comparing with the
crystal structure of homologous subunit F of E. hirae A-ATP synthase (Fen), F1-0418M, F1-
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94111M and F1-04173M mutants were designed where the mutated residue in Fen is exposed

outside.

S.cerevisiae
M.mazei
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T.thermophilus
E.hirae
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Figure 3.2.10: Sequence alignment of subunit F from eukaryotic V-ATPases. The secondary structure elements
of the eukaryotic Fi.94 from S. cerevisiae and the A-ATP synthase subunit F from E. hirae are shown above and
below, respectively. Red boxes indicate the position of amino acid where methionine mutation was done.

The mutants were successfully created by overlap extension PCR method with primers
a-b and c-d, respectively, as mentioned in section 2.2.5. The two amplified DNA fragments,

produced after PCR 1, were then annealed together by doing second PCR reaction using the
flanking primers a and d (Figure 3.2.11). The fused DNA fragments were digested with Ncol

and Sacl restriction enzymes and successfully ligated into pET-9d1 vector (86).
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Figure 3.2.11: (A) A representative picture of PCR amplification of Fi.¢4 mutants. PCR | products; Marker
DNA (100 bp, Fermentas) (lane 1); larger fragment (lane 2); smaller fragment (lane 3). (B) PCR II; final
products; Marker DNA (100 bp, Fermentas) (lane 1); F1.418M (lane 2); F1.04111M (lane 3); F1.¢.L.20M; (lane
4); F1.04L67M (lane 5); F1.04L.68M (lane 6); F1-04173M (lane 7) and F1.94L.20, 67M (lane 8).
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Induction and solubility tests were done after successful cloning of Fi-e4 mutants. All mutant
proteins were soluble in 50 mM Hepes, pH 7.0, 300 mM NacCl buffer. The selenomethionine
substituted F1-04 mutant proteins were overexpressed and purified following the same protocol

developed for wild type (WT) selenomethionyl subunit F1-94 (Figure 3.2.12).
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Figure 3.2.12: Superdex 75 elution profile of Fi.92 mutants; (A) SeMet F1.9418M, (B) SeMet Fi.0111M, (C)
SeMet F1.94L.20M, (D) SeMet F1.4L67M, (E) SeMet F1.4L68M, (F) SeMet F1.04173M. Insert shows respective
SDS-PAGE gel.

Crystallization drops of mutants were setup in the optimized condition of native Fi-94 crystal,

resulting either in microcrystals or precipitation (Figure 3.2.13).
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Figure 3.2.13 : Crystal drops of selenomethionyl Fi.4 mutants. All drops were set up in the condition with 30%
(v/v) PEG 4000, 0.10 M MgCl;, 6xH,0, 0.10 M Tris/HCI, pH 8.8 and 10% glycerol (A) Microcrystals of SeMet
F1-0418M. (B) microcrystalline precipitation of SeMet Fi..2I11M. (C) Precipitation of SeMet F1.0L20M. (D)
Clear drop of SeMet F1.94L67M. (E) Microcrystal of SeMet F1.¢.L68M. (F) Microcrystalline precipitation of
SeMet F1.94173M.

Secondary structure prediction shows that 169 is positioned near to the end of beta strand
(Figure 3.2.14). Mutation in this position might have less influence on the tertiary structure of
Fi-04. Therefore, F1-04169M mutant was generated, cloned and transformed into BL21 (DE3)
for overexpression. SeMetF1-04169M mutant was purified and crystal drops were set up in the

optimized condition of native F1-04, yielding crystals, which were further optimized.
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Figure 3.2.14: Multiple sequence alignment of subunit F from eukaryotic V-ATPases. Secondary structure
elements of the eukaryotic Fi.o4 from S. cerevisiae and the A-ATP synthase subunit F from E. hirae are shown
above and below, respectively. Red boxes indicate the position of isoleucine which mutated to methionine
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3.2.5 Production, purification and crystallization of selenomethionyl F1.94169M mutant
Selenomethionyl form of F1-04169M was produced as in wild type selenomethionyl Fi-o4,

which yielded pure protein (Figure 3.2.15A). Crystal drops were setup in the optimized

condition of native Fi-94 and produced crystals which were smaller in size (Figure 3.2.15B)

and thus needed further optimization.
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Figure 3.2.15: (A) Purification chromatogram of SeMetF;.04169M protein. After purification by Ni?*-NTA
chromatography, the ptotein was loaded onto the gel-filtration S75 column. Insert shows SDS-PAGE gel of
protein purified after gel filtration chromatography. (B) Crystals of selenomethionyl F1.04169M mutant appeared
in the condition with 30% (v/v) PEG 4000, 0.10 M MgCl,, 6xH,0, 0.10 M Tris/HCI (pH 8.8) and 10% glycerol.

Different grid screens were used to optimize the crystallization condition. At the gel filtration
step (Superdex™ 75 column), only
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(Figure 3.2.16) were pooled
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Figure 3.2.16: Gel filtration chromatogram of SeMetF;.94169M

MgClz, 0.10 M Tris-HCI pH 8.8, mutant protein. Only 20-30% peak fractions pooled together to
get pure homogeneous protein.

8 12
Elution Volume (ml)

10% glycerol, where the
concentration of protein was 5 mg/ml. During harvesting, crystals cracked leading to poor

diffraction when observed in the in-house X-ray machine (Figure 3.2.17A-B).
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(A) (B)

104 (54

Figure 3.2.17: (A) Crystal of SeMetF1.04169M protein which diffracted to 8 A due to the crack. (B) Diffraction
pattern of the cracked crystal. Circles showing resolution shell for 10 A and 5.0 A,

To avoid this problem, crystals were first washed in a stabilization solution containing 32%
(v/v) PEG 4000, 0.10 M Tris/HCI, pH 8.8, 0.10 M MgCl2, 6xH20 and 10% glycerol and
subsequently transferred into cryo-solution containing 32% (v/v) PEG 4000, 0.10 M MgClz,
6xH20, 0.10 M Tris/HCI pH 8.8 and 22% glycerol. These crystals were tested in the in-house
machine first and good diffraction quality crystals were measured at the National Synchrotron

Radiation Research Center (NSRRC, Hsinchu, Taiwan) for data collection.

3.2.6 Data collection, processing and structure determination

Fluorescence scanning of selenomethionyl Fi194169M mutant crystal showed signal
(Figure 3.2.18A-B) at the selenium absorption edge which allows to determine the correct
phase for structure determination. Crystals diffracted to a maximum resolution of 2.3 A
(Figure 3.2.18C). The crystals belong to C222: space group, with unit-cell parameters a =
47.22 A, b=160.83 A, c = 102.74 A. Four molecules are present in one asymmetric unit. The
crystal contains 46.28% of solvent and the calculated Matthews coefficient (Vm) (134) was
2.29 A® Da’. Summary of data collection and processing statistics of Fi-g4 and its SeMetFi.-

94169M mutant are summarized in Table 3.2.2.
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Figure 3.2.18. (A) SeMetF1.04169M protein crystals in the condition of 30% (v/v) PEG 4000, 0.05 M MgCl,,
6xH,0, 0.10 M Tris/HCI (pH 8.8) and 10% glycerol. Fluorescence scanning (B) and diffraction pattern (C) of
SeMetF1.94169M protein crystal (109). Circles showing resolution shell for 4.5 A and 3 A.
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Table 3.2.2: Summary of data collection parameters and crystal characterization of
SeMetF1-94169M mutant

Peak Inflection Remote
Wavelength (A) 0.978683 0.978836  0.963626
Space group C222; C2221 C2221
Unit cell parameters (A)
a= 47.223 47.146 47.153
b= 160.833 160.312 160.334
c= 102.738 102.429 102.439
Molecules in asymmetric unit 4 4 4
Solvent content (%) 46.28 45.86 45.87
Resolution limits (A) 50.0-2.45 50.0-2.33  50.0-2.29
(2.54-2.45) (2.41-2.33) (2.37-2.29)
No. of images 720 360 360
No. of reflections 33722 38421 40195
Unique reflections 14946 17096 17958
Multiplicity 12.7 (6.4) 6.5(4.6) 6.4 (3.7)
Completeness (%) 99.4 (95.9) 99.5(96.7) 98.8(89.5)
Rmerge (%0)* 9.4 (58.6) 8.4(43.4) 8.4(45.9)
<l/lo(1)> 23.4(1.8) 18.8(2.2) 17.1(1.6)

*Rumerge = ZZilln - Inil/ZZi In, where Iy is the mean intensity for reflection h.

Phasing was performed by using three-wavelength MAD data sets. The structure was solved
at 2.3 A (Rerys = 0.15 and Ree = 0.21). Structure was fitted nicely into the electron density
map which indicates high quality model of Fi-94169M structure. Flow chart of structure

determination, refinement and validation programs have been shown below.
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Data Processing : HK1.2000

0

Experimental Phasing : SHELX C/D/E

Density modification: RESOLVE

g

Automatic model building: BUCCANEER

0

Manual model building: COOT

0

Refinement: REFMACS

|

Validation: PROCHECK

The validation statistics for the final structure is summarized below.

Table 3.2.3: Summary of refinement statistic of SeMetF1-04169M mutant crystal structure

R factor (%) 15.2
R free (%) 21.2
Ramachandran statistics

Residues in most favored (%) region 89.9
Residues in additionally allowed (%) region 10.1
Residues in generously (%) region 0.0
Residues in disallowed (%) region 0.0
R.M.S. Deviations

Bond length (A) 0.015
Bond angle (°) 1.7
Mean atomic B values 39.03
Number of water molecule 245

Four molecules are present in one asymmetric unit (Figure 3.2.19A). There was no
clear electron density of the N-terminal region which could be due to the disordered His-tag
region. The four B-strands (B1-p4) are oriented parallel to each other and are connected by
four a-helices (al1-04) (Figure 3.2.19B). The four B-strands (B1-p4) are formed by amino acid
residues spanning from L7-D13, F37-Y40, 164-M69 and A90-E93, respectively as well as the
four a-helices (al-a4) with residues ranging from E14-L22, K47-E59, Q71-N76 and R78-

D82. The Fi-94 crystal structure contains seven loops, including a polar and large loop
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between al-B2 with amino acid sequence of 26GQITPETQEKS3ss (Figure 3.2.20A). The
electron density at the loop regions is very clear (Figure 3.2.20B). Surface electrostatic
potential shows that one side of the protein is hydrophobic in nature and the opposite side is
composed of both acidic and basic residues (Figure 3.2.21). The hydrophobic site is
comprised of the residues 18, A9, V10, 111 and Al12 located on B1; 164, A65, 166, L67 and
L68 on B3; A90, 191, L92 and 194 on B4; G19, L20, L21 and L22 on al. The electrostatic
surface potential of the B-sheet is highly hydrophobic due to the presence of hydrophobic
amino acids (B1:7LIAVIADz13, B2:37FFVYa0, B3:6al AILLMeg, B4:00AILEgs3), while the helices
are mainly dominated by hydrophilic residues. The longer o2 helix contains mostly
hydrophilic residues (7KEEITDKFNHFTEso) while the shorter helices, a3 (1QHIAEN7s) and
a4 (sRARVDsz) contain hydrophilic and hydrophobic residues, respectively. In contrast, the
first helix, al starts with a hydrophilic patch of five residues (14EDTTT1s) followed by a
hydrophobic patch containing four residues (19GLLL22). Sequence analysis of subunit F with
other eukaryotic V-ATPases and related A-ATP synthases revealed two important loops
present in the Fi-94 structure. One unique polar loop which is larger than other loop spanning
between al-B2 (26GQITPETQEKSs) and a highly conserved loop with a so0ERDDs3 motif
between a2-B3, which are present only in eukaryotic V-ATPases (Figure 3.2.20A).

(A) (B)

Chain C

Figure 3.2.19: Crystal structure of S. cerevisiae subunit F, F1.94. (A) Ribbon diagram of S. cerevisiae subunit F,
Fi-04, showing four molecules in one asymmetric unit. (B) Ribbon structure of single molecule showing a
Rossman fold labeled with alternating a-helices and B-strands.
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(B)

Figure 3.2.20: (A) Multiple sequence alignment of subunit F from eukaryotic V-ATPases and A-ATP synthases.
The secondary structure elements of the eukaryotic subunit F from S. cerevisiae and the A-ATP synthase subunit
F from E. hirae are shown in blue and magenta, respectively. (B) Two important loops are marked in red color
(left). Electron density of these loops is shown (right).
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180°

Figure 3.2.21: Surface electrostatic potential of Fi.94, with one side of protein showing hydrophobic (white)
surface whereas opposite face is composed of basic (blue) and acidic (red) charges (modified from Basak et al;
2013) (140).
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3.3.1 Introduction

Subunit F of VV-ATPase plays a leading role in the coupling event as it is part of the
central stalk. This subunit undergoes conformational changes and/or rearrangements during
enzyme function and is proposed to interact with catalytic subunits A and B as well as the

stalk subunits C, D, E and H (12). It has been shown that subunit H and F crosslinked in V1

ATPase which does not HB, v, 8-region
occurring in assembled 3
0.9 |

V1Vo-ATPase (67). :

208"
In order to investigate £ 0.7

g U/
the proposed interaction, = 0.6 .

= 0.5 AromaticH
one dimensional NMR ]

Normalize
o oo
o W

spectrum of subunit F > 1 HN-region Shiftedtmethyl
. E l_l_\ protons
was recorded in 25 mM /

(=]
S b

phosphate buffer (pH
6.8), which showed

characteristic pattern of

9 8 7 6 5 4 3 2 1 0
Chemical shift (ppm)
Figure 3.3.1: 1D NMR spectrum of subunit F. One dimensional NMR

peaks and were spectrum of subunit F recorded at 298 K in 25 mM phosphate buffer, pH 6.8,
dispersed in amide 200 mM NaCl and 5 mM EDTA on Bruker Avance 600 MHz machine.

region (6 to 10 ppm), a-region (3.5 to 5 ppm), and uphill shifted methyl protons region (-0.5
to 1.0 ppm) (141) (Figure 3.3.1). The 2D H-®N HSQC experiments were done in 25 mM
phosphate buffer at pH 6.8 by changing different parameters e.g. temperature, addition of
mild detergent. The 2D H-N HSQC spectra of subunit F at different optimization
conditions are shown in figure 3.3.2A-B and figure 3.3.3A-B. Thereafter 3D NMR
experiments were performed in the condition of 25 mM phosphate buffer, pH 6.8, 200 mM
NaCl and 5 mM EDTA at 25° C, but during acquisition, the protein precipitated. Further
optimization was needed to stabilize subunit F in order to perform 3D NMR experiments.
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Figure 3.3.2: 'H->N HSQC spectrum of subunit F acquired at different temperatures. (A) 2D HSQC NMR
spectrum of subunit F recorded in 25 mM phosphate buffer, pH 6.8, 200 MM NaCl and 5 mM EDTA on Bruker
Avance 600 MHz machine at 288 K (A) and 298 K (B).



Structure and dynamics of entire S. cerevisiae subunit F analyzed by NMR spectroscopy 71

(A)

110 -

120 -

130 -

(PPM)

110-

120-

130-

Figure 3.3.3: Optimization of parameters for acquisition of *H->N HSQC spectrum of subunit F. (A) 2D HSQC
NMR spectrum of subunit F obtained in 25 mM phosphate buffer, pH 6.8, 200 mM NaCl and 5 mM EDTA at
303 K. (B)Representative 2D H-SN HSQC NMR spectrum of subunit F in the presence of 2% dodecyl
maltoside (DDM).
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The protein buffer was changed to 50 mM Tris-HCI at pH 7.5, 200 MM NaCl, 5 mM EDTA.
Then the 3D NMR experiments were conducted at 20° C on a 700 MHz NMR spectrometer
where the protein was stable for entire acquisition period. At final optimized condition,

subunit F produced a better spectrum which was used to assign amino acids (Figure 3.3.4).

3.3.2 Resonance assignments of subunit F of the S. cerevisiae ViVo ATPase

In order to determine the interaction of subunit F with other subunits and to study
dynamics in solution, resonance assignment of this subunit was necessary. The sequential
resonance assignments of the backbone amide groups are labeled in a 2D *H/**N-HSQC
spectrum (Figure 3.3.4), indicating cross-

K44 T45 T46

peaks of backbone 'H and °N of individual BN=120.6  “N=119.28  N=120.85
I =7.80 IH=8.39 "H=8.94

residues. The folding of subunit F was

N

confirmed by good dispersion of amide peaks 20 >

as well as up-field shifted methyls. ° .
Combination of triple-resonance 30 @
CBCA(CO)NH, HNCACB and HNCO
spectra were used to assign the backbone HN, 40
N, BCe, 13CP and 13C’ resonances (Figure
3.3.4). A total 84 residues were identified 50 <

from the HSQC peaks and most of the ¢ QT

unassigned residues are present in the
. . - o o :
flexible loops of entire domain (Figure 3.3.5). ®

Flexible parts of the structure were not Figure 3.3.4: An example of sequential assignment of

three residues (K44, T45 and T46) by CBCA(CO)NH
and HNCACB experiments in case of subunit F of S.

could be due to the fast amide solvent cerevisiae V-ATPase.

observed in the HSQC spectrum, which

exchange or chemical exchange in these parts. SAXS data also indicated that the protein is
monomeric in solution mentioned in section 3.1.4 (142) at the concentration used for NMR,
thus it can be speculated that the broadness of the peaks in 2D HSQC is not due to
oligomerization. Different types of line shapes of the peaks were observed in the HSQC
spectrum. There are single intense peaks which are mostly from the N-terminal region. By
comparison, the C-terminal part has less intense peaks indicating, that this region is more
flexible in nature. There are some unassigned less intense peaks which are most probably

coming from a minor conformational state. This difference in intensity of HSQC peaks is
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clear evidence that the protein undergoes conformational exchange on the microsecond to

millisecond time scale. Due to incomplete sequential assignment, some sharp peaks could not

be assigned.
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Figure 3.3.5: ®N-'H HSQC spectrum of the entire subunit F of \V-ATPase from S. cerevisiae. The NMR data

were acquired at 20° C on a 700 MHz NMR spectrometer in 50 mM Tris-HCI buffer at pH 7.5, 200 mM NaCl, 5
mM EDTA (140).

3.3.3 Characterization of full length subunit F by NMR spectroscopy

The NMR study on full length F subunit was performed together with Dr. J. Lim from
our lab to characterize the protein in the solution. The sequential backbone assignment was
carried out for 118-residue F subunit. 84 out of ~90 observable peaks (excluding proline and
sidechains) were assigned (Figure 3.3.5). The secondary structure prediction based on Ca and
CP chemical shifts was done which indicated, that there is an alternating arrangement of four
B-strands and five a-helices (Figure 3.3.6A), which nicely correlates with the crystal structure
of F1-94 which is shown in chapter 3.2.6. The four B-strands are f1 (T6-D13), 2 (N36-Q41),
B3 (R61-L68) and B4 (F88-194), whereas the five a-helices are ol (E14-L22), a2 (K47-T58),
a3 (N70-N76), a4 (R78-F84) and a5 (K110-F116). These are consistent with the X-ray
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crystal structure of F1-94 and the NMR structure of a5-peptide (Foo-116) solved in the presence
of trifluoroethanol (20) (Figure 3.3.6A). In addition, the propensity of helix and beta strand
formation predicted by TALOS+ (34) matches the secondary structure prediction by NMR

and also confirms the presence of C-terminal helix a5 in solution (Figure 3.3.6B).
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Figure 3.3.6: (A) Backbone characterization of full length subunit F. The secondary structure elements (B1 to
4), which correspond to the F194 Crystal structure and the NMR solution structure of Feg.116 peptide are shown
below. Based on NMR assignment, contiguous positive and negative chemical shift index values correspond to
a-helix and B-strand, respectively. (B) Secondary structure propensity values, predicted using TALOS+ (143),
show the existence of a short a5 at the C-terminus. B- strands and a- helices are shown in brown and blue color,
respectively (modified from Basak et al., 2013) (140).

3.3.4 Dynamic studies of subunit F by NMR spectroscopy

To study the dynamics of C-terminal helical region as well as the major N-terminal
region of subunit F of S. cerevisiae V-ATPase, ®>N-[*H] heteronuclear NOE experiment was
performed. This experiment provides residue-specific information about the conformational
dynamics on pico- to nanosecond timescale. In general, high NOE values reflect rigidity in
the tertiary structure. Based on the NOE values and a mean NOE value (error, o) of 0.8
(0.12), strands B1 to P4, helices a2 to a4 helices are less flexible (NOE values > 0.8) than both
N- and C-terminal helices ol and a5 with similar average NOE values, 0.78 (0.14) and 0.76
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(0.14), respectively (Figure 3.3.7A). Mapping onto the Fi-94 tertiary structure shows that the
protein’s buried core is more rigid than its outermost surface, with increasing flexibilities
around helices al and also a5, probably conferred by the long loops adjacent to them (Figure
3.3.7B). Taken together, the high mean NOE value suggested a rigid F subunit with slightly

less rigid helices al and a5 of the central stalk rotor.
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Figure 3.3.7: Conformational mobility of S. cerevisiae subunit F. (A)**N-[*H] heteronuclear NOE with high
values > 0.8 (rigid) and low values < 0.8 (flexible). NOE values with error > 15 % (white box) and < 15 %
(black box) are also shown. (B) Using heteronuclear *>N-[*H] NOE values with error bar < 15 %, the mean value
(0.80) and its error, (o, 0.12) are calculated. S. cerevisiae Fi.q4 is coloured blue (least rigid, > 0.68), magenta (>
0.80, mean) and cyan (most rigid, > 0.92, mean + 1o), whereas NOE values with error > 15 % are coloured
white (n.a.) (modified from Basak et a., 2013) (140).
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3.4.1 Introduction

V-ATPases have a well known unique role of reversible dissociation that regulates the
ATP hydrolysis in a definite manner. It was proven that subunit C plays a vital role during the
reversible disassembly of V-ATPase which leads to structural alteration in the stalk part (83).
The mechanism of this event is not well understood. Photo-activated cross-linking study
showed that during reversible disassembly, there is a structural movement of subunit H which
leads to a 10 A cross-linked product with subunit F (67) by using maleimidobenzophenone
(MBP) reagent. They reported that subunit F and the C-terminal part of H come closer during
disassembly. In order to investigate the interaction, subunit C, H, Hs-354 and Hasss-478 were
constructed. Subunit d is part of stalk region which belongs to Vo domain and is the least
characterized protein compared to other V-ATPase subunits. The function of this subunit is
not yet characterized in eukaryotic system. Here, NMR experiment was conducted to analyse

the probable interaction of stalk subunits based on the reported data at molecular level.

3.4.2 Cloning and production of subunit H, Hg-354, H3s4-487 and C

The genes encoding subunit H, Hs-3s4, and Hsss-4s7 were amplified using S. cerevisiae
genomic DNA as a template for PCR amplification (Figure 3.4.1A-C). The amplified PCR
products were digested with Ncol and Sacl followed by the ligation with pET9d1-Hises vector
(86). Now the gene incorporated vector was transformed into E. coli cells (BL21 (DE3)) and
subsequently grown on LB agar-plates which contain 30 pg/ml kanamycin as a antibiotic
marker. Recombinant protein expression was induced by supplementing IPTG to a final
concentration of 1 mM. The SDS-PAGE gel confirmed the induction of individual protein and
is shown in figure 3.4.2A-D. Cloning and induction of subunit C was done according to the

protocol mentioned previously (73).
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Figure 3.4.1: Amplification of gene by PCR cloning method. (A) PCR product of VMAL13 (1452 bp) which
encodes subunit H. (B) PCR products of VMA13 (1056 bp, lane 1) and VMA13 (399 bp, lane 2) encode proteins
Hg-354 and Hasa-a7s, respectively. (C) PCR product of VMAS which encodes subunit C. DNA sample of 5 ul was
loaded on an agarose gel (1%). Lane 1 indicates the 500 bp marker and lane 2 and 3 shows the amplified
products.

(A) (B) (© (D)

-H3s4-478

Figure 3.4.2: SDS-PAGE showing the expression of recombinant subunit H (A), Hs-ss4 (B), H3sa.47s (C) and C
(D) Proteins were induced IPTG to a final concentration of 1 mM. The + and — signs indicates the presence and
absence of IPTG, respectively.

3.4.3 Purification of subunit H and Hass.473 from S. cerevisiae V-ATPase
Cells containing the Hises tagged subunit H and Hsss-4s7 were sonicated separately,
followed by centrifugation to obtain the supernatant which was then incubate with Ni?*-NTA

beads. Bound protein was eluted by imidazole gradient (0-400 mM). Fractions between the
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imidazole concentrations of 75 mM to 200 mM were pooled together and passed through the
size exclusion column (Superdex75™ 10/300 GL), with buffer 50 mM Tris/HCI, pH 7.5, 150

mM NaCl and 1mM DTT. Protein fractions were pooled together, concentrated and 1 pl of

the respective concentrated protein sample was loaded onto the SDS-PAGE gel to assess its

purity (insert; on Figure 3.4.3A-B).
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Figure 3.4.3: Superdex™ S75 purification chromatogram of subunit H (A) and Hass.47s (B) of V-ATPase from S.
cerevisiae. Insert showing SDS-PAGE gel where lane | and 2 represent protein marker and final protein product
from S75, respectively.

3.4.4 Purification of subunit C and d from S. cerevisiae V-ATPase

previously (73,126).

Purification of subunit C and d were done according to the protocol described
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Figure 3.4.4: Superdex™ S200 HR 10/30 profile of subunit C of V-ATPase from S. cerevisiae. Insert showing
SDS-PAGE gel of purified subunit C.
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Figure 3.4.5: Purification chromatogram of subunit d of V-ATPase from S. cerevisiae. After purification by
affinity chromatography, ptotein (subunit d) was loaded onto ion exchange RESOURCE™ Q column (6 ml) (A)
subsequently onto the gel-filtration Superdex™S75 10/300 GL column (B) to get pure final product. In figure A
the insert is showing SDS-PAGE gel after RESOURCE™ Q purification, whereas in figure B the insert
represents a protein profile of subunit d after gel filtration chromatography.

3.4.5 NMR titration of F subunit against subunits H, Hzsss.473, Cand d

To investigate the probable interactions in solution, NMR titration experiment was
performed. As shown in figures 3.4.6A, peak shift or peak disappearance was not observed
indicating the absence of interaction in solution even at an excess molar ratio of F:H of 1:5.
The same phenomenon was observed when subunit F was titrated with Hass-478 (Figure
3.4.6B). N-labeled subunit F was also titrated with subunit C and subunit d at molar ratio of

F: Cord of 1:3, resulting in no observable peak shift or change (Figure 3.4.7A-B).
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Figure 3.4.6: >N-H HSQC spectrum of subunit F titrated against subunit H (A) and Hasss.47s (B) of V-ATPase

from S. cerevisiae. The final molar ratio of subunit F (black): subunit H (purple)/Hsss-47s (orange) is 1:5/3.
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3.5.1 Introduction

From the previous chapter it is clear that subunit F is not interacting with the stalk
subunits d, C and H. Subunit D is also a part of central stalk, located together with subunit F.
During reversible disassembly subunit D might undergo structural alteration together with
subunit F. It has been reported that subunit D is not stable alone in A-type ATP synthases
(144). In this chapter, I am focusing on the production of the DF heterodimer of S. cerevisiase

V-ATPase and its interaction with stalk subunits by using ITC.

3.5.2 Cloning, production and purification of the DF complex

The VMA7 and VMAS8 genes, encoding subunit D and subunit F, respectively, of V-
ATPase from S. cerevisiae were amplified by using the genomic DNA from S. cerevisiae as
the template for PCR amplification (Figure
3.5.1). Both genes were cloned into a pETDuet-
1 expression vector (86). Both proteins were co-

expressed under the condition specified in

material and methods resulting in soluble 29
kDa and 14 kDa proteins, representing subunit

D and subunit F of the S. cerevisiae ViVo  800- -VMAS
. . e . (803 bp)

ATPase, respectively. In the first purification —

step, affinity chromatography was used to bind  4¢0- . (;/71‘;“:) [7))

His-tag proteins with Ni?*- NTA beads, which
was then eluted by an imidazole-gradient (25-
200 mM) in buffer consisting of 50 mM 1 2 3

TrisHCI (pH 8.5) and 200 mM NaCl. Both  Figure 3.5.1: PCR amplification of VMA7 and
VMA8 gene encoding subunit F and D,
respectively. Lane 1, 2 and 3 shows DNA ladder
(100 bp, Fermentas), VMA8 and and VMA7,
respectively.

diluted with buffer to reach 50 mM salt concentration. Subsequently the fractions were

proteins were found at 75 to 200 mM imidazole

concentrations and were pooled together and

applied to an ion exchange Resource Q column (6 ml) (Figure 3.5.2A), in order to isolate a
pure DF-heterodimer. The main fraction was then passed through a gel filtration Superdex
200™ HR 10/30 column (Amersham Pharmacia Biotech), to get pure and homogeneous
protein (Figure 3.5.2B). SDS-PAGE gel was performed to analyze the purity of the isolated
proteins (Figure 3.5.2A-B). SDS-PAGE gel was stained with Coomassie Brilliant Blue G250
which showed pure D and F subunits. Protein concentrations were determined by BCA (87) as
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well as a nanodrop machine (BioSpec-nano, Shimadzu Scientific Instruments) to perform

subsequent experiments.
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Figure 3.5.2: RESOURCE™ Q (A) and Superdex™ S200 (B) purification profile of DF complex of V-ATPase
from S. cerevisiae. Insert in figure A shows the SDS-PAGE gel after RESOURCE™ Q purification. In figure B
lane | and 2 represent a protein marker and profile of protein after size exclusion chromatography, respectively.

3.5.3 Isothermal titration calorimetry to study the interaction of subunit F and DF

against subunits C, d, Hsss-478

To assign the backbone amino acid of the complex structure it is still a challenging task
due to the lack of information from the protein-protein interface. Isothermal titration
calorimetry (ITC), a complementary method was used to investigate the probable interaction
of DF complex as well as subunit F with subunit C, d and Hsss-47s. There is no observable
interaction between subunit F and DF with subunit C and Hasss-47s as shown in the ITC profile
of subunit F and DF (Figure 3.5.3). The top panel of the ITC profile reveals a baseline after
correction, whereas the bottom panel shows the heat release/mole profile of injected subunits.
The titration of the DF complex with subunit d yielded an overall negative heat enthalpy,
which indicates release of heat during reaction (Figure 3.5.4, left). In the case of subunit F, it
did not show any heat changes upon addition of subunit d suggesting no interaction between
them (Figure 3.5.4, right). Single site model equation was used to fit the binding isotherm.
The interaction of DF complex and subunit d was occurring in equimolar ratio. The
dissociation constant (Kad) calculated from equation was 52.9 uM, indicating a weak binding

reaction between the DF-heterodimer and subunit d.
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Figure 3.5.3: Binding affinity measurements for subunit F and the DF-heterodimer with subunit Hsss.47s and C
using ITC. Representative ITC profiles of DF-heterodimer (left) and subunit F (right) titration with subunit Hzss-
a8 and C are shown for each experiment. The top and bottom panel shows the injection profile and heat release
of each injection, respectively.
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Figure 3.5.4: Binding experiments of subunit F and the DF-heterodimer with subunit d using ITC.
Representative ITC profiles of DF-heterodimer (left) and subunit F (right) titration with subunit d is shown for
each experiment. The top and bottom panel shows the injection profile and heat release of each injection,
respectively (140).



Crystallization of the DF-heterodimer of V1Vo ATPase from S.cerevisiae

Crystallization of the DF-heterodimer of ViVo
ATPase from S. cerevisiae

3.6






Crystallization of the DF-heterodimer of V1Vo ATPase from S.cerevisiae 86

3.6.1 Crystallization of the DF-heterodimer

Crystallization drops for subunit DF were setup in both sitting and hanging drops, using
5 mg/ml and 8 mg/ml protein concentrations. Initial crystals were observed in crystal screen 1
condition 11 of Hampton Research (0.10 M Sodium citrate tribasic dihydrate pH 5.6, 1.0 M
NHsH2PO4) at 18° C. In hanging drops, numerous tiny crystals were observed with a
dimension of 0.05 mm x 0.04 mm x 0.01 mm (Figure 3.6.1A). These crystals were small in
size and do not diffract in the in-house Rigaku machine. After performing initial grid screen,
crystals become bigger in size (0.13 mm x 0.10 mm x 0.04 mm) in the condition of 0.12 M
sodium citrate tribasic dihydrate pH 5.6, 1.0 M NHsH2POs (Figure 3.6.1B). Therefore,
crystals were analyzed at the in-house Rigaku machine and diffracted to maximum resolution
of 5 A (Figure 3.6.1C). The diffraction data was indexed by HKL2000 suite program. The
crystal belongs to trigonal space group P3 with unit cell parameters of a = b = 167.73 A, ¢ =
127.14 A. The crystals were not stable for full dataset collection. To improve the stability of

the DF crystals, further optimization is needed.

(A) (B)

L OPeAN
— e,

©

Figure 3.6.1: Crystals of the DF-heterodimer. (A) crystals obtained in the screen condition of 0.10 M Sodium
citrate tribasic dihydrate pH 5.6, 1.0 M Ammonium phosphate monobasic. (B) Crystals of DF-heterodimer in the
optimised condition (0.12 M Sodium citrate tribasic dihydrate pH 5.6, 1.0 M NHsH2PQg). (C) The diffraction
pattern of DF crystal after initial optimization. Circles show resolution shell for 15 A and 7 A, respectively.
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Microseeding was performed to improve the quality of the crystals. Microseed were prepared
in mother solution and directly added to the crystallization drop. The crystals were yielded
which polarized under the microscope (Figure 3.6.2A). The crystals tested at in-house Rigaku

machine showed few spots at the low resolution (Figure 3.6.2B).

(A) (B)

15X |8A

Figure 3.6.2: (A) Crystals of the DF-heterodimer appeared after microseeding in the condition of 0.12 M

Sodium citrate tribasic dihydrate pH 5.6, 1.0 M NH4H2POa. (B) The diffraction pattern of DF crystal after
microseeding.

Optimization was also done at the protein purification level. Step gradient has been
introduced in the ion exchange Resource Q column (6 ml) to elute protein resulting the
separation of peak2 from peakl (Figure 3.6.3A). Protein fractions from peak2 were pooled
together and applied onto the Superdex™ S200. Only 20-30% of the apical peak fractions
were pooled together to get highly pure protein (Figure 3.6.3B).
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Figure 3.6.3: RESOURCE™ Q (A) and Superdex™ S200 (B) purification profile of DF-heterodimer of V-
ATPase from S. cerevisiae.
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4.1 Eukaryotic V-ATPase from S. cerevisiae

V-ATPases are abundant in eukaryotes and function as a pH regulator in the intracellular
compartment. Energy released after ATP is hydrolysis by V1 domain, is used for proton
translocation through the endomembrane maintaining pH in the vesicles. Dissociation of V1
from the proton translocating Vo part is the unique feature of eukaryotic ViVo-ATPases,
which is reversible and depending on several signalling pathways (145). During this period V-
ATPases undergoes structural rearrangement or alteration and these changes are predicted to
be more in stalk part (Figure 4.1A-C). It has been reported that subunit H has the ability to
inhibit hydrolysis of ATP in the dissociated V1 part. It was speculated that the reason might be
due to the bridging of subunit H with central stalk subunit D and F. The inhibition of
hydrolysis is not seen in the intact complex. To understand the connection between the central
stalk with the ATP hydrolysis and the reversible dissociation, it is important to study their
structure at the atomic level. In this thesis central stalk subunits are characterized using
different complementary techniques to get deeper inside about the structural feature and its
relationship with the ATP hydrolysis as well as reversible disassembly of the V-ATPase from

S. cerevisiae.

(A) (B) (©)

Figure 4.1: Topological model of ViVo ATPase. (A) Assembled ViVo ATPase. (B) Intermediate stage of
dissociation. (C) Fully dissociated stage.
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4.2 Solution shape of subunit F from S. cerevisiae V-ATPase

Small-angle X-ray scattering is a well establish method for the determination of low
resolution three dimensional solution structures and is complementary to the high resolution
experiments like X-ray crystallography and NMR spectroscopy (146). SAXS experiment was
performed to get initial information about the domain feature of subunit F and Fi-94 which
reveals two domains present in the subunit F. Subunit F has one egg-like major domain and
one hook-like minor domain which are linked by a linker segment (Figure 3.1.5). The C-
terminal truncated forms of subunit F, Fi-94 was generated where 24 amino acids form the C-
terminal part are removed. This protein shows missing hook-like region (Figure 3.1.10),
reflected by decreased Dmax value (Figure 3.1.9B). The missing hook-like segment is
composed of the C-terminal peptide ¢sPSKDHPYDPEKDSVLKRVRKLFGE11s. The peptide
structure of S. cerevisiae Foo-116 was solved by NMR and fits nicely into the hook-like
segment of subunit F (Figure 4.2A). Both low and high resolution structure of subunit F from
Methanococcus mazei GO1 (Fmm) A-ATPsynthase has been solved in our lab which clearly
shows that N- and C-terminal domains are separated in solution (Figure 4.2B). Compared to
this protein, subunit F from S. cerevisiae V-ATPase (Fsc) shows two well defined domains

separated by linker segment inspite of having lesser sequence identity (15%).

(A) (B) (©)
fm — hook-like region
O
N — ~ link region

- egg-like region

Figure 4.2: Comparison of F subunit from ViVo ATPase and AiAo ATP synthase. (A) Superimposition of
NMR structure of Fgo.116 peptide onto SAXS structure of subunit F. (B) Sphere representation of the subunit F
from Methanococcus mazei G61 A1Ao ATP synthase (85). (C) Superimposition of SAXS structures of subunit F
and F1-94 in blue and cyan, respectively.
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Subunit F from Thermus thermophilus (Fr)) A-ATP synthase also shows a similar structural
feature compared to the low resolution solution structure of Fsc (147). All available subunit F
structures from different prokaryotic systems revealed a mixed content of alternative pattern
of a-helices and B-strands. Circular dichroism experimental data of Fsc also show mixed
population of helices and strands (Figure 3.1.3). The very C-terminal a-helical peptide of
prokaryotic and eukaryotic subunit F shows similarity in both cases (148). By contrast, both
the low and high resolution structure of subunit Fmm of the M. mazei G61 Ai1Ao ATP synthase
solved by SAXS (142) and NMR (85) shows major N-terminal globular domain, which is
smaller compared to the F subunit of S. cerevisiae V-ATPase. Residues 79-101 at the very C-
terminus of Fmm form an extended stretch which is not present in Fsc (Figure 4.2B-C). Because
of the extended C-terminal region, 101 amino acid subunit Fvm has a Dmax of 7.8 nm (142),
which is as long as the 118 amino acid residues of subunit Fsc (7.7 nm). The direct
involvement of the C-terminal helix of Fum in the coupling process of the proton pump as
well as the catalytic process in the AsBs-hexamer of the A1Ao ATP synthase was reported
(85,142,148). Now the C-terminal region of the solution structure of Fsc and Fum showed a
hook-like and extended region, respectively, which are diverse in nature. This diversity in the
structure might indicate a diverse mechanism in coupling event in the V-ATPase and AiAo
ATP synthase. The low resolution structure of hydrated Vi ATPase from Manduca sexta
(149), determined by solution X-ray scattering experiment, shows that the central stalk has a
length of 11 nm. The cryo-EM structure of the subunit C depleted V1(-C) complex revealed
an about 7 nm long central stalk (41). The difference in the length is due to the absence of
subunit C in the V1 complex. The Dmax Of Fsc is 7.7 nm which would nicely occupy the length
of the central stalk. Therefore, the diversity in the stalk part may reflect the necessity of

diverse structural features of subunits which are involved in the coupling process.

4.3 Structural and mechanistic features of F1.94 Of the eukaryotic V-ATPase

The crystallographic structure of subunit F was solved at 2.3 A using MAD technique.
Subunit Fi-e4 has an egg-like elliptical shape with a dimension of 30 x 16 x 38 A (Figure
3.2.19B). The overall structure of Fi94 belongs to an alpha-beta class of proteins with
Rossmann fold topology where four-parallel B-strands are intermittently surrounded by four
a-helices forming an egg-shaped structure. Backbone ACq.-ACg based on random coil values
and °C and H chemical shifts using TALOS+ (143) of the entire subunit F of the S.
cerevisiae V-ATPase is consistent with the crystallographic Fi-04 structure as well as the
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recently determined C-terminal peptide structure of Feo-116 (87). The present high resolution
structural data of subunit F of a eukaryotic V-ATPase could be compared with the previously
solved NMR solution- and X-ray crystallographic structure of subunit F of the related A-ATP
synthase (83, 142, 145). The related F subunit shows sequence similarity less than 23%. The
F1-04 Structure with the C-terminal Foo-116 from S.cerevisiae V-ATPase was superimposed with
related subunit F of the T. thermophilus A-ATP synthase (147) (Figure 4.3A) which showed
an overall r.m.s. deviation of 4.38 A, revealing the diversity in the arrangement of 03 and B3
present in the N-terminal globular domain as well as the major difference in R4-sheet-helix-

loop-helix in the C-terminal domain (140).

The extended conformation of the C-terminal portion of the subunit F from T. thermophilus
and M. mazei G61 A1Ao ATP synthase, is proposed to make contacts with catalytic subunit B
(142,147,148). Superimposition of the Fi-94 crystal structure from the S.cerevisiae V-ATPase
(140), including the C-terminal NMR structure of Feo-116 (87) with the A1Ao ATP synthase
subunit F from M. mazei GO1 (Fmm (85)) and E. hirae (Fen (144)) showed an overall r.m.s.
deviation of 2.51 A and 2.16 A, respectively (Figure 4.3B). Superimposition revealed the
presence of two loops between al-B2 (26GQITPETQEKSs) and a2-B3 (s0ERDDIess) which are
unique in eukaryotic subunit F (Figure 4.3B) (140).

(A) (B)

Figure 4.3: Superimposition of the eukaryotic subunit F from S. cerevisiae with subunit F of the related A-ATP
synthase. (A) Overlap of S. cerevisiae Fi.gs and a5-Fi03-113 peptide on the T. thermophilus subunit F structure
(147). (B) Ribbon representations of S. cerevisiae with subunit F, F1.e4 (cyan), with the A-ATP synthase subunit
F from E. hirae (golden (144)) and M. mazei G61 (wheat (85)). The a5-F103.113 peptide (green) is fitted in the S.
cerevisiae Fi.0a. The :sGQITPETQEKS3s-loop of the S. cerevisiae F subunit is colored in red (140).
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Multiple sequence alignment of subunit F form different organism confirm the uniqueness of
the loop part which contains polar residues (26GQITPETQEKSss) and is found only in
eukaryotic F subunits (Figure 3.2.20A). Interestingly, another loop contains a socERDDIes-
sequence motif and is conserved only among the eukaryotic F subunits (Figure 3.2.20A). The
crystal structure of Figs was docked into the assembled AsBsDF complex and finally
superimposed onto the EM map of S. cerevisiae V-ATPase (Figure 4.7A), which reveals the
localization of the 26GQITPETQEKS3s-loop in the complex. The loop is exposed to the outside
and nicely occupies into the density of the EM structure (Figure 4.7A) (46).

The modeled subunit D and high resolution crystal structure of Fi-94 of the S. cerevisiae V-
ATPase were docked together using recently solved crystal structure of the subunit DF-
heterodimer of the E. hirae A-ATP synthase as a template (144). Similar hydrophobic patches
were found in the Fi-94 crystal structure as well as modeled subunit D from the S. cerevisiae
V-ATPase (Figure 4.4). The presence of hydrophobic patches is important for a stable

complex formation which allows the proteins to function as a heterodimer.

(A) (B)

A9
191
\ l(u‘}g:l 192
1666
Vs

¥ b
| .;ﬂﬂ"“/“- 194
B V1012

-y
624 19
\ § 121 G19 X
A2, N

/ :TLzz

Figure 4.4: Model of Fi94 in complex with subunit D from S. cerevisiae. (A) The crystal structure of S.
cerevisiae F1.94 was docked with the homology model of the S. cerevisiae subunit D based on the subunit DF-
heterodimer of the E. hirae A-ATP synthase (144). (B) The surface representation of modelled subunit D (left)
and F1.04 (right) of the S. cerevisiae V-ATPase, where hydrophobic residues between the interface of subunit D
and F, F1.94 are labelled.
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Further analysis revealed that the s:RXKXRgs sequence motif in the B-hairpin region of the S.
cerevisiae subunit D positioned closed to the S. cerevisiae subunit F loops, which includes the
two unique loops (24GIGQXXPEs:1 and so0ERDDIes) (140) (Figure 4.5).
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Figure 4.5: Charge interaction of Fi.g4 with the S. cerevisiae subunit D homology model. Based on the DF-
heterodimer from of the E. hirae A-ATP synthase (144), proximal charged residues in the eukaryotic S.
cerevisiae subunit DF-heterodimer are shown as stick.

The B-hairpin of D subunit in the E. hirae A-ATP synthase was reported to stimulate ATPase
activity two fold in the entire enzyme complex (144). Therefore, the close proximity of loops
and B-hairpin of subunit F and D, respectively, might have influence in the regulation of
ATPase activity of V-ATPases. Two basic residues K93 and R91 in the B-hairpin of D subunit
are in close proximity to the acidic residue D63 of the soERDDIss-loop and Q27 of the
26GQITPETQEKSs-loop of the S. cerevisiae F subunit. A multiple sequence alignment of
subunit D from eukaryotic V-ATPases showed that K93 residue is conserved only among
eukaryotic V-ATPases and not among F subunits of A-ATP synthases (Figure 4.6). The close
vicinity of these two acidic-basic residues might allows the interaction between the central
stalk subunits by formation of salt bridge which might be therefore regulate the movement of
the B-hairpin in subunit D, leading to further alteration in the N- and C-terminal helices of
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subunit D, which are in close proximity to the catalytic interfaces of the subunits A and B in
Vi.

S. cerevisiae MSG -NREQVFPTRMTLGLMKTKLKGANQGYSLLKRKSEALTKRFRDITKRIDDAKQKMGRVMQTAAFSLAE
H. Sapienx MSGKDRIEIFPSRMAQT IMKARLKGAQTGRNLLKKKSDALTLRFRQILKKIITETKMLMGEVMREAAFSLAE
M. sexta MSGKDRLAITFPSRGAQMLMKGRLAGAQKGHGLLKKKADALQVRFRLILSKITETKTLMGEVMKEAAFSLAE
M. mazei ---MAQQDVKPTRSEL INLKKKIKLSESGHKLLKMKRDGLILEFFKILNEARNVRTELDAAFAKSTEKINL
Rfuriosus --MPEILKVKPTRMELLKLKRRVKLAERGHKLLKEKQDALIMEFFTIYDEALSMRRELIKKIGEAFEALRL
E.hirae -=---MRLNVNPTRMELTRLKKQLTTATRGHKLLKDKQDELMRQF ILLIRKNNELRQATEKETQTAMKDFVL

S. cerevisiae VSYATGENIGYQVQES VSTARFKVRARQENVSGVYLSQFESYIDPEINDFRLT-GLGRGGQQVQRAKEIYS
H. sapiens AKFTAGD-FSTTVIQNVNKAQV/K[IRAKKDNVAGVTLPVFEHYHE -GTDSYELT-GLARGGEQLAKLKRNYA
M. sexta AKFTTGD-FNQVVLONVTKAQ|(IK|[IRS KKDNVAGVTLP IFESYQD-GSDTYELA-GLARGGQQLAKLKKNFQ
M. mazei ASAVNGMVAVRSTAFTAK-ESPPEIQLSGHNIMGVVVPKISST-GVRKSLYERGYGIIGTNSYIDETADAYE
Rﬁlriosus AQVEVGSVRLKE IAIGVN-PNKE(ITEVRSRNIMGVRVPLIEVP -ELKRKPSERGYAFISTSSAVDVAAEKFE
E.hirae AKSTVEEAF IDELLALPA-ENVS/ISVVEKNIMSVKVPLMNFQYDETLNETPLEYGYLHSNAELDRS IDGFT

-G —————— ) —— ) — G ————————— G

S. cerevisiae RAVETLVELASLQTAFIILDEVIKVTNRRVNAIEHVIIPRTENTIAYINSELDELDREEFYRLKKVQEKKQ
H. sapiens KAVELLVELASLQTSFVTLDEATKITNRRVNAITEHVIIPRIERTLAYIITELDEREREEFYRLKKIQEKKK
M. sexta SAVKLLVELASLQTSFVTLDEVIKITNRRVNAIEHVIIPRLERTLAYIISELDELEREEFYRLKKIQDKKK
M. mazei DLVEKIITAAELETTMKRLLDE IEKTKRRVNALEFKVIPELIDTMKY IRFMLEEMERENTFRLKRVKARMR
Rfuriosus EVLELAIRLAEVEESLKRLGKE IEKTKRRVNALEYITIPRMKNTIKF IEQHLDEMERENFFRLKRIKALLE
E.hirae QLLPKLLKLAEVEKTCQLMAEE IEKTRRRVNALEYMTIPQLEETIYYIKMKLEENERAEVTRLSQSEKYGN

S. cerevisiae NETAKLDAEMKLKRDRAEQDASEVAADEEPQGETLVADQEDDVIF -
H. sapiens ILKEKSEKDLEQRR - - - - - - - - - AAGEVLEPANLLAEEKDEDLLFE
M. sexta IIKDKAEAKKAALR - - - = = = - - - AAGQDLRDS ANLLDEGDEDLLF -
M. mazei | T T T T e
P. furiosus ARESM- - - - - o e e et e it e i eaiceea e
E.hirae RRVRLIQFS ILMAF - - - - - - - - - - - - - FMIRTNRI - - -« = ===« - -

Figure 4.6: Multiple sequence alignment of subunit D from V-ATPases and A-ATP synthases from different
organism. The secondary structure contents of E. hirae subunit D are shown below.

It is very important for the subunits of the enzyme to have sufficient flexibility, in order to
regulate their activity during the dynamic equilibrium of reversible dissociation of V-
ATPases. The ®N-[*H] heteronuclear NOE experiment of the entire subunit F of the S.
cerevisiae V-ATPase revealed the formation of a rigid core by R-strands, 31 to 34, and a2 to
a4 (Figure 3.3.6A-B) whereas the N- and C-terminal helices al and a5 together with their
adjacent loops 26GQITPETQEKS3s and 94lPSKDHPY D102, respectively, are relatively more
flexible in solution. Furthermore, soERDDIss-loop is also considered to be flexible. This
flexible loop together with the 26GQITPETQEKS3s-loop of subunit F might have the ability to
modulate the interaction with the residues of the B-hairpin in subunit D, leading to the

changes in ATPase activity which is discussed above.

Docking of subunit F of S. cerevisiae V-ATPase onto the EM structure has been done using
Situs (80) and Elnemo (81) programs which show the final overall correlation coefficient
0.8357. The study revealed that the 26GQITPETQEKS3s-loop of subunit F is facing towards
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subunit H with a closest distance of 23 A (Figure 4.7A). A previous study showed that the
residue S381 of subunit H is facing to the central stalk subunit F and involved in the cross-
linking with subunit F when the V1 domain is disassembled (67). The S381 residue of subunit
H was mutated to cysteine which yielded 10 A cross link product with subunit F through 4-
(N-Maleimido)benzophenone (MBP) crosslinking reagent induced by UV irradiation. The
same crosslink could not be formed in the assembled V1Vo ATPase. Based on these results it
has been hypothesized that during reversible dissociation the C-terminal part of subunit H
comes close to the central stalk and makes a bridge with both stator and rotor domains,
causing blockage of rotation and leading to the decrease in ATP hydrolysis. This phenomenon
is not occurring in the intact V-ATPase. A docking study showed that the distance between
S381 of subunit H and the distal part of the 26GQITPETQEKas-loop of subunit F is 32 A,
which is not close enough to generate a crosslink via the 10 A long MBP cross linker. In a
recent study it has been demonstrated that the linker part of subunit H allows the
conformational change in the C-terminal domain of subunit H (46). Therefore, it is possible
that during reversible dissociation of two domains of the ViVo ATPase the flexible C-
terminal domain of subunit H might move slightly closer to its nearest neighbour, the exposed
26GQITPETQEKSs-loop of subunit F, where it causes conformational changes, leading to an
inhibitory effect of ATPase activity in the V1 ATPase (Figure 4.7B). The crosstalk among the
subunit DF-heterodimer and the F-H interaction through the flexible 26GQITPETQEKS3s5- and
s0ERDDIss-loop might be involved in the regulation of ATPase activity during the
disassembly and assembly of ViVo ATPase. However this hypothesis does not rule out the
other possible influence by other subunits. The presented NMR and ITC data showed that
there was no interaction between subunit F and DF with subunit H and C-terminal H. There
might be additional subunit/s involved in the process in the whole V-ATPase or V1 complex
which is not clear in the isolated subunits study. It has been demonstrated that one EG
heterodimer comes close contact with N-terminal domain of subunit H (46). Therefore, during
disassembly of the enzyme, the EG heterodimer might hold subunit H by interacting with its
N-terminal domain, followed by a movement of the C-terminal domain towards subunit F

through the flexible linker region (Figure 4.7B).
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Figure 4.7: (A) Docking of existing high resolution structures of isolated subunits from V-ATPase and related
A-ATP synthases onto the EM map of S. cerevisiae V-ATPase (46). Unique loops of subunit F and S381 of
subunit H are highlighted in red color. (B) Close proximity of subunit F and H which might be involved in cross
linking by MBP (stick representation) (140). EG heterodimer might be involved in interaction with N-terminal
domain of subunit H.
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During the process of reversible disassembly V1 domain is reported to be dissociated from Vo
domain resulting in detachment of the rotor subunits D and F from the subunit d. The ITC-
data presented here showed that both D and F subunits are necessary for the interaction with
subunit d. The determined dissociation constant (Kqd) of DF-heterodimer and d binding is 52.9
MM, which reflects a weaker binding between these two partners which maybe stronger in the
V1iVo complex (140). The weak interaction between them might be essential for the
dissociation of V1 and Vo. Compared to this, the dissociation constant of related homologues
subunits in non-dissociating A-ATP synthase from E. hirae was calculated to be 82 nM (144).
From heteronuclear NOE experiment it is clear that helix alof subunit F is flexible and is
situated in the cavity of bottom part of subunit D (Figure 4.8). The interface of DF-
heterodimer and subunit d should undergo more conformational alteration during the process
of dissociation and reassembly of the V1 and Vo sectors. Now the higher flexibility of al in
subunit F (Figure 3.3.7A-B) might have influence on the alteration of bottom part of subunit
D during the dissociation of the DF-heterodimer form the subunit d. These conformational
changes might also have a role in the movement of subunit F closer to H, via the neighbouring
26GQITPETQEKSs-loop. Taken together, the eukaryotic subunit F plays a structural as well as
mechanistic central role in the processes of reversible disassembly and ATP hydrolysis
regulation of the ViVo ATPase by transmitting of at least the subunit movements of subunit d

and H of the Vo and V1 sector, respectively.

Figure 4.8: Fitting of helix al of F1.04 inside the cavity of homology modelled subunit D from S. cerevisiae.
The polar and hydrophobic match between helix a1 and the cavity of Ds.. may be induced by the less rigid al.
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Eukaryotic V-ATPases are very important enzyme complexes involved in various
physiological as well as pathophysiological events in higher organism including human
beings. The mechanism of action of the enzyme is still not clear due to the lack of high
resolution structure of the entire complex. In the present thesis, | have concentrated on the
most dynamic region of the complex, which is called the central stalk composed of subunit D
and F. The SAXS studies revealed that subunit F of the S. cerevisiae V-ATPase exists as a
well defined two domain protein in solution. The major domain has an egg-like shape, formed
by N-terminal amino acids. The C-terminus consists of a hook-like shape, which is a-helical
in nature. The described crystal structure of Fi-04 revealed an alternating pattern of (3-strands
and o-helices with a dimension of 30 x 16 x 38 A. The high resolution structure yielded two
unique loops 26GQITPETQEKSss and soERDDIes, which are only present in eukayotic V-
ATPases subunit F. NMR experiments confirmed the presence of secondary content, which
are in line with the crystal structure and also confirmed the last a5 helix in the subunit F.
Dynamic studies of subunit F from S. cerevisiae V-ATPase showed that the flexibility of this
subunit is different from the subunit F from A-ATP synthases (138). Comparatively, the C-
terminal helix of subunit F from S. cerevisiae V-ATPase is more rigid than the subunit F from
M. mazei A-ATP synthase. This observation is justified from the low resolution structure the
C-terminal part of subunit F from S. cerevisiae V-ATPase which is positioned orthogonally to
the major domain. Based on the recently solved EM structure of V-ATPase (46), it is
observed that subunit F and H can come closer during the process of reversible disassembly.
The *N-[*H] heteronuclear NOE experiments showed that the al-helix is more flexible than
the rest of the structural part which is adjacent to the unique 26GQITPETQEKSs. Flexibility of
the particular helix might allow the movement of 26GQITPETQEK3s loop towards the C-
terminal region of subunit H, leading to the silencing of ATPase activity of the whole
complex. Due to the presence of flexible linker part of subunit H, the C-terminal region might
also move towards the unique 26GQITPETQEKSs loop. The absence of interaction of subunit
F with subunit H, Hsss-478, C and d by both NMR and ITC indicates the dynamic and rather
complicated process going on in the intact complex. Therefore, the DF-heterodimer was
produced. The ITC experiment shows that the DF-heterodimer can bind to subunit d with a
weak binding dissociation constant (Ka = 52.9 uM), which might be even stronger in whole
complex. Weak binding between these two proteins might be necessary for the reversible
dissociation to occur. The flexible al-helix is situated at the cavity of the bottom part of

subunit D found after homology modeling and docking experiment. Therefore, higher
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flexibility of the al-helix of subunit F might not only transmit the alterations in subunit d
from the DF-heterodimer during dissociation but also allowing the movement of the unique
loop 26GQITPETQEKSs close towards the subunit H. Therefore, a high resolution structure of

the DF-heterodimer is necessary to get deeper insight into this phenomenon.
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34 12 ALA OB © 13 19.08 0.400 1 108 37 PHE N N 15 119.33 0.400 1
35 12 AILA N N 15 125.08 0.400 1 109 38 PHE H H 1  9.32 0.020 1
3¢ 13 aAsp H H 1 8. 01 0.020 1 110 38 PHE C C 13 172.55 0.400 1
37 13 ASP ¢ C 13 173.76 0.400 1 111 38 PHE CA C 13 54.27 0.400 1
38 13 ASP CA © 13  49.62 0.400 1 112 38 PHE CB C 13 38.87 0.400 1
30 13 ASP OB & 13 38.91 0.400 1 113 38 PHE N N 15 125.64 0.400 1
40 13 AsP N N 15 117.63  0.400 1 114 39 vaL H H 1 8.09  0.020 1
41 14 GU © H 1 9. 31 0.020 1 115 39 VaL Cc € 13 170.51 0.400 1
42 14 GW € C 13 174.32 0.400 1 116 39 VAL CA C 13 57.89 0.400 1
43 14 GIU A © 13 58.05 0.400 1 117 39 VAL CB C 13 28.85 0.400 1
44 14 GIU OB C 13 27.09 0.400 1 118 39 VAL N N 15 129.96 0.400 1
45 14 GLU N N 15 123.61  0.400 1 119 40 TYR H H 1 8.13 0.020 1
46 15 AP E H 1 896 0.020 1 120 40 TYR C C 13 171.68 0.400 1
47 15 ASP € C 13 176.07 0.400 1 121 40 TYR CA C 13 54.18 0.400 1
48 15 ASP CA C© 13 54.88 0.400 1 122 40 TYR CB C 13 38.94 0.400 1
49 15 ASP OB C 13  37.49 0.400 1 123 40 TYR N N 15 130.21 0.400 1
50 15 ASP N N 15 121.52  0.400 1 124 41 cGN ®H H 1 8.48 0.020 1
125 41 GIN C C 13 170.94 0.400 1



Appendix 115
126 41 GIN CA C 13 50.93 0.400 1 201 58 THR CA C 13 59.99 0.400
127 41 GIN CB C 13 27.75 0.400 1 202 58 THR CB C 13 66.29 0.400
128 41 GILN N N 15 127.55 0.400 1 203 58 THR N N 15 105.45 0.400
129 42 GLU H H 1 8.98 0.020 1 204 59 GLU H H 1 8.12 0.020
130 42 GLU C c 13 171.38 0.400 1 205 59 GLU C c 13 174.49 0.400
131 42 GLU CA C 13 55.32 0.400 1 206 59 GLU CA C 13 54.23 0.400
132 42 GLU CB C 13 26.12 0.400 1 207 59 GLU CB C 13 28.85 0.400
133 42 GLU N N 15 130.47  0.400 1 208 59 GLU N N 15 120.28  0.400
134 44 LYS H H 1 7.80 0.020 1 209 60 GLU H H 1 7.30 0.020
135 44 LYS C c 13 170.22 0.400 1 210 60 GLU C c 13 174.58 0.400
136 44 LYsS CcA C 13 54.16 0.400 1 211 60 GLU CA C 13 54.71 0.400
137 44 LYs CB C 13 32.16 0.400 1 212 60 GLU CB C 13 26.81 0.400
138 44 LYS N N 15 120.60 0.400 1 213 60 GLU N N 15 118.14 0.400
139 45 THR H H 1 8.39 0.020 1 214 61 ARG H H 1 7.33 0.020
140 45 THR C c 13 173.52 0.400 1 215 61 ARG C c 13 176.12 0.400
141 45 THR CA C 13 60.92 0.400 1 216 61 ARG CA C 13 51.17 0.400
142 45 THR CB C 13 65.58 0.400 1 217 61 ARG CB C 13 28.72 0.400
143 45 THR N N 15 119.28 0.400 1 218 61 ARG N N 15 117.64 0.400
144 46 THR H H 1 8.94 0.020 1 219 63 ASP H H 1 8.61 0.020
145 46 THR C c 13 172.37 0.400 1 220 63 ASP C c 13 173.18 0.400
146 46 THR CA C 13 57.70 0.400 1 221 63 ASP CA C 13 49.99 0.400
147 46 THR CB C 13 68.96 0.400 1 222 63 ASP CB C 13 37.05 0.400
148 46 THR N N 15 120.85 0.400 1 223 63 ASP N N 15 113.46 0.400
149 47 LYS H H 1 8.98 0.020 1 224 64 ILE H H 1 7.10 0.020
150 47 LYS C c 13 172.83 0.400 1 225 64 ILE C c 13 172.85 0.400
151 47 LYS CA C 13 57.46 0.400 1 226 64 ILE CA C 13 56.05 0.400
152 47 LYS CB C 13 29.63 0.400 1 227 64 ILE CB C 13 33.80 0.400
153 47 LYS N N 15 122.25 0.400 1 228 64 ILE N N 15 119.98 0.400
154 48 GLU H H 1 8.96 0.020 1 229 66 ILE H H 1 7.24 0.020
155 48 GLU C c 13 176.80 0.400 1 230 66 ILE C c 13 175.06 0.400
156 48 GLU CA C 13 57.69 0.400 1 231 66 ILE CA C 13 56.26 0.400
157 48 GLU CB C 13 25.60 0.400 1 232 66 ILE CB C 13 40.16 0.400
158 48 GLU N N 15 122.50 0.400 1 233 66 ILE N N 15 117.57 0.400
159 49 GLU H H 1 7.79 0.020 1 234 67 LEU H H 1 9.08 0.020
160 49 GLU C c 13 175.48 0.400 1 235 67 LEU C c 13 168.50 0.400
161 49 GLU CA C 13 56.25 0.400 1 236 67 LEU CA C 13 49.48 0.400
162 49 GLU CB C 13 27.21 0.400 1 237 67 LEU CB C 13 41.20 0.400
163 49 GLU N N 15 120.99 0.400 1 238 67 LEU N N 15 129.45 0.400
164 50 ILE H H 1 7.96 0.020 1 239 68 LEU H H 1 8.94 0.020
165 50 ILE C c 13 177.24 0.400 1 240 68 LEU C c 13 170.92 0.400
166 50 ILE CA C 13 62.21 0.400 1 241 68 LEU CA C 13 50.11 0.400
167 50 ILE CB C 13 34.85 0.400 1 242 68 LEU CB C 13 41.06 0.400
168 50 ILE N N 15 117.67 0.400 1 243 68 LEU N N 15 127.76 0.400
169 51 THR H H 1 8.28 0.020 1 244 71 GLN H H 1 7.82 0.020
170 51 THR C c 13 174.78 0.400 1 245 71 GLN C c 13 176.24 0.400
171 51 THR CA C 13 65.42 0.400 1 246 71 GLN CA C 13 57.20 0.400
172 51 THR CB C 13 - 0.400 1 247 71 GLN CB C 13 29.13 0.400
173 51 THR N N 15 118.12 0.400 1 248 71 GILN N N 15 118.52 0.400
174 53 LYS H H 1 7.65 0.020 1 249 73 ILE H H 1 6.19 0.020
175 53 LYS C c 13 176.57 0.400 1 250 73 ILE C c 13 173.73 0.400
176 53 LYS CA C 13 53.94 0.400 1 251 73 ILE CA C 13 61.11 0.400
177 53 LYS CB C 13 26.87 0.400 1 252 73 ILE CB C 13 34.84 0.400
178 53 LYS N N 15 120.68 0.400 1 253 73 ILE N N 15 121.40 0.400
179 54 PHE H H 1 8.90 0.020 1 254 74 ALA H H 1 7.72 0.020
180 54 PHE C c 13 174.70 0.400 1 255 74 ALA C c 13 174.62 0.400
181 54 PHE CA C 13 60.01 0.400 1 256 74 ALA CA C 13 51.61 0.400
182 54 PHE CB C 13 36.45 0.400 1 257 74 AILA CB C 13 13.74 0.400
183 54 PHE N N 15 121.83 0.400 1 258 74 ALA N N 15 122.46 0.400
184 55 ASN H H 1 8.96 0.020 1 259 75 GLU H H 1 8.10 0.020
185 55 ASN C c 13 - 0.400 1 260 75 GLU C c 13 176.26 0.400
186 55 ASN CA C 13 53.32 0.400 1 261 75 GLU CA C 13 55.15 0.400
187 55 ASN CB C 13 34.89 0.400 1 262 75 GLU CB C 13 26.50 0.400
188 55 ASN N N 15 121.60 0.400 1 263 75 GLU N N 15 115.11 0.400
189 56 HIS H H 1 8.36 0.020 1 264 76 ASN H H 1 7.23 0.020
190 56 HIS C c 13 174.63 0.400 1 265 76 ASN C c 13 176.12 0.400
191 56 HIS CA C 13 56.62 0.400 1 266 76 ASN CA C 13 52.68 0.400
192 56 HIS CB C 13 25.30 0.400 1 267 76 ASN CB C 13 36.31 0.400
193 56 HIS N N 15 122.59 0.400 1 268 76 ASN N N 15 117.03 0.400
194 57 PHE H H 1 7.87 0.020 1 269 77 ILE H H 1 7.12 0.020
195 57 PHE C c 13 173.65 0.400 1 270 77 ILE C c 13 173.50 0.400
196 57 PHE CA C 13 55.22 0.400 1 271 77 ILE CA C 13 56.43 0.400
197 57 PHE CB C 13 36.61 0.400 1 272 77 ILE CB C 13 34.87 0.400
198 57 PHE N N 15 112.73 0.400 1 273 77 ILE N N 15 111.97 0.400
199 58 THR H H 1 7.48 0.020 1 274 78 ARG H H 1 6.50 0.020
200 58 THR C c 13 173.09 0.400 1 275 78 ARG C c 13 173.35 0.400
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Appendix 116
276 78 ARG CA C 13 55.15 0.400 1 351 99 HIS CA C 13 51.30 0.400
277 78 ARG CB C 13 25.45 0.400 1 352 99 HIS CB C 13 28.98 0.400
278 78 ARG N N 15 123.46 0.400 1 353 99 HIS N N 15 120.56 0.400
279 79 ALA H H 1 8.36 0.020 1 354 101 TYR H H 1 8.26 0.020
280 79 ALA C c 13 174.22 0.400 1 355 101 TYR C c 13 172.57 0.400
281 79 AILA CA C 13 51.89 0.400 1 356 101 TYR CA C 13 54.39 0.400
282 79 AILA CB C 13 14.49 0.400 1 357 101 TYR CB C 13 37.22 0.400
283 79 ALA N N 15 118.89 0.400 1 358 101 TYR N N 15 121.87 0.400
284 80 ARG H H 1 7.54 0.020 1 359 102 ASP H H 1 9.03 0.020
285 80 ARG C c 13 177.94 0.400 1 360 102 AsSpP C c 13 173.59 0.400
286 80 ARG CA C 13 54.01 0.400 1 361 102 ASp cA C 13 - 0.400
287 80 ARG CB C 13 25.96 0.400 1 362 102 Asp CB C 13 - 0.400
288 80 ARG N N 15 119.44 0.400 1 363 102 ASP N N 15 126.42 0.400
289 81 VAL H H 1 7.78 0.020 1 364 104 GLU H H 1 8.13 0.020
290 81 VAL C c 13 175.95 0.400 1 365 104 GLU C c 13 175.30 0.400
291 81 VAL CA C 13 63.72 0.400 1 366 104 GLU CA C 13 54.61 0.400
292 81 VAL CB C 13 28.34 0.400 1 367 104 GLU CB C 13 26.41 0.400
293 81 VAL N N 15 121.98 0.400 1 368 104 GLU N N 15 117.65 0.400
294 82 ASP H H 1 8.81 0.020 1 369 106 ASP H H 1 8.20 0.020
295 82 ASP C c 13 176.50 0.400 1 370 106 ASP C c 13 173.14 0.400
296 82 ASP CA C 13 53.67 0.400 1 371 106 ASp CA C 13 50.95 0.400
297 82 ASP CB C 13 37.09 0.400 1 372 106 ASp CB C 13 38.81 0.400
298 82 ASP N N 15 119.78 0.400 1 373 106 ASP N N 15 122.85 0.400
299 83 SER H H 1 7.43 0.020 1 374 107 SER H H 1 7.703 0.020
300 83 SER C c 13 175.15 0.400 1 375 107 SER C c 13 62.421 0.400
301 83 SER CA C 13 55.96 0.400 1 376 107 SER CA C 13 56.16 0.400
302 83 SER CB C 13 60.79 0.400 1 377 107 SER CB C 13 - 0.400
303 83 SER N N 15 112.60 0.400 1 378 107 SER N N 15 119.84 0.400
304 84 PHE H H 1 7.62 0.020 1 379 110 LYS H H 1 8.57 0.020
305 84 PHE C c 13 170.58 0.400 1 380 110 LYS C c 13 171.65 0.400
306 84 PHE CA C 13 56.14 0.400 1 381 110 LYS cA C 13 51.579 0.400
307 84 PHE CB C 13 35.89 0.400 1 382 110 LYs CB C 13 27.15 0.400
308 84 PHE N N 15 125.74 0.400 1 383 110 LYS N N 15 124.35 0.400
309 85 THR H H 1 8.227 0.020 1 384 111 ARG H H 1 - 0.020
310 85 THR C c 13 172.96 0.400 1 385 112 VAL H H 1 8.18 0.020
311 85 THR CA C 13 - 0.400 1 386 112 VAL C c 13 176.17 0.400
312 85 THR CB C 13 - 0.400 1 387 112 VAL CA C 13 63.44 0.400
313 85 THR N N 15 117.90 0.400 1 388 112 VAL CB C 13 28.72 0.400
314 86 ASN H H 1 5.58 0.020 1 389 112 VAL N N 15 120.01 0.400
315 86 ASN C c 13 171.78 0.400 1 390 114 1LYS H H 1 7.59 0.020
316 86 ASN CA C 13 49.65 0.400 1 391 114 11LYs C c 13 176.27 0.400
317 86 ASN CB C 13 35.36 0.400 1 392 114 LYS CcA C 13 55.23 0.400
318 86 ASN N N 15 120.81 0.400 1 393 114 LYs CB C 13 29.06 0.400
319 88 PHE H H 1 7.47 0.020 1 394 114 LYS N N 15 118.90 0.400
320 88 PHE C c 13 173.49 0.400 1 395 115 LEU H H 1 7.70 0.020
321 88 PHE CA C 13 51.19 0.400 1 396 115 LEU C c 13 176.45 0.400
322 88 PHE CB C 13 38.88 0.400 1 397 115 LEU CA C 13 54.02 0.400
323 88 PHE N N 15 111.14 0.400 1 398 115 LEU CB C 13 38.89 0.400
324 90 ALA H H 1 7.96 0.020 1 399 115 LEU N N 15 120.82 0.400
325 90 AIA C c 13 172.61 0.400 1 400 116 PHE H H 1 7.69 0.020
326 90 ALA CA C 13 49.32 0.400 1 401 116 PHE C c 13 175.47 0.400
327 90 ALA CB C 13 15.96 0.400 1 402 116 PHE CA C 13 55.16 0.400
328 90 ALA N N 15 123.89 0.400 1 403 116 PHE CB C 13 36.60 0.400
329 91 ILE H H 1 8.60 0.020 1 404 116 PHE N N 15 116.65 0.400
330 91 ILE C c 13 173.39 0.400 1 405 117 GLY H H 1 7.83 0.020
331 91 ILE CA C 13 57.10 0.400 1 406 117 GLY C c 13 173.36 0.400
332 91 ILE CB C 13 34.61 0.400 1 407 117 GLY CcA C 13 42 .66 0.400
333 91 ILE N N 15 123.90 0.400 1 408 117 GLY N N 15 109.04 0.400
334 94 ILE H H 1 8.25 0.020 1 409 118 GLU H H 1 7.91 0.020
335 94 ILE C c 13 171.85 0.400 1 410 118 GLU C c 13 170.50 0.400
336 94 ILE CA C 13 57.11 0.400 1 411 118 GLU CcA C 13 54.81 0.400
337 94 ILE CB C 13 38.51 0.400 1 412 118 GLU CB C 13 28.17 0.400
338 94 ILE N N 15 123.85 0.400 1 413 118 GLU N N 15 126.23 0.400
339 96 SER H H 1 8.91 0.020 1
340 96 SER C c 13 174.44 0.400 1
341 96 SER CA C 13 - 0.400 1
342 96 SER CB C 13 65.527 0.400 1
343 96 SER N N 15 120.82 0.400 1
344 98 ASP H H 1 8.15 0.020 1
345 98 AsSpP C c 13 173.71 0.400 1
346 98 ASP CA C 13 54.23 0.400 1
347 98 ASP CB C 13 38.31 0.400 1
348 98 ASP N N 15 120.46 0.400 1
349 99 HIS H H 1 8.17 0.020 1
350 99 HIS C c 13 171.82 0.400 1
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