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Introduction

1. Introduction

The development of highly efficient drugs is a fundamental challenge for progress in
modern medicine. A detailed understanding of how drugs interact with their biological
target molecules extends the possibilities to optimize drug efficiency and minimize harm-
ful side effects. Furthermore, growing knowledge of the molecular basis of severe diseas-
es uncovers novel promising therapeutic target molecules. Throughout the past years the
vacuolar H*-ATPase (V-ATPase), besides its fundamental role in normal cellular pro-
cesses, has been shown to be involved in a variety of severe diseases such as cancer and
osteopetrosis (Hinton et al., 2009; Sennoune and Martinez-Zaguilan, 2007). For this rea-
son the research on the suitability of the V-ATPase as a new target for disease therapy is
emerging (Bowman and Bowman, 2005; Fais et al., 2007; Niikura, 2006). One aspect of
this research is the discovery and development of highly efficient, tissue specific inhibi-
tors of the V-ATPase and a detailed understanding of the enzyme-inhibitor interaction at
the molecular level.

1.1 lon translocating ATPases

Vacuolar ATPases belong to the class of ion-translocating ATPases which also comprises
the A-, F- and P-type ATPases. All these enzymes are molecular machines that use the
ubiquitous energy storage molecule ATP to create ion motive force, or in some cases vice
versa.

Compared to the other representatives of this protein class, the P-ATPases are
quite small and simple in structure consisting of one major catalytic subunit (a-subunit)
which is in some cases combined with additional subunits without catalytic function
(Chan et al., 2010). P-ATPases are a large and versatile protein family which contributes
to a variety of membrane transport processes in eukaryotes and prokaryotes. One major
example of this family is the Na'/K*-ATPase in plasma membranes of mammalian cells
which consists of an a-subunit associated with an auxiliary B-subunit, and can be modu-
lated by an additional y-subunit under stress conditions (Chan et al., 2010). The Na'/K"-
ATPase extrudes three Na* ions in exchange for two K" ions at the expense of one ATP
molecule, thereby creating an electrochemical gradient that is necessary for e.g. electric
excitability and secondary transport processes (Kuhlbrandt, 2004; Morth et al., 2007).
Other important examples of P-ATPases are the sarcoplasmic reticulum Ca®*-ATPase that
contributes to the contraction of muscle cells and the H*/K*-ATPase that is responsible
for the acidification of the stomach (Kihlbrandt, 2004).

In contrast to P-ATPases, the F-type ATPases are large, multi-subunit enzymes
that use the transmembrane ion motive force, generated for example by respiratory com-
plexes in mitochondrial and bacterial membranes, to produce ATP from ADP and inor-
ganic phosphate. Therefore these enzymes are also called ATP synthases (Junge and
Nelson, 2005; Stock et al., 2000). The ATP synthases are organized in two complexes, a
cytosolic F; part and a membrane-embedded Fo complex. In the case of the comparative-
ly simple Escherichia coli enzyme, F; comprises five different subunits with the stoichi-
ometry azP3y101€1 and Fo is composed of three subunits with the stoichiometry a;bsCo.12
(Stock et al., 2000). The synthesis of ATP is first of all driven by the Fo complex that

1
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translocates either protons or, in some bacteria, sodium ions across the membrane via
rotation of a ring of ¢ subunits. This rotational movement is then mechanically transferred
to the F1 complex via a central stalk built up by the subunits y and ¢ (in E. coli) and final-
ly results in the synthesis of ATP at the catalytic B subunits that are arranged in an alter-
nating hexamer with the a subunits in F; (Junge and Nelson, 2005; Stock et al., 2000).
Besides the central stalk, a peripheral one (subunits b and 6 in E. coli) is present which is
proposed to prevent rotation of the o/f-hexamer during ATP synthesis (Stock et al.,
2000).

Because of a quite similar overall structure and mechanism of action, the F- and
V-type ATPases are proposed to originate from a common ancestor (Mulkidjanian et al.,
2007; Miller and Griber, 2003). Likewise, the two major protein complexes present in
the VV-ATPases are denoted as Vi (cytosolic) and Vo (membrane-bound) complex. V-
ATPases are mainly found in membranes of intracellular compartments such as vacuoles,
lysosomes or secretory vesicles of eukaryotic cells, playing a key role in pH regulation
and membrane energization. In addition, V-ATPases sorted to the plasma membrane con-
tribute to special functions of various cell types such as bone resorption mediated by os-
teoclasts (Beyenbach and Wieczorek, 2006; Forgac, 2007). Despite general similarities,
V-ATPases exhibit many unique features that distinguish them from F-ATPases
(Mulkidjanian et al., 2007; Miller and Griber, 2003). One main difference is that V-
ATPases function as ATP-driven proton pumps under normal cellular conditions, as op-
posed to ATP synthesis observed for F-ATPases. Another fundamental difference is the
regulation of VV-ATPases by reversible dissociation of the V; and the Vo complex (see
paragraph 1.4) which has not been observed in F-ATPases (Muller and Griber, 2003).

In addition to the enzyme types presented above, another group of ATPases that
resemble the general structure and function of the F- and V-ATPases is described. These
enzymes were first identified in archaea and are therefore referred to as A-ATPases, com-
posed of an A; and an Ao complex (Miller and Griber, 2003). Nevertheless, these en-
zymes are also found in a variety of bacteria like e.g. Enterococcus hirae or Thermus
thermophilus (lwata et al., 2004; Murata et al., 2005). In addition, some authors argue
that these enzymes represent more a subclass of the VV-ATPases rather than a distinct fam-
ily and therefore they are in some cases also referred to as prokaryotic V-type ATPases
(Yokoyama and Imamura, 2005). The main difference between the A- and VV-ATPases is
that the A-ATPases synthesize ATP in vivo similar to F-ATPases and that they do not
seem to be regulated by reversible dissociation (Griber and Marshansky, 2008; Mdller
and Griiber, 2003).

1.2  The structure and function of V-ATPases

During the past ten years the fragmentary picture of the structure of VV-ATPases became
more and more clear mainly due to improved electron microscopy techniques (Muench et
al., 2009; Zhang et al., 2008) and an increasing number of crystal structures of single
subunits (Drory et al., 2004; Murata et al., 2005; Sagermann et al., 2001). Since a de-
tailed picture of the structural composition of V-ATPases is a prerequisite to explain the
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functional mechanism of these enzymes, the understanding of the complexity of V-
ATPase function is emerging.

To date, the most accurate model of the whole V-ATPase complex comes from
cryo-electron microscopic studies on the V-ATPase isolated from the midgut of the to-
bacco hornworm, Manduca sexta (Muench et al., 2009), which is a frequently used model
organism for biochemical studies on this enzyme (Wieczorek et al., 2000). The three-
dimensional reconstruction of this enzyme at a resolution of 16.5 A clearly shows the
distinct V1 and Vo complexes with four stalk structures (Muench et al., 2009; Fig. 1.1A
and B). One of these stalks is located in the center of the enzyme and resembles the cen-
tral stalk described also for F-ATPases. The other stalks (S1, S2 and S3, see Fig. 1.1B)
reside at the periphery. Two of them extend from the V; to the Vo complex while the
third one (S2) ends up halfway down from the V1 to the Vo complex where it joins a col-
lar-like structure that surrounds part of the V-ATPase and connects all three peripheral
stalks (Muench et al., 2009; Fig. 1.1A and B). Three peripheral stalks are also expected
from a model of the yeast V-ATPase at a resolution of 25 A obtained by negative stain
electron microscopy (Zhang et al., 2008; Fig. 1.1C), while reconstructions of the bovine
(34 A resolution) and the Neurospora crassa (20 A resolution) V-ATPase could resolve
only two of them (Gregorini et al., 2007; Venzke et al., 2005). The presence of multiple
peripheral stalks in V-ATPases again distinguishes them from F-ATPases where only one
outer stalk is observed.

Figure 1.1: Three-dimensional models of the V-ATPase from Manduca sexta and Saccharomyces
cerevisiae.

(A) 3D reconstruction of the M. sexta V-ATPase at a resolution of 16.5 A obtained by cryo-electron mi-
croscopy with known crystal structures of V- and A-type ATPase subunits fitted (Muench et al., 2009).
(B) Schematic model of the V-ATPase from Muench et al. (2009). Capital letters, V; subunits; lower case
letters, Vo subunits; S1 to S3 indicating the three peripheral stalks formed by EG dimers. Red arrow indi-
cates the site of ATP hydrolysis at the A/B interfaces. (C) 3D model of the V-ATPase from S. cerevisiae at
a resolution of 25 A derived from negative stain electron microscopy (Zhang et al., 2008). Capital letters,
V; subunits; lower case letters, Vo subunits; ct, C terminal; nt, N terminal; ft, foot domain; (EG)* indicating
one EG dimer. Colored regions represent yeast homology models and crystal structures of subunits fitted to
the 3D reconstruction.
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Table 1.1: Subunit composition of rotary ATPases.

Summarized are examples for the subunit composition of all three different types of rotary ATPases. Mo-
lecular masses of the subunits are given exemplarily for the M. sexta and S. cerevisiae V-type ATPase. n. f.
= not found. The A-ATPase proteolipid subunits are referred to as ¢, K and L, respectively. For clarity, in
this study the label “c subunit” will also be used for the A-ATPase proteolipids. Adapted according to For-
gac (2007) and Muench et al. (2011).

Subunit names and composition
Molecular Mass (kDa) LUl postti

Subunit M. sexta /S. cerevisiae V-ATPase V-ATP_a.se A-ATPasg F-ATPgse
M. sexta S. cerevisiae Prokaryotic E. coli
V; complex 741/ 666 Ay F1
A 69 /70 A Vmal A B
B 55/55 B Vma2 B o
C 44 [ 40 C Vmad
D 28/34 D Vma8 D Y
E 26/33 E Vmas E o
F 14/14 F Vma7 F €
G 13/13 G Vmalo H b
H 50/55 H Vmal3
Vo complex 176 / 253 Ao Fo
a 100/ 100 a Vphl, Stvl | a
G 16 /17 G Vma3 ¢, K L ©
c n. f. /17 Vmall
ch nf./21 Vmal6
d 40/ 38 d Vmabé C
e 20/9 e Vma9

1.2.1 Subunit composition of the V; complex

The Vi complex consists of eight different subunits with the proposed stoichiometry
AsB;C1D;E3G3H; (Kitagawa et al., 2008). The structure of the V; complex of the M. sex-
ta V-ATPase was already resolved at high resolution by Radermacher et al. (2001) using
electron microscopy of single particles. The resulting three-dimensional model clearly
visualizes a hexagonal shape of the V1 headpiece representing the alternating arrangement
of the catalytic A and the noncatalytic B subunits (Radermacher et al., 2001). In analogy
to the structure of F; in F-ATPases, the cleavage of ATP is proposed to occur at the A/B
interface (subunit B oriented clockwise to A) with major contributions from amino acid
residues in subunit A (Abrahams et al., 1994; Muench et al., 2009).

In the current model of the M. sexta V-ATPase the B subunits are the anchor
points for the three peripheral stalks that consist of one copy of subunits E and G each
(Muench et al., 2009; Fig. 1.1A and B). All three EG-stalks merge with the collar struc-
ture composed of subunits C and H that is located just above the membrane bilayer. The
whole stalk construct is on the one hand presumed to prevent rotation of the V1 complex
during proton transport as it has been proposed for the single stalk structure in F-ATPases
(Muench et al., 2009; Stock et al., 2000). On the other hand, it probably places the subu-
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nits C and H in their appropriate positions (Muench et al., 2009) and therefore, it is pro-
posed to assist in the process of reversible dissociation (Muench et al., 2011).

The central stalk that is responsible for energy transduction from the V; to the
Vo complex, is composed of subunits F and D plus the Vo subunit d that probably forms
a link between F/D and the Vo rotor ring (Muench et al., 2009).

1.2.2 Subunit composition of the Vo complex

The Vo complex of M. sexta consists of subunits a, d, e and the ring-forming subunit c.
The latter, commonly also called proteolipid, is the only subunit present in more than one
copy. However, the number of copies in the Vg ring is still not determined exactly for any
known V-ATPase. Regarding the cryo-electron microscopic model of the M. sexta V-
ATPase, the fitting of different crystal structures revealed the best correlation for the pro-
teolipid ring of the sodium A-ATPase from Enterococcus hirae that contains 10 copies of
the bacterial homologue of subunit ¢ (Muench et al., 2009; Murata et al., 2005).

It is commonly accepted that the A-, F- and VV-ATPase proteolipid subunits derive
from a common ancestral gene that underwent gene duplication and fusion in the case of
the V-ATPases (Mandel et al., 1988). Accordingly, while the F-ATPases retained two
transmembrane helices (TM), each of the V-ATPase c subunits has four and A-ATPases
exhibit two to even six TMs (Mandel et al., 1988; Miiller and Griber, 2003). All ¢ subu-
nits contain a highly conserved acidic amino acid residue that is essential for proton trans-
location. In case of the V-ATPase an essential glutamate residue is located in TM4 (E137
in S. cerevisiae; Fig. 1.2A and B) while a second glutamate in TM2 was lost during evo-
lution (Mandel et al., 1988). The essential glutamate within subunit c is a target for N, N"-
dicyclohexyl-carbodiimide (DCCD; Fig. 1.6E), which is a covalently binding inhibitor
widely used for enzyme-inhibitor studies (Finbow et al., 1992; Harrison et al., 2000; Pali
et al., 2004b).

In the Vo ring of fungi, two additional isoforms of subunit ¢, ¢” and ¢, are pre-
sent in one single copy each (Hirata et al., 1997; Umemoto et al., 1991). Subunit ¢ seems
to be a unique feature of fungal V-ATPases (Chavez et al., 2006). Like subunit c, ¢” also
contains four transmembrane helices with the essential glutamate located in TM4 (E145
in S. cerevisiae) (Hirata et al., 1997). In contrast, subunit ¢”” is proposed to possess five
transmembrane helices with the essential glutamate located in TM3 (E108 in S. cere-
visiae) (Powell et al., 2000). The function of the additional helix in ¢ (TM1) still re-
mains enigmatic, particularly because it is not required for V-ATPase activity (Nishi et
al., 2003). The orientation of helices within the ¢ subunits has been assigned by epitope-
tagging and chimeric fusion of proteolipid subunits, revealing that the C and N termini in
subunits ¢ and c¢” are directed toward the luminal side of the membrane while the N ter-
minus of ¢’ resides in the cytoplasm (Flannery, 2004). Chimeric fusion proteins were
also constructed to elucidate the arrangement of ¢ subunits in the ring, showing that subu-
nit ¢” is located adjacent to ¢”” in counterclockwise direction as viewed from the luminal
side of the membrane (Wang et al., 2007; Fig. 1.2C). The overall stoichiometry of the c
ring in yeast is proposed to be ¢4, ¢"1, ¢ "1 (Nishi et al., 2003; Powell et al., 2000).



Introduction

In the bovine V-ATPase an accessory subunit (Ac45) of unknown function is de-
scribed that is proposed to be located at the extra-cytosolic end of the ¢ ring (Gregorini et
al., 2007; Supek et al., 1994). This subunit has to date neither been found in fungi, nor in
the M. sexta V-ATPase (Huss and Wieczorek, 2007; Wilkens et al., 2005). Nevertheless,
the M. sexta enzyme exhibits a knob-like structure at the extra-cytoplasmic side of the ¢
ring which is similar to the structure observed in the bovine V-ATPase, and could arise
from the presence of Ac45 or an equivalent accessory subunit (Muench et al., 2009; Fig.
1.1A and B).

Cytoplasm

Figure 1.2: Arrangement of V-ATPase proteolipid subunits.

(A) and (B) The amino acid sequence of the S. cerevisiae ¢ subunit was modeled onto the E. hirae ¢ ring
structure (Murata et al., 2005) as described in Bockelmann et al. (2010). Helical representations of two
adjacent c subunits in the ring are presented in a side view (A) and a view from the extra-cytoplasmic side
of the membrane (B), respectively. The C and N termini of the ¢ subunits are oriented toward the extra-
cytoplasmic side of the membrane (A). An outer ring of helices is formed by transmembrane helices (TM) 4
(yellow) and 2 (green) with TM4 of one ¢ subunit following clockwise to TM2 of the preceding subunit
(B). TM3 (blue) and TM1 (orange) form an inner ring with TM3 of one subunit following clockwise to
TM1 of the other. The crucial E137 in TM4 is depicted in red spheres. (C) Arrangement of ¢ subunits in the
Vo ring of S. cerevisiae according to Wang et al. (2007). Simplified representation of the yeast c ring (gray)
comprising four ¢ subunits and a single copy of ¢” and ¢”*, each. Subunit ¢ is located adjacent and counter-
clockwise to ¢ as viewed from the extra-cytoplasmic side (red arrow). The glutamate residues essential for
proton transport (red) are: E137 (subunit ¢), E145 (subunit ¢”) and E108 (subunit¢™).

Next to the proteolipid subunits, subunit a is also directly involved in proton transloca-
tion. The main structural characteristics of this subunit are a hydrophilic N-terminal do-
main oriented towards the cytoplasm and a C-terminal domain presumably comprising
eight TMs (Wang et al., 2008). Subunit a contains a conserved arginine residue, probably
located within TM7 in the C-terminal domain, that is essential for proton transport
(Kawasaki-Nishi et al., 2001).

Subunits d and e do not seem to be directly involved in proton transport but how-
ever, they are indispensable for VV-ATPase function (Bauerle et al., 1993; Sambade and
Kane, 2004). The eubacterial homologue of subunit d form Thermus thermophilus has
been shown to form a socket-like structure at the cytoplasmic surface of the Vo rotor ring
(Iwata et al., 2004). The crystal structure of this subunit also fits into the cryo-electron
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microscopic model of the M. sexta and the yeast enzyme (Fig. 1.1), implying that V-
ATPase subunit d connects the Vo ring to the V; subunits F and D, therefore being part of
the central rotor (Muench et al., 2009). The function and localization of the membrane-
integral subunit e is still not known despite the fact that it was found in the mammalian,
insect and yeast V-ATPase (Ludwig et al., 1998; Merzendorfer et al., 1999; Sambade and
Kane, 2004).

1.2.3 The mechanism of ion translocation

According to their structural similarity, F- and V-ATPases are both thought to function as
rotary motors that couple ion transport to ATP synthesis or hydrolysis, respectively
(Junge and Nelson, 2005). Evidence for the rotation of V-ATPase subcomplexes came
from experiments where beads were attached to either subunit D or F of the central stalk
(Imamura et al., 2003) or to subunit ¢ of the proteolipid ring (Yokoyama et al., 2003).
After immobilization of either the V; complex or the holoenzyme on a glass surface, rota-
tion of the beads was detected, clearly showing that VV-ATPases function by rotation of
the central stalk and the c ring of the Vo complex.

Under normal cellular conditions V-ATPases use the energy of ATP hydrolysis to
translocate protons across the membrane through rotation of the c ring. Due to the lack of
high resolution structures, the detailed mechanism of rotation and energy transmission in
V-ATPases is not yet known, but the functional model proposed for the analogous F-
ATPase family is widely accepted to be valid also for V-ATPases (Junge and Nelson,
2005; Junge et al., 2009). When adopting this model for V-ATPases, ATP hydrolysis
occurs at the A/B interfaces through a “binding change mechanism” (Boyer, 1997), which
means that the three equivalent catalytic sites have different alternating states. One of the
catalytic sites binds ATP while the second one cleaves ATP and the third one releases
ADP and inorganic phosphate (P;). The energy released by hydrolysis of ATP induces
conformational changes that are transmitted to the Vo complex via rotation of the central
stalk in steps of 120° per ATP molecule. Rotation of the central stalk finally results in
rotation of the c ring that transduces protons via its essential glutamate residues through
interaction with subunit a. During rotation of the central stalk and the c ring, also referred
to as the “rotor complex”, accompanying movement of the A/B hexamer is prevented by
the peripheral stator network, likewise referred to as “stator complex” (Junge and Nelson,
2005).

The current concept of proton translocation suggests that subunit a contains two
half-channels, one opening toward the cytoplasmic side of the membrane and, clockwise
to the first one as viewed from the extra-cytoplasmic side, a second channel facing the
lumen or extracellular space (Junge et al., 2009; Fig. 1.3). A deprotonated glutamate resi-
due of the c ring is kept in the cytoplasmic channel as it can only enter the membrane in
its protonated i.e. uncharged state. Meanwhile a protonated glutamate resides in the extra-
cytoplasmic half-channel in order to be deprotonated via interaction with the essential
arginine residue in subunit a. Upon protonation of the first and deprotonation of the se-
cond glutamate one proton is transported from the cytoplasm to the extra-cytoplasmic
space with one counterclockwise step of rotation of the c ring.
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Figure 1.3: Simplified model of proton translocation via the V-ATPase rotor ring.

Schematic representation of the ¢ ring with adjacent subunits important for rotation of the V-ATPase. The
energy obtained from ATP hydrolysis at the catalytic sites in V; is transduced via rotation of the central
stalk subunits (D, F (green) and d (dark gray)) to the c ring in the Vo complex (gray). Counterclockwise
rotation of the c ring, as viewed from the extra-cytoplasmic side (red arrow), drives proton translocation
from the cytoplasm to either the lumen of intracellular compartments or the extracellular space mediated by
two half-channels within subunit a (transparent gray). An essential glutamate of one ¢ subunit (E138 in M.
sexta; red) is loaded with a proton (blue) in the cytoplasmic half-channel while another glutamate releases a
proton to the extra-cytoplasmic space with the aid of a conserved arginine residue in the second half-
channel of subunit a (R710 in M. sexta; orange) (black arrows). Adopted from Forgac (2007).

1.3 Assembly and targeting of V-ATPases

Due to the ease of genetic modification, the assembly and targeting of V-ATPases is to
date best studied in the yeast S. cerevisiae. By using V-ATPase subunit knock-out strains
it was shown that the Vi1 and Vo complexes are assembled independently (Doherty and
Kane, 1993). In addition, three proteins, Vmal2, Vma2l and Vma22, are crucial for
proper V-ATPase assembly and function but are not part of the mature protein complex
(Hirata et al., 1993; Ho et al., 1993). These three proteins are located in the membrane of
the endoplasmic reticulum (ER) and act as chaperons that promote assembly of the Vo
complex via interaction with either subunit a (Vmal2 and Vma22) or subunit ¢ (Vma21)
(Forgac, 2007). The mature Vo complex, still comprising Vma21, is then transferred to
the Golgi network where the chaperon is released and V; subunits are added to finally
form the V;Vo complex. Assembly of V3 onto Vo can either occur by the addition of
smaller sub-complexes or whole V1 complexes without subunit C that is always added
separately. Alternatively, the V-ATPase subunits might also undergo another pathway
where they are assembled to form the holoenzyme without prior formation of V; and Vo
complexes (Forgac, 2007).
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The specific targeting of the mature V-ATPases to their dedicated location is me-
diated by organelle or tissue specific isoforms of subunit a (Toei et al., 2010). Yeast ex-
hibits only two isoforms, VVphl for vacuolar localization and Stvl for localization to the
Golgi, while in mammalian cells four isoforms (a;-a;) and some splice variants are
known. The mammalian isoforms occur for example in nerve cells (a;), renal proximal
tubule cells (a,), osteoclasts (az) or renal intercalated cells (a;). Nevertheless, the isoforms
do not constrain V-ATPases to a specific membrane within their target cells, neither do
all cells types contain only one isoform of subunit a.

1.4 Regulation of V-ATPases by reversible dissociation

As described in detail in the preceding paragraphs, V-ATPases function as energy-
consuming rotary motors. The high expense of ATP by these enzymes demands for regu-
latory mechanisms that connect V-ATPase function to the physiological state of the cell
or the whole organism, thus preventing unnecessary consumption of chemical energy.
One major regulatory mechanism of V-ATPases is silencing the enzyme by reversible
dissociation of the V3 from the Vo complex instigated by energy limitation (Fig. 1.4). The
dissociation was first described for V-ATPases in the midgut of molting and starving M.
sexta larvae, respectively (Gréaf et al., 1996; Sumner et al., 1995), and likewise found to
occur in the vacuolar ATPase of S. cerevisiae upon glucose deprivation (Kane, 1995). It
was also shown that this process can be reversed by refeeding and restoring glucose lev-
els, respectively (Graf et al., 1996; Kane, 1995). In addition, it was found that the dissoci-
ated \V; complex is not capable of hydrolysis of Mg?*-ATP (Graf et al., 1996). Likewise,
the sole Vo complex does not translocate protons across the membrane (Beltran and
Nelson, 1992; Zhang et al., 1992). In vitro experiments using the purified M. sexta V-
ATPase revealed that the dissociation of the V1 is induced by a low ATP/ADP ratio, rep-
resenting a low energy state of the cell, with bound ADP destabilizing the holoenzyme
(Huss and Wieczorek, 2007).

Due to the finding that subunit C and the remaining V1 complex dissociate and
reassociate independently (Kane, 1995; Merzendorfer et al., 2000), and because of the
central position of subunit C within the collar structure, connecting the peripheral stators
of the V-ATPase (Fig. 1.1), this subunit is thought to play a crucial role in the regulation
of reversible dissociation (Muench et al., 2009; Zhang et al., 2008). In addition, it was
found that subunit C is able to interact directly with the actin cytoskeleton and that it can
be phosphorylated by PKA in vitro, implicating further possibilities to modulate V-
ATPase function via this subunit (Vitavska et al., 2005; Vitavska et al., 2003; Voss et al.,
2007). Besides subunit C, subunit H is probably also crucial for the modulation of V-
ATPase function, as it is proposed to block rotation of the central stalk in the detached V;
complex via interaction of its C-terminal domain with subunit F (Diab et al., 2009;
Jefferies and Forgac, 2008; Parra et al., 2000). Subunit H is thus presumed to permit the
“resting state” of the V; complex which prevents futile consumption of ATP and allows
rapid reassembly of the holoenzyme if necessary (Diepholz et al., 2008; Muench et al.,
2011).
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In yeast it was found that dissociation and reassociation are two distinct pathways
with different regulatory mechanisms. Dissociation upon glucose deprivation for example
only occurs at acidic extracellular pH (Diakov and Kane, 2010) and requires intact micro-
tubules, while reassociation does not (Xu and Forgac, 2001). Glucose-induced reassocia-
tion of V3 and Vo is mediated by the RAVE (Regulator of the H-ATPase of Vacuolar
and Endosomal membranes) complex that binds to free V1 and seems to play a general
role in the assembly of the V-ATPase (Smardon et al., 2002). Additionally, the assembly
of the holoenzyme is promoted by the glycolytic enzyme aldolase that probably stabilizes
V1-Vo interaction via binding to subunits B, E and a (Lu et al., 2004). In this context,
aldolase is presumed to couple the assembly state of V-ATPases to the ATP-producing
glycolytic pathway. A broad overview of the current knowledge of regulatory mecha-
nisms for VV-ATPases is given in Forgac (2007).

Cytoplasm ‘ Cytoplasm

Figure 1.4: Regulation of V-ATPases by reversible dissociation.

Upon nutrient depletion the VV-ATPase holoenzyme (A) undergoes reversible dissociation (B). During this
process the V; complex detaches from the membrane-bound Vo complex with subunit C being released
separately. Capital letters, V1 subunits A-H; lower case letters, Vo subunits a, ¢, d and e. According to For-
gac (2007).

1.5 The role of V-ATPases in physiology and pathophysiology

Because of their special function as energy converters, V-ATPases are involved in nearly
all physiological processes of eukaryotic cells, in most cases representing the primary
energizer of diverse membrane transport systems. In fulfilling this substantial role, these
enzymes maintain the function of single cells, as well as of specialized tissues and whole
organisms. In this regard, it is not surprising that malfunction of the V-ATPase leads to
severe pathological defects.
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1.5.1 The V-ATPase in the midgut of Manduca sexta

Insects living on a tannin-rich plant diet have to overcome the tendency of tannins to bind
proteins at low pH values which would result in a reduced digestion efficacy (Dow,
1984). This problem is commonly solved by a very high pH in the digestive midgut lu-
men. Thus, in the M. sexta larvae an extremely alkaline pH (> 11) is generated in the
midgut (Dow, 1984). The midgut epithelium in these larvae is composed of two major
cell types, (1) the goblet cells that are responsible for K* secretion into and H* depletion
from the midgut lumen, and (2) the columnar cells that surround the goblet cells and func-
tion in nutrient uptake (Fig. 1.5A) (Baldwin and Hakim, 1991; Dow, 1984).

In 1986, Wieczorek et al. described a K*-stimulated ATPase activity in the M.
sexta goblet cell apical membrane (GCAM) indicating the presence of an ATP driven K*
pump in these cells (Wieczorek et al., 1986). A few years later, it was found that a V-type
ATPase in combination with a K*/H™ antiporter is responsible for potassium transport into
the midgut lumen. This V-ATPase pumps protons into the goblet cell cavity thereby driv-
ing the electrogenic exchange of H* against K* out of the cell (Fig. 1.5A) (Schweikl et al.,
1989; Wieczorek et al., 1991; Wieczorek et al., 1989). The stoichiometry of the transport
was assigned to be K'/2H" thus providing the explanation for the extremely high pH
found in M. sexta midgut lumen (Azuma et al., 1995). In addition, the potassium motif
force generated by the two transporters energizes the uptake of amino acids from the
midgut lumen via an amino acid/K™ symporter in the apical membrane of the columnar
cells (Hennigan et al., 1993). Today, it is widely accepted that the V-ATPase in the M.
sexta GCAM is the sole energizer, driving all ion and metabolite transport processes in
the whole midgut epithelium of the lepidopteran larvae (Harvey et al., 1998; Wieczorek
et al., 2000). Due to the vast amount of V-ATPases in the GCAM and a very efficient
purification method, the M. sexta exhibits an excellent system for biochemical research
on the V-ATPase (Huss et al., 2002; Wieczorek et al., 1990; Wieczorek et al., 2000).

1.5.2 The V-ATPase of Saccharomyces cerevisiae

While M. sexta provides a system for the biochemical study of V-ATPases, the yeast S.
cerevisiae has emerged as a genetic model for eukaryotic V-ATPases. This is mainly due
to the fact that all V-ATPase subunits, except subunit a, are only present in a single iso-
form in yeast (Tab. 1.1) thus allowing facile genetic modification. In particular, knock-out
strains of S. cerevisiae deficient in one V-ATPase subunit exhibit a characteristic vma
phenotype which means that these strains fail to grow at alkaline pH (> 6.5) or elevated
CaCl; concentration (100 mM) in the medium (Nelson and Nelson, 1990; Ohya et al.,
1991). This distinct phenotype arises from the physiological function, namely vacuolar
acidification, which V-ATPases fulfill within the yeast cell (Fig. 1.5B).

In S. cerevisiae V-ATPases are located in either the vacuolar or the Golgi mem-
brane (paragraph 1.3), and in both compartments they are responsible for luminal acidifi-
cation, hence providing the optimal pH for e.g. the proper function of proteases. The vac-
uole of S. cerevisiae functions on the one hand as a digestive compartment and is in-
volved in metabolite storage, on the other hand, it is also highly important for the ion and
pH homeostasis of the cell (Klionsky et al., 1990). By pumping protons from the cyto-
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plasm into the vacuolar lumen the V-ATPase generates an electrochemical membrane
potential that drives all secondary transport systems. One of these transporters is Vcx1, a
Ca®*/H* antiporter that transports Ca>* into the vacuolar lumen and thus protects the cell
from harmful excess of calcium ions in the cytoplasm (Miseta et al., 1999). Consequent-
ly, yeast cells defective in V-ATPase function cannot cope with high extracellular calci-
um concentrations and thus do not grow on the respective media.

The loss of Vcx1 function can partially be compensated by the activation of the
Ca**/calmodulin-dependent protein phosphatase calcineurin and subsequent upregulation
of additional Ca?* transporters (Pmrl and Pmc1) (Kane, 2006). The pH component of the
vma’ phenotype in general can be overcome by growth of the defective yeast cells on me-
dia with low pH ( < 6.5), possibly because this allows vacuolar acidification via endocy-
tosis of protons from the extracellular medium or passive uptake of weak acids (Munn
and Riezman, 1994; Plant et al., 1999). Furthermore, the vma™ phenotype can be comple-
mented by transformation of the mutant strain with a plasmid expressing the respective
subunit (Nelson and Nelson, 1990). In some cases, it was even shown that the expression
of ¢ subunits from other organisms provided complementation of a S. cerevisiae subunit ¢
deletion strain (Harrison et al., 1994; Ikeda et al., 2001). The possibility of phenotype
complementation is also a very useful tool for mutagenesis studies as the influence of
amino acid exchanges on V-ATPase function can easily be tested by monitoring cell
growth of yeast strains that express mutant subunits.
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Figure 1.5: Physiological functions of the V-ATPase.

(A) Function of the V-ATPase in the M. sexta midgut epithelium. By transporting protons out of the goblet
cell lumen, the V-ATPase (red) in the goblet cell apical membrane (GCAM) drives the electrogenic
K*/2H"-antiporter (yellow), thereby energizing the whole midgut epithelium and thus driving all secondary
ion and metabolite transport processes. According to Wieczorek et al. (2000). (B) In S. cerevisiae the V-
ATPase in the vacuolar membrane provides optimal conditions for digestive enzymes via acidification of
the vacuolar lumen. In addition, the electrochemical gradient sustained by the V-ATPase drives secondary
transporters responsible for ion homeostasis and metabolite transport. According to Klionsky et al. (1990).
(C) V-ATPases in the apical membrane of human kidney o-intercalated cells contribute to the acid-base
homeostasis of the whole organism. Upon diffusion of CO, into the cell, protons are generated by carbonic
anhydrase 11 and subsequently secreted into the urine via the V-ATPase. Concurrently produced HCOjs' is
transported back to the blood via a basolateral HCO3/Cl -antiporter. According to Wagner et al. (2004).
Exemplarily depicted membrane channels and transporters are colored in green (amino acid-transporter),
blue (CI-channel/exchanger) and yellow (cation-exchanger), respectively. aa, amino acid.

1.5.3 The mammalian V-ATPase and its impact on human pathophysiology

For V-ATPases in mammalian cells acidification of intracellular compartments is one
major task. These enzymes provide the optimal pH for e.g. digestive enzymes in lyso-
somes or receptor-mediated endocytosis. Furthermore, the importance of V-ATPases at
the plasma membrane of different cell types becomes more and more evident (Hinton et
al., 2009). Because of the multitude of V-ATPase functions in mammalian cells, the focus
in this paragraph will be on specific roles of the plasma membrane V-ATPase that are
implicated in some severe diseases. An extensive overview on functions of mammalian
V-ATPases is given in Hinton et al. (2009).
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The human kidney a-intercalated cells in the late distal tubule and the collecting
duct are responsible for acid secretion into the urine, thereby contributing to the acid-base
balance of the whole organism (Wagner et al., 2004). These cells contain a large amount
of V-ATPases in their apical membrane that transport protons into the tubule lumen while
HCOjs' is secreted into the blood via a CI'/HCOg3 antiporter in the basolateral membrane
(Fig. 1.5C). In patients suffering from inherited renal tubular acidosis the proton excretion
via the a-intercalated cells is abolished, resulting in sometimes severe metabolic acidosis
with respective clinical features. One cause of this failure of proton secretion can be mu-
tations in the V-ATPase subunit isoforms B1 and a4, respectively (Karet et al., 1999;
Smith et al., 2000).

V-ATPases are also located in the plasma membrane of osteoclast cells which
promote bone degradation via acidification of the extracellular space and subsequent re-
lease of bone dissolving enzymes (Hinton et al., 2009). In healthy organisms osteoclasts
and their counterpart, the bone forming osteoblasts, maintain equilibrium of bone resorp-
tion and bone formation. In osteopetrosis, a genetic defect caused by mutations in the
osteoclast a3 isoform of the V-ATPase, acid secretion is abolished, resulting in hindered
bone resorption followed by pathological bone thickening (Frattini et al., 2000; Hinton et
al., 2009).

During the past years V-ATPases were shown to play an important role in metas-
tasis of tumor cells. For example, in breast cancer cells it was demonstrated that a large
amount of V-ATPases is present in the plasma membrane of highly metastatic cells and
that these V-ATPases also exhibit higher activity when compared to V-ATPases from
lowly metastatic cells (Sennoune et al., 2004). It was proposed that V-ATPases provide
an acidic extracellular pH that allows proteolytic digestion of the extracellular space and
thus favors tumor invasiveness and migration. Importantly, tumor migration of highly
metastatic cells in these experiments was significantly reduced by the addition of the spe-
cific V-ATPase inhibitor bafilomycin. In view of the important role V-ATPases play in
some severe diseases, this enzyme is currently emerging as a promising therapeutic target
with inhibitors of the V-ATPase arising as potential drugs.

1.6 Inhibitors of the V-ATPase

To date, a variety of specific V-ATPase inhibitors is known which can be divided into
three major classes by means of structural similarities (Fig. 1.6). Firstly, the long known
and well characterized plecomacrolide inhibitors (paragraph 1.6.1), secondly, the benzo-
lactone enamides which were discovered in the late 1990ties (paragraph 1.6.2) and third-
ly, the archazolids which form a novel inhibitor class first described by Sasse et al. (2003)
(paragraph 1.6.3). Besides these three classes, other V-ATPase inhibitors are known but
will be mentioned only briefly herein. (1) Destruxins are secondary metabolites from fun-
gi primarily found in Metarhizium anisopliae. These cyclic hexadepsipeptides inhibit the
V-ATPase of S. cerevisiae with low micromolar ICs, values (Muroi et al., 1994; Vazquez
et al., 2005). (2) Chondropsins are large macrolide lactams from the marine sponge
Chondropsis sp. (Cantrell et al., 2000; Rashid et al., 2001). They exhibit 10-fold higher
efficacy against fungal V-ATPase compared to the bovine one, with 1Csy values of 0.04-
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0.7 uM and 0.4 to more than 10 pM, respectively (Bowman et al., 2003). (3) Diphyllin is
a plant-derived lignan that was shown to be highly efficient against bovine V-ATPase
with an 1Csq value of 17 nM (Sgrensen et al., 2007).

C

Figure 1.6: Structures of selected V-ATPase inhibitors.

Depicted are the structures of main representatives of all three major V-ATPase inhibitor classes. The estab-
lished plecomacrolide inhibitors bafilomycin Al (A) and concanamycin A (B), the benzolactone enamide
apicularen A (C; R = H) and the recently discovered macrolactone archazolid A (D). Numbers in (D) indi-
cate crucial carbon atoms (see paragraph 1.6.3; R = CH,). (E) Structure of the inhibitor N, N"-
dicyclohexylcarbodiimide (DCCD) which covalently binds to the essential glutamate within V- and F-
ATPase proteolipid subunits (paragraph 1.2.2). (A), (B) and (C) Modified from Beutler and McKee (2003).
(D) Modified from Menche et al. (2007b).

1.6.1 Plecomacrolide inhibitors: The beginning of V-ATPase inhibitor studies

The plecomacrolides bafilomycin and concanamycin are long established V-ATPase in-
hibitors with ICs values in the low nanomolar range (Bowman et al., 1988; Drose et al.,
1993), and up to now they are used in a variety of assays to identify V-ATPases or novel
V-ATPase inhibitors. Both compounds are macrolide antibiotics from Streptomyces sp.
composed of a macrolactone and a hemiketal ring (Drose and Altendorf, 1997; Fig. 1.6 A
and B). Compared to bafilomycin, concanamycin is somewhat larger as it comprises an
18-membered instead of a 16-membered lactone ring and an additional sugar moiety. In-
tensive structure-function studies revealed that both, the macrolactone and the hemiketal
ring, are involved in inhibitor binding to the V-ATPase (Drdse and Altendorf, 1997;
Drose et al., 1993; Drose et al., 2001; Gagliardi et al., 1998a; Gagliardi et al., 1999).
Based on the structural components of bafilomycin that are important for target
inhibition, synthetic derivatives of this compound (shortly named indoyls) have been de-
signed, in order to obtain tissue specific V-ATPase inhibitors (Gagliardi et al., 1998a;
Gagliardi et al., 1998b). Indeed, one of these substances, (2Z,4E)-5-(5,6-dichloro-2-
indolyl)-2-methoxy-N-(1,2,2,6,6-pentamethylpiperidin-4-yl)-2,4-pentadienamide
(INDOLDO), exhibited an ICs value of 30 nM against the V-ATPase of human osteoclasts
which was approximately 40-fold more efficient when compared to the kidney V-ATPase
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(Gagliardi et al., 1998b; Nadler et al., 1998). Derivatives of INDOLO have been used
frequently to monitor the V-ATPase-inhibitor interaction using electron paramagnetic
resonance (EPR) spectroscopy (Dixon et al., 2003; Dixon et al., 2008; Dixon et al., 2004;
Pali et al., 2004a).

In the 1990-ties it was already suggested in different studies that the plecomacro-
lides might bind to the V-ATPase Vo complex (Crider et al., 1994; Hanada et al., 1990;
Zhang et al., 1994). Nevertheless, at this time the binding site could not be assigned, and
both, subunits a and c, were proposed as potential binding partners (Rautiala et al., 1993;
Zhang et al., 1994). In 2002 two studies came out that clearly revealed the Vo subunit ¢
as plecomacrolide binding partner (Bowman and Bowman, 2002; Huss et al., 2002). In
the first instance, Bowman et al. performed random mutagenesis studies in N. crassa and
found four exchanges within subunit ¢ that conferred notable resistance of the V-ATPase
against bafilomycin, thereby revealing three amino acid positions in subunit ¢ that partic-
ipate in inhibitor binding. In the second instance, Huss et al. identified subunit ¢ as the
binding partner for concanamycin A with photo affinity labeling (PAL) experiments us-
ing a radioactively labeled diazirinyl-derivative of concanamycin A, 9-O-[p-
(trifluoroethyldiazirinyl)-benzoyl]-21,23-dideoxy-23-[**I] iodoconcanolide A (**I-
concanolid). Few years later, site-directed mutagenesis studies in S. cerevisiae implicated
a minor contribution of subunit a in plecomacrolide binding (Wang et al., 2005).

Finally, further mutagenesis studies in N. crassa and S. cerevisiae (Bowman et al.,
2006; Bowman et al., 2004), in combination with the crystal structure of the ¢ ring from
the A-type ATPase of E. hirae (Murata et al., 2005), resulted in the first model of a V-
ATPase inhibitor binding site (Bowman et al., 2006; Fig. 1.7). In this model, the
plecomacrolide binding site, displayed in the Vg ring of N. crassa, resides at the interface
of two adjacent ¢ subunits, and amino acid residues of helices 1 and 2 of one subunit and
helix 4 of the adjacent subunit contribute to the enzyme-inhibitor interaction. Since the
binding site was localized between two ¢ subunits, it was proposed that the plecomacro-
lides inhibit V-ATPase function either by blocking rotation of the ¢ ring because of steric
hindrance at subunit a or by preventing internal torsion of the transmembrane helices
within the c ring (Bowman et al., 2004; Forgac, 2007).
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Figure 1.7: Proposed binding site of the plecomacrolide inhibitors.

The sequence of the N. crassa ¢ subunit was fitted on the E. hirae ¢ ring structure from Murata et al. (2005)
as described in Bowman et al. (2006). Single subunits are displayed in a different color, each. Amino acid
residues contributing to the plecomacrolide binding site (gray spheres) reside at the interface of two adja-
cent ¢ subunits and at the cytoplasmic half of the ring. Picture modified from Bowman et al. (2006).

1.6.2 Benzolactone enamides: Species specific V-ATPase inhibition

The benzolactone enamides comprise a variety of compounds isolated from different or-
ganisms such as the tunicate Aplidium lobatum (lobatamides) (Galinis et al., 1997), the
marine sponge Haliclona sp. (salicylihalamides) (Erickson et al., 1997) or the myxobacte-
ria Chondromyces sp. (apicularens) (Fig. 1.6C; Kunze et al., 1998). In a multitude of ex-
periments using whole cell assays as well as isolated V-ATPases from different species,
the benzolactone enamides were shown to be highly efficient V-ATPase inhibitors with
nanomolar 1Csy values (reviewed in Huss and Wieczorek, 2009). Such assays also re-
vealed that benzolactone enamides are not effective against V-ATPases from fungal
sources, and therefore these compounds represent the first known class of V-ATPase in-
hibitors that exhibits species-dependent target selectivity (Bockelmann, S., Wieczorek, H.
and Huss, M., unpublished results, Boyd et al., 2001). This special feature evidently
draws the attention to the investigation of the benzolactone enamides as potential lead
compounds to develop specific drugs. Accordingly, throughout the past years the in vivo
effects of e.g. apicularen on diverse cancer and osteoclast cell lines have been investigat-
ed to uncover the molecular basics of inhibitor-induced cell death (Hong et al., 2005a;
Hong et al., 2007; Hong et al., 2003; Hong et al., 2005b; Hong et al., 2006; Kim et al.,
2007).

The binding site of the benzolactone enamides is also believed to reside in the Vo
complex, since salicylihalamide, a prominent member of this inhibitor class, was shown
to prevent proton transport in the isolated Vo complex from bovine clathrin coated vesi-
cles (Xie et al., 2004). In contrast, both, salicylihalamide and apicularen A, were not able
to prevent binding of the radioactive PAL compound **I-concanolid A to the ¢ subunit
(Huss et al., 2002; Huss et al., 2005). Thus, it was proposed that the benzolactone en-
amide binding site has to be significantly different from the plecomacrolide binding site.
Since salicylihalamide, but not bafilomycin, promoted the redistribution of cytosolic V;
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complex to the membrane bound Vo, it was also proposed that these compounds possess
different inhibition mechanisms and that the binding of salicylihalamide to the V-ATPase
might stabilize the holoenzyme (Xie et al., 2004).

1.6.3 Archazolids: A novel class of V-ATPase inhibitors

The archazolids were first described in 2003, when Sasse et al. isolated novel antibiotic
compounds, archazolid A and B, from the myxobacteria Archangium gephyra and Cysto-
bacter violaceus. These antibiotics exhibit a characteristic structure that comprises a large
24-membered macrolactone ring and a thiazol side chain (Fig. 1.6D). From the beginning,
the archazolids were proposed to be specific V-ATPase inhibitors as their inhibition pro-
file in a mammalian cell line assay resembled the profile of the established V-ATPase
inhibitors bafilomycin and concanamycin (Sasse et al., 2003). The addition of such inhib-
itors to kidney cells resulted in the formation of vacuoles in the endoplasmic reticulum
and in the loss of lysosomal acidification (Huss et al., 2005; Sasse et al., 2003). In activi-
ty assays with different isolated ATPases the archazolids were confirmed to be specific
V-ATPase inhibitors, as they neither affected the P-type Na'/K'-ATPase nor the mito-
chondrial F-ATPase, but strongly inhibited the V-ATPase from M. sexta midgut with a
low nanomolar I1Csy value (Huss et al., 2005). Since whole fungal cells were shown to be
only moderately affected by archazolid (Sasse et al., 2003), this inhibitor was also tested
on the V-ATPase in isolated vacuoles form S. cerevisiae (Bockelmann, S., Wieczorek, H.
and Huss, M., unpublished results). These assays revealed a low nanomolar ICs, value for
the inhibition of the fungal V-ATPase, suggesting that the inefficiency of archazolid on
whole cells was due to hindered uptake of the compound across the cell wall. Thus the
archazolids were proven to be novel highly specific inhibitors of V-ATPases from differ-
ent species including mammals, insects and yeast. Throughout the past years further natu-
ral archazolid derivatives have been isolated, adding to the diversity of this inhibitor class
(Menche et al., 2007c; Menche et al., 2007d).

The three-dimensional structure and stereochemistry of archazolid was assigned
recently by various NMR techniques in combination with molecular modeling and con-
firmed by total synthesis (Fares et al., 2008; Hassfeld et al., 2006; Menche et al., 2007a).
Based on these data, synthetic analogues of archazolid were designed in order to reveal
the structural features of the inhibitor that define its biological activity (Menche et al.,
2007b). Examination of these analogues in cell lines and with purified M. sexta V-
ATPase showed that modifications of the C-7 hydroxyl group of archazolid (Fig. 1.6D)
lead to a striking loss of the inhibitor function (approximately 1000-fold higher ICs, val-
ue), suggesting a participation of this area of the molecule in the enzyme-inhibitor inter-
action. Furthermore, changes at the C-15 hydroxyl group also revealed a 20-fold decrease
in sensitivity of the V-ATPase to the inhibitor. In contrast, modifications at C-1" caused
only negligible changes in the ICs value indicating that the macrolactone ring but not the
thiazol side chain is important for inhibitor binding to the V-ATPase.

Regarding the definite assignment of the archazolid binding site within the V-
ATPase only limited information has been obtained. In addition to the structure-function
analysis of archazolid itself, some hints were derived from a competition assay with dif-
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ferent V-ATPase inhibitors performed with the M. sexta V-ATPase (Huss et al., 2005). In
this assay, archazolid prevented, like the plecomacrolide inhibitor bafilomycin, labeling
of the V-ATPase subunit ¢ with the radioactive concanamycin derivative **I-concanolid
A. Therefore, it was assumed that archazolid shares at least part of its binding site with
the plecomacrolide antibiotics. Accordingly, the archazolid binding site was suggested to
reside at the interface of two adjacent ¢ subunits within the ¢ ring of the V-ATPase (see
paragraph 1.6.1.).

1.7 Objective of the thesis

Since the archazolids represent a novel and structurally unique class of V-ATPase
inhibitors, knowledge of their binding site and inhibition mechanism is limited. On this
account, the aim of the present thesis was to gain more insights into the structure-function
relationship of archazolid and its target protein in order to define the crucial features of
V-ATPase inhibition. Ultimately, the detailed knowledge of these critical features should
enable the design of highly efficient simplified, and ideally also isoform specific, ana-
logues of the inhibitor as prospective pharmacological agents.

Huss et al. (2005) already provided hints that the binding site of archazolid might
overlap with the plecomacrolide binding site within subunit ¢ of the V-ATPase Vo ring.
In this regard, one approach of this work was to unequivocally identify the V-ATPase
subunits interacting with archazolid by using radioactive PAL derivatives of the inhibitor.
Furthermore, since the Bowman group identified a set of amino acids participating in
plecomacrolide binding (Bowman and Bowman, 2002; Bowman et al., 2006; Bowman et
al., 2004), the contribution of these amino acids to the binding of archazolid should be
investigated and additional participants should be uncovered. At the same time, the bio-
logical evaluation of novel archazolid derivatives, provided by the group of Dirk Menche
(University of Heidelberg, Germany), should reveal further insights into the critical struc-
tural features of the inhibitor. In addition, spin-labeled derivatives of V-ATPase inhibitors
should be used to elucidate enzyme-inhibitor interactions via EPR spectroscopy.
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2. Material and Methods

2.1 Material

2.1.1 Chemicals and reagents

Table 2.1: Chemicals and reagents used in this study.

Plastic ware was purchased from Eppendorf (Hamburg, Germany) or Sarstedt (Nimbrecht, Germany).
Unless denoted otherwise, reagents were purchased from companies as follows.

Company

BD Biosciences

Chemicals
Bacto'™ Yeast Extract, Difco'™ Yeast Nitrogen Base w/o amino acids, Bacto™
Tryptone, Difco™ LB Broth

Biomol Pefabloc SC

Erkol Polyvinyl alcohol 28/20

Eurogentec SmartLadder

Fluka Calcium chloride, dimethyl sulfoxide, acetic acid, Ficoll PM400, potassium chlo-

ride, magnesium chloride, sodium hydroxide, phenol/chloroform/isoamyl alcohol
(25:24:1), potassium dihydrogen phosphate, rubidium chloride, sucrose, sulfuric
acid, trichloroacetic acid

GE Healthcare

LMW-SDS Marker Kit

Merck

Amido black, Coomassie Brilliant Blue R-250, g-amino-n-carbonic acid, sodium
molybdate, potassium acetate, potassium chloride, potassium hexacyanoferrate
(1), potassium hydroxide, Triton X-100

Riedel Acetone, ammonium hydrogen carbonate, manganese chloride

Roche dNTP mix

Roth Milk powder, sorbitol, Tween 20, DMF

Serva Acrylamide, Agar Agar Serva Kobe I, ammonium persulfate, BCIP, bisacrylamide,
bromphenol blue, dithiothreitol, sodium EDTA, ethidium bromide, formaldehyde,
glucose, glycine, MOPS, MES, NBT, nitrocellulose, peptone, SDS, Tris

Sigma Acetonitrile, amino acids, ATP, B-mercaptoethanol, BSA, Ci,Ey, glycerol, mala-

chite green, mineral oil, PonceauS, TEMED

2.1.2 Culture media

All media were prepared in H,O purified with a Milli-Q Advantage A10 (Millipore) and
sterilized by autoclaving. For culture plates Agar Agar SERVA Kobe | was added before
autoclaving to a final amount of 2% for all LB and YPD media and 1.5% for SD media.

Table 2.2: Bacterial and yeast culture media used in this study.

Name Composition

Yo 2.0 % peptone, 0.5% yeast extract, 0.5% MgSO,, pH 7.6 with KOH
LB 0.5 % tryptone, 0.5 % yeast extract, 0.5% NaCl

LBA™ LB medium, 100 pg/ml ampicillin

YPD 1% yeast extract, 2% peptone, 2% glucose

YPDA YPD medium, 0.02% adenine hemisulfate

YPDA pH 5.5 YPDA medium, 50 mM MES/50 mM MOPS, pH 5.5 with NaOH
YPDApH 7.5 YPDA medium, 50 mM MES/50 mM MOPS, pH 7.5 with NaOH
YPDA CaCl, YPDA pH 5.5 medium, 0.1 M CaCl,
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YPDApH 7.5 YPDA pH 7.5, 0.1 M CaCl,

CaCl,

YPDAS YPDA medium, 1 M sorbitol

SD 0.67% Yeast Nitrogen Base (w/o amino acids), 2% glucose, 1.5% agar, 10% drop-

out solution, 50 mM MES/50 mM MOPS, pH 5.5 with NaOH

Drop-out solution

0.02% adenine hemisulfate,
0.02% L-arginine HCI,
0.02% L-histidine HCI,
0.03% L-isoleucine,

0.1% L-leucine,

0.03% L-lysine HCI,
0.02% L-methionine,
0.05% L-phenylalanine,
0.2% L-threonine,

0.02% L-tryptophan,
0.03% L-tyrosine,

0.02% uracil,

0.15% L-valine

For selection media the respective amino acid was omitted.

2.1.3 Escherichia coli strains

Table 2.3: Escherichia coli strains used in this study.

Name Genotype Source
DH5a F, ®80dlacZAM15, A(lacZY A-argF) U169, endAl, recAlhsdR17(rc mg ), Hanahan,
deoR, thi-1, supE44, )L_gyrA96, relAl 1983
XL1- recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac [F’, proAB, la- Stratagene
Blue clgZ_M15, Tn10, (Tetr)]
2.1.4 Saccharomyces cerevisiae strains
Table 2.4: Saccharomyces cerevisiae strains used in this study.
Name Genotype Source
BMAG4 MATa/MATa  ura3-52/ura3-52; trplA2/trplA2; leu2- Euroscarf, Germany
3,112/leu2-3,112; his3-11/his3-11; ade2-1/ade2-1; canl-
100/can1-100
BMAG4-1B MATa ; ura3-52; trplA2; leu2-3,112; his3-11; ade2-1; canl- Euroscarf, Germany

100

BMAG4-1BAvma3 MATa, ura3-52, trplA2, leu2-3-112, his3-11, ade2-1, canl- This study

100, vma3::HIS3

BY4742

MATa; his3A1; leu2A0; lys2A0; ura3A0 Euroscarf, Germany

BY4742-Avmall

MATa; his3A1; leu2A0; lys2A0; ura3A0; YPL234c::kanMX4  Euroscarf, Germany
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2.1.5 Plasmids

Table 2.5: Plasmids used in this study.
Name Description Source
pFA6a-HIS3MX6  Amp, HIS3 Laboratory stock
pRS415 CEN/ARS, Amp, LEU2 Laboratory stock
pRS415-VMA3 VMA3, native promoter This study

pRS415-VMA11

VMAL11, native promoter

Voss, F., Diploma thesis,

University of Osnabriick, 2010

2.1.6 Oligonucleotides

All oligonucleotides used in the this study were designed with the help of Clone Manager
Suite 7, purchased from Eurofins MWG Operon (Germany) and stored at -20°C.

Table 2.6: Primers for cloning and sequencing.

Name
TEF-SpHIS-for

TEF-SpHIS-rev

Sequence 5°— 3°
CAAAAAGACTAATCAATTAGAATAACAAAAGAAAC
ATATACATATAGATCTGTTTAGCTTGCCTCGTCCCCG

GTATACTCTATTCCTGCTTTAGTGATTCAGAAGCTGC
CCTGGATGGCGGCGTTAGTATCGAATC

Application
Amplification of
HIS3 for homol-
ogous recombi-
nation

VMA3-for CTACGGCCTATTCCATTG Verification of

VMA3-rev CTCATCGTACCCATTGTG homologous
recombination

Y Mat-a-for ACTCCACTTCAAGTAAGAGTTTG Verification of

Y Mat-a-for GCACGGAATATGGGACTACTTCG yeast mating type

Y Mat-rev AGTCACATCAAGATCGTTTATG

VMA3-Eagl-for

VMA3-BamHI-rev

TACTCACGGCCGTCTACGGCCTATTC

TACTCAGGATCCCTCATCGTACCCATTGTG

Cloning and
sequencing of
VMA3 with na-
tive promoter

VMA11-Eagl-for

VMA11-BamHI-re
\Y

TAC TCA CGG CCG CAG GCT TAAAGAGCCATTTC
TAC TCA GGA TCC CCT GAT GCC ATG GAT ACT AC

Sequencing of
VMA11 with
native promoter
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Table 2.7: Primers for site-directed mutagenesis of Vma3p.

Primer names accord with the respective amino acid exchanges within transmembrane helices of Vma3p as
indicated.

Name Sequence 5'— 3” Codon
exchange

Helix1

T32A-for GGTGCTGCTTACGGTGCTGCTAAGTCTGGTG act — gct

T32A-rev. CACCAGACTTAGCAGCACCGTAAGCAGCACC

T321-for GGTGCTGCTTACGGTATTGCTAAGTCTGGTG act — att

T32l-rev CACCAGACTTAGCAATACCGTAAGCAGCACC

139A-for GTCTGGTGTTGGTGCCTGTGCCACTTGTGTG atc — gcc

139A-rev CACACAAGTGGCACAGGCACCAACACCAGAC

139F-for GTCTGGTGTTGGTTTCTGTGCCACTTGTGTG atc — ttc

139F-rev CACACAAGTGGCACAGAAACCAACACCAGAC

Helix 2

I154A-for CCAGACCTATTATTCAAGAACGCTGTTCCTGTTATTATGGCTGG att — gct
I54A-rev CCAGCCATAATAACAGGAACAGCGTTCTTGAATAATAGGTCTGG
154F-for CCAGACCTATTATTCAAGAACTTTGTTCCTGTTATTATGGCTGG att — ttt
I154F-rev CCAGCCATAATAACAGGAACAAAGTTCTTGAATAATAGGTCTGG

G61A-for CCTGTTATTATGGCTGCTATCATTGCCATTTACGG ggt — get
G61A-rev CCGTAAATGGCAATGATAGCAGCCATAATAACAGG

G61S-for CCTGTTATTATGGCTAGTATCATTGCCATTTACGG ggt — agt
G61S-rev.  CCGTAAATGGCAATGATACTAGCCATAATAACAGG

Y66F-for GTATC ATTGCCATTTTCGGTTTAGTTG tac — ttc

Y66F-rev. CAACTAAACCGAAAATGGCAATGATAC

Y66S-for GTATCATTGCCATTTCCGGTTTAGTTG tac — tcc

Y66S-rev. CAACTAAACCGGAAATGGCAATGATAC

Helix 4

1130A-for CAAGATTATTCGTCGGTATGGCTTTGATTTTGATTTTTGCTGAAG att — gct

1130A-rev. CTTCAGCAAAAATCAAAATCAAGAACATACCGACGAATAATCTT
G

1130F-for CAAGATTATTCGTCGGTATGTTCTTGATTTTGATTTTTGCTGAAG att — ttc

1130F-rev. =~ CTTCAGCAAAAATCAAAATCAAGAACATACCGACGAATAATCTT
G

L131A-for CAAGATTATTCGTCGGTATGATTGCGATTTTGATTTTTGCTGAAG ttg — geg
L131A-rev  CTTCAGCAAAAATCAAAATCGCAATCATACCGACGAATAATCTTG
L131F-for CAAGATTATTCGTCGGTATGATTTTCATTTTGATTTTTGCTGAAG ttg — ttc

L131F-rev  CTTCAGCAAAAATCAAAATGAAAATCATACCGACGAATAATCTT
G
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1134A-for CGTCGGTATGATTTTGATTTTGGCTTTTGCTGAAGTTTTGGGTC att — get
1134A-rev. GACCCAAAACTTCAGCAAAAGCCAAAATCAAAATCATACCGACG
1134F-for CGTCGGTATGATTTTGATTTTGTTTTTTGCTGAAGTTTTGGGTC att — ttt
1134F-revn. GACCCAAAACTTCAGCAAAAAACAAAATCAAAATCATACCGACG
F135A-for CGTCGGTATGATTTTGATTTTGATTGCTGCTGAAGTTTTGGGTCTA  ttt — gct
TACGG
F135A-rev.  CCGTATAGACCCAAAACTTCAGCAGCAATCAAAATCAAAATCAT
ACCGACG
F135L-for CGTCGGTATGATTTTGATTTTGATTCTTGCTGAAGTTTTGGGTCTA  ttt — ctt
TACGG
F135L-rev. CCGTATAGACCCAAAACTTCAGCAAGAATCAAAATCAAAATCAT
ACCGACG
V138A-for GATTTTTGCTGAAGCATTGGGTCTATACGG gtt — gca
V138A-rev.  CCGTATAGACCCAATGCTTCAGCAAAAATC
V138T-for GATTTTTGCTGAAACTTTGGGTCTATACGG gtt — act
V138T-rev  CCGTATAGACCCAAAGTTTCAGCAAAAATC
L141F-for GAAGTTTTGGGTTTCTACGGTTTGATTG cta — ttc
L141F-rev. CAATCAAACCGTAGAAACCCAAAACTTC
L141l-for GAAGTTTTGGGTATATACGGTTTGATTG cta — ata
L141l-revn. CAATCAAACCGTATATACCCAAAACTTC
Y142A-for GCTGAAGTTTTGGGTCTAGCCGGTTTGATTGTTGC tac — gcc
Y142A-rev. GCAACAATCAAACCGGCTAGACCCAAAACTTCAGC
Y142H-for GCTGAAGTTTTGGGTCTACACGGTTTGATTGTTGC tac — cac
Y142H-revn  GCAACAATCAAACCGTGTAGACCCAAAACTTCAGC
Y142N-for GCTGAAGTTTTGGGTCTAAACGGTTTGATTGTTGC tac — aac
Y142N-rev.  GCAACAATCAAACCGTTTAGACCCAAAACTTCAGC
L144F-for GGGTCTATACGGTTTCATTGTTGCTTTG ttg — ttc
L144F-rev.  CAAAGCAACAATGAAACCGTATAGACCC
L144l-for GGGTCTATACGGTATCATTGTTGCTTTG ttg — atc
L1441-revn.  CAAAGCAACAATGATACCGTATAGACCC
1145F-for GTCTATACGGTTTGTTTGTTGCTTTGTTG att — ttt
1145F-revv. CAACAAAGCAACAAACAAACCGTATAGAC
1145L-for GTCTATACGGTTTGCTTGTTGCTTTGTTG att — ctt
1145L-rev. = CAACAAAGCAACAAGCAAACCGTATAGAC
Y142N- GGGTCTAAACGGTATCATTGTTGCTTTG tac — aac,
L144]-for
Y142N- CAAAGCAACAATGATACCGTTTAGACCC ttg — atc
L144l-rev
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Table 2.8: Primers for site-directed mutagenesis of Vmallp.
Primer names accord with the respective amino acid exchanges in transmembrane helix 4 of Vmallp.

Name Sequence 5°— 3° Codon
exchange
Helix 4
M152A-for GTTATATGGTGCGATTGTAGCTTTGATTTTGAACACTAGAGGCT  atg — gcg
C
M152A-rev = GAGCCTCTAGTGTTCAAAATCAAAGCTACAATCGCACCATATAA
C
M152F-for GTTATATGGTTTCATTGTAGCTTTGATTTTGAACACTAGAGGCTC  atg — ttc
M152F-rev GAGCCTCTAGTGTTCAAAATCAAAGCTACAATGAAACCATATA
AC
2.1.7 Animals

Manduca sexta (Lepidoptera, Sphingidae) larvae were reared at 27 °C under long-day
conditions (16 h of light) using a synthetic diet (Gypsy Moth Diet, MP Biomedicals).

2.1.8 Inhibitors

All specific V-ATPase inhibitors were solved in dimethyl sulfoxide, split into appropriate
aliquots and stored at -20°C or for long term storage at -80°C. DCCD and its derivatives
were solved in ethanol, aliquoted and stored at -20°C. Azide and vanadate were solved in
160 mM KCI and 30 mM MgCl,, respectively, aliquoted and stored at -20°C.

Table 2.9: ATPase inhibitors used in this study.

Name Chemical denotation/formula Source/Reference

Apicularen A B. Kunze, HZI Braunschweig
Archazolid A F. Sasse, HZI Braunschweig
Archazolid F D. Menche, University of Hei-

delberg; Horstmann et al., 2011

MD-archazolid

Mono-[4-(3-trifluoromethyldiazirin-3-
yl)benzoyl]-archazolid A

D. Menche, University of Hei-
delberg

BD-archazolid

Bis-[4-(3-trifluoromethyldiazirin-3-
yl)benzoyl]-archazolid A

D. Menche, University of Hei-
delberg; Bockelmann et. al.,
2010

Bisphospho-archazolid

Bis-7,15-(monoallylphospho)-archazolid
A

D. Menche, University of Hei-
delberg

14Cc-MD-archazolid

Mono-[4-(3-trifluoromethyldiazirin-3-yl)-
[1-**C] benzoyl-archazolid A

D. Menche, University of Hei-
delberg

14c-BD-archazolid

Bis-[4-(3-trifluoromethyldiazirin-3-yl)-
[1-**C]benzoyl-archazolid A

D. Menche, University of Hei-
delberg; Bockelmann et. al.,
2010

Archazolid C

archazolid-7-O-B-D-glucopyranoside

D. Menche, University of Hei-
delberg; Menche et. al., 2007¢
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Descarb-archazolid

1"-descarbamoyl-archazolid A

D. Menche, University of Hei-
delberg; Menche et. al., 2007b

Oxo-archazolid

15-dehydro-archazolid A

D. Menche, University of Hei-
delberg; Menche et. al., 2007b

SL-archazolid

7-2,2,6,6-tetramethyl-piperidine-1-oxyl-
Archazolid

D. Menche, University of Hei-
delberg

Azide

Sodium azide, NaN3

Sigma

Bafilomycin A,

LC Laboratories

Concanamycin A

S. Grond, University of Tu-
bingen

Concanolid A

21,23-didesoxy-concanolide A

S. Grond, University of Tu-
bingen

1%C-concanolid A

23-0-(3-trifluoromethyldiazirin-3-yl)-[1-
YC]benzoyl-21-desoxy-concanolide A

S. Grond, University of Tu-
bingen

DCCD N,N'-dicyclohexylcarbodiimide Sigma

NCD-4 N-cyclohexyl-N'-(4-(dimethylamino) Invitrogen
naphthyl)-carbodiimide

NCCD N-2,2,6,6-tetramethyl-piperidine-1-oxyl- ~ D. Menche, University of Hei-
N"-(cyclohexyl)carbodiimide delberg; Azzi et al., 1973

Vanadate Sodium orthovanadate, NazVO, Merck

2.2 Molecular biological and genetic methods

2.2.1 Transformation of DNA in chemical competent Escherichia coli

To obtain competent E. coli, the cells were treated according to Hanahan (1983). Five ml
of Wb medium were inoculated and incubated overnight at 37°C and 220 rpm. This pre-
culture was then transferred to 100 ml pre-warmed, fresh Wb medium and incubated at
37°C and 220 rpm up to an OD of Agy = 0.5. The culture was then cooled on ice for 5
min and the cells were harvested by centrifugation at 5,000 x g and 4°C for 5 min. The
pellet was resuspended in 20 ml ice cold Tfbl (30 mM KAc pH 5.8, 100 mM RbCI, 10
mM CaCl,, 50 mM MnCl,, 15% glycerol) and the suspension was incubated on ice for 5
min. Subsequently the cells were again pelleted as described above and finally suspended
in 4 ml ice cold Tfbll (10 mM MOPS pH 6.5, 75 mM CaCl,, 10 mM RbCI, 15% glycer-
ol). The suspension was incubated on ice for 15 min, aliquotted, frozen in liquid nitrogen
and stored at -80°C.

For transformation of DNA, 200 pl competent cells were thawed quickly and in-
cubated on ice for 10 min. Following addition of DNA (max. 100 ng), the cells were fur-
ther incubated on ice for 30 min. The cells were then heat-shocked at 42°C for 90 s and
again cooled on ice. Four volumes of LB medium were added and the cells were incubat-
ed at 37°C and 140 rpm for 60 min. Finally, the cells were plated on LB medium contain-
ing the appropriate antibiotic.
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2.2.2 Preparation of plasmid DNA from Escherichia coli

The QIAprep Miniprep Kit (Qiagen) was used to isolate plasmid DNA from E. coli fol-
lowing the manufacturer’s instructions. First the bacterial cells were lysed under alkaline
conditions to release the plasmid DNA. After neutralization of the lysate and adjustment
to high-salt conditions the chromosomal DNA and cell debris were removed by centrifu-
gation. The cleared lysate containing the plasmid DNA was then applied on QIAprep spin
columns where it is selectively bound to a silica membrane at high-salt conditions. After
washing, the plasmid DNA was eluted at low-salt conditions with H,O and stored at -
20°C.

2.2.3 Restriction and ligation of DNA

To digest DNA, restriction endonucleases (New England Biolabs) in a final concentration
of 1 U/ug DNA were used. The reactions were performed in a total volume of 30 ul for 2
h at 37°C using the manufacturer’s buffer system. Digested vector DNA was additionally
incubated with 10 U of calf intestine alkaline phosphatase (CIP, New England Biolabs)
for 1 h at 37°C to remove the 5” phosphate groups.

For ligation of DNA fragments, vector and insert DNA were mixed in a molar ra-
tio of 1:3 together with T4 DNA ligase and buffer (New England Biolabs) in a final vol-
ume of 30 pl. The reaction was carried out overnight at 16°C.

2.2.4 Agarose gel-electrophoresis and DNA extraction

Prior to separation of DNA fragments fivefold loading buffer was added to the probe. The
DNA fragments were then size-separated at 95 V using 1% agarose gels in TAE runnig
buffer (40 mM Tris, 10 mM NaAc, 1 mM EDTA, pH 8.0). Next the DNA was stained in
ethidium bromide (2 pg/ml) for 20 min and the gel was then washed with H,O. The Ver-
saDoc System (Bio-Rad) was used for documentation. To extract DNA fragments from
argarose gels, the QIAquick Gel Extraction Kit (Qiagen) was used following a similar
principle as described in paragraph 2.2.2.

2.2.5 Amplification of DNA

Standard amplification of DNA fragments was carried out with Taq DNA polymerase
(New England Biolabs) according to the manufacturer’s recommendations using either
plasmid or genomic yeast DNA as template. PCR for homologous recombination was
done with Phusion High-Fidelity DNA Polymerase (New England Biolabs) and site-
directed mutagenesis with PfuUltra high-fidelity DNA polymerase (Stratagene) as de-
scribed in paragraph 2.2.9 and 2.2.10, respectively.

2.2.6 Preparation of genomic DNA from Saccharomyces cerevisiae

One single colony of yeast cells was suspended in 200 pl extraction buffer (10 mM
Tris-HCI pH 8.0, 1 mM EDTA, 50 mM NaCl, 0.5% Triton X100), then approximately 0.2
g glass beads (@ 0.4 mm) were added and the cells were mechanically disrupted by vor-
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texing. To extract the genomic DNA, 100 ul phenol/chloroform/isoamyl alcohol
(25:24:1) were added and the probe was vortexed for 10 min at 4°C followed by centrifu-
gation at 17,000 x g and 4°C for 15 min to separate genomic DNA and cell debris. The
resulting aqueous phase containing the genomic DNA was diluted with H,O and stored at
-20°C.

2.2.7 Transformation of DNA in Saccharomyces cerevisiae

Yeast cell transformation was done by electroporation. For this purpose 50 ml YPD me-
dium were inoculated with a single yeast cell colony and incubated at 30°C and 230 rpm
until early logarithmic phase. The cells were harvested by centrifugation, washed twice
with sterile, ice cold H,O and then washed with 5 ml 1 M sorbitol and finally resuspended
in the appropriate volume of 1 M sorbitol. Fifty ul of this suspension were transformed
with approximately 5 pg of DNA via electroporation using a GenePulserXcell (BioRad)
at 1.5 kV, 25 pF, 200 Ohms. Immediately afterwards 1 ml of YPDS was added and the
cells were incubated at 30°C for 2 h with gentle shaking. The cells were then washed with
sterile H,O and streaked onto plates with the appropriate SD selection medium.

2.2.8 Spotting growth assay

To confirm the V-ATPase function in yeast strains in vivo (paragraph 1.5.2), spotting
growth assays were performed. Yeast cells were grown in 5 ml YPDA medium to early
stationary phase and then diluted to 10° cells/ml in H,O. Serial tenfold dilution from
10” cells/ml to 10° cells/ml was performed in H,0 and 5 pl of each dilution were pipetted
onto plates with different growth media. The plates were incubated at 30°C for 3 days and
the VersaDoc System (Bio-Rad) was used for documentation.

2.2.9 Construction of a vma3 deletion strain

The vma3 deletion mutant BMA64-1BAvma3 used throughout this study was constructed
by exchanging the native VMA3 gene against the HIS3 gene via homologous recombina-
tion. A DNA fragment containing the HIS3 gene with tefl promoter and terminator
flanked by 40 bp homologous to the regions upstream and downstream of the VMA3 gene
was amplified using the vector pFA6a-HIS3MX®6, primers TEF-SpHIS-for/rev (Tab. 2.6)
and Phusion High-Fidelity DNA Polymerase (New England Biolabs) following the manu-
facturer’s recommendations. The resulting fragment was transformed into the diploid
yeast strain BMAG64. The cells were selected on SD medium without histidine and sporu-
lated on potassium acetate plates (2% potassium acetate, 1.5% agar). The haploid spores
were again selected on SD plates without histidine, and the successful exchange of the
VMAR gene and the mating type were verified by PCR on genomic DNA (primers in Tab.
2.6).

2.2.10 Site-directed mutagenesis

For mutagenesis of the VMAS3 gene, the coding sequence flanked by 300 bp upstream and
downstream, containing its native promoter and terminator, was amplified using the pri-
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mer pair VMA3-Eagl-for/VMA3-BamHI-rev (Tab. 2.6) and cloned into the yeast CEN
vector pRS415 using the respective restriction sites. The plasmid was checked by se-
quencing and is in the following referred to as pRS415-VMAS3. Mutagenesis on pRS415-
VMA3 was carried out using the QuikChange Il Site-Directed Mutagenesis Kit (Strata-
gene) according to the manufacturer’s instructions. Therefore mutant plasmids were gen-
erated by PCR with primers bearing specific base pair exchanges in VMA3 (Tab. 2.7),
followed by digestion of the parental plasmids with Dpnl which specifically cleaves
methylated DNA. The mutant plasmids were replicated in super-competent XL1-Blue
cells supplied by the manufacturer and the base pair exchanges were verified by sequenc-
ing using primers VMA3-Eagl-for and VMA3-BamHI-rev complementary to the endings
of the insert. To express mutant versions of Vma3p in S. cerevisiae, the plamids bearing
specific mutations were transformed into the vma3 deletion strain BMA64-1BAvma3 and
cells were selected on SD plates without leucine. With positive transformants spotting
growth assays were performed to check V-ATPase function in vivo.

Mutagenesis of VMAL11 on the plasmid pRS415-VMA11 was performed as de-
scribed above using primers listed in Tab. 2.8. Primers for sequencing were VMA11-Eagl-
for and VMA11-BamHlI-rev (Tab. 2.6). The mutant plasmids were then transformed into
the vmall deletion strain BY4742-Avmall. Following selection of transformants and
testing of V-ATPase function was performed as described above.

2.2.11 Other methods

Spectroscopic determination of cell density at 600 nm was carried out using a Spectra-
Max Plus (Molecular Devices). DNA concentrations were determined using a NanoPho-
tometer (Implen) and DNA sequencing was carried out at Seglab (Sequence Laboratories
Gottingen GmbH, Germany).
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2.3 Biochemical methods

2.3.1 Preparation of vacuoles from Saccharomyces cerevisiae

Yeast vacuoles were basically purified following the protocols of Uchida et al. (1985) and
Kane (1995). A 5 ml pre-culture of yeast cells in YPDA medium was incubated overnight
at 30°C and then transferred to 1 | fresh YPDA medium. The next day the cells were har-
vested by centrifugation at 4,500 x g and 25°C for 5 min and washed once with sterile
H,0. Then the cells were resuspended in 100 ml 1 M sorbitol containing 20 mM DTT,
and approximately 500 U of zymolyase 100T (100 U/mg; MP Biomedicals), dissolved in
1 ml zymolyase buffer (50 mM Tris-HCI pH 7.7, 1 mM EDTA, 50% glycerol), were add-
ed. Digestion of cell walls was allowed to proceed for 60-90 min and the digestion effi-
ciency was checked by lysis of a small amount of spheroplasts in buffer A (10 mM
Tris-MES pH 6.9, 0.1 mM MgCl,, 12% Ficoll-400). To optimize the yield of assembled
V-ATPase, the spheroplasts were additionally incubated for 30 min in 100 ml YPDAS at
30°C with gentle shaking. After recovery, the spheroplasts were lysed in 15 ml ice cold
buffer A containing 50 ul protease inhibitor cocktail (Calbiochem), and the lysate was
centrifuged at 2,200 x g and 4°C for 10 min. The supernatant was evenly distributed to
two centrifuge tubes for a SW41Ti rotor (Beckman) and each fraction was covered with 6
ml of buffer A. Ultracentrifugation was carried out at 107,000 x g and 4°C for 1 h with
slow acceleration and deacceleration. Upon centrifugation in the self-forming continuous
ficoll density gradient the yeast vacuoles form a white layer on top. Subsequent to resus-
pension of the vacuoles in 6 ml buffer A, 6 ml buffer B (10 mM Tris-MES pH 6.9, 0.5
mM MgCl,, 8% Ficoll-400) were layered on top and the probe was centrifuged for anoth-
er 30 min as described above. Finally, the vacuoles were suspended in 1 ml buffer C (10
mM Tris-MES pH 6.9, 5 mM MgCl,, 25 mM KCI) with 10 pl protease inhibitor cocktail,
aliquotted and stored at -80°C.

2.3.2 Purification of Manduca sexta V1Vo holoenzyme and Vo complex

The V1V, holoenzyme and the Vo complex form the M. sexta larval midgut were purified
according to Wieczorek et al. (1990) and Huss et al. (2002). For the holoenzyme prepara-
tion, midguts from 16-32 fifth instar larvae were collected in ice cold SET buffer (5 mM
Tris-HCI pH 8.1, 5 mM EDTA, 250 mM sucrose) and washed for three times with the
same buffer. Per every four midguts, 5 ml SET/P (SET containing 5 mM Pefabloc SC
(biomol)) were added and the midguts were homogenized at 20,500 rpm for 30 s using a
T25 ULTRA-TURRAX (IKA, Germany). The membranes were pelleted at 12,000 x g
and 4°C for 5 min (Beckman Avanti-J25, JA 25.50) and washed twice with SET/P. The
pellet was resuspended in 20 ml SET/P and the homogenate was centrifuged at 214,000 x
g and 4°C for 25 min (Beckman Optima XL-80K; 90 Ti). The membranes were then sol-
ubilized in 400 ml TEM (16 mM Tris-HCI pH 8.1, 0.32 mM EDTA, 9.6 mM p-
mercaptoethanol) containing 0.1% C;,E;, followed by centrifugation at 142,000 x g and
4°C for 1 h (Beckman Optima XL-80K; 45Ti). The supernatant was cleared from lipids
by filtration and concentrated to approximately 16 ml in a stirred ultrafiltration cell with a
10 kDa limit filtration membrane (Amicon). Two ml aliquots were distributed on discon-
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tinuous sucrose density gradients (10%, 20%, 30% and 40% sucrose steps) and centrifu-
gation was carried out at 342,000 x g and 4°C for 1.5 h (Beckman Optima XL-80K; VTi
65.1). The 30% sucrose fractions containing the V-ATPase holoenzyme were collected,
diluted with three volumes of low salt buffer (20 mM Tris pH 8.1, 50 mM NacCl, 9.6 mM
S-mercaptoethanol, 0.01% C;,E;o) and subjected to anion exchange chromatography on a
6 ml Resource Q column (GE Healthcare). Elution of the V-ATPase occurred with high
salt buffer (20 mM Tris pH 8.1, 1 M NaCl, 9.6 mM f-mercaptoethanol, 0.01% C;,E;) at
250-280 mM sodium chloride. The respective fractions were concentrated to 200 pl in a
Centricon-10 (Amicon) and applied on a Superdex 200 10/300 GL gel chromatography
column (GE Healthcare). The elution occurred in 500 ul fractions. To check for purity of
the V-ATPase 10 pl of each aliquot of interest were subjected to SDS-PAGE. The purest
fractions were pooled and stored at 4°C.

For preparation of the M. sexta Vo complex, midguts from starving larvae were
collected and washed in SET, and resuspended in ET/P (5 mM Tris-HCI pH 8.1, 5 mM
EDTA, 5 mM Pefabloc SC) before homogenization for 15 s as described above. Washing
of the homogenate was carried out in ET/P as described above. The membrane pellet was
then resuspended in ET/KI/P (5 mM Tris-HCI pH 8.1, 5 mM EDTA, 0.8 M KI, 5 mM
Pefabloc SC) and incubated on ice for 30 min to allow stripping of the residual V; com-
plex from the membrane. Then TEM was added to a final volume of 400 ml followed by
centrifugation at 142,000 x g and 4°C for 1 h (Beckman Optima XL-80K; 45Ti). The
membranes were again washed with 40 ml TEM and pelleted by centrifugation at 214,000
x g and 4°C for 25 min (Beckman Optima XL-80K; 90Ti). The pellet was then solubil-
ized in 400 ml TEM containing 0.1% Cj,E;o and membranes were removed by centrifu-
gation at 142,000 x g and 4°C for 1 h (Beckman Optima XL-80K; 45Ti). The supernatant
was filtrated, concentrated, and subjected to discontinuous sucrose density centrifugation
as described above. The 20% sucrose fractions containing the Vo complex were collected,
four volumes of low salt buffer were added and the probe was subjected to anion ex-
change chromatography on a 6 ml Resource Q column (GE Healthcare) as described
above. Elution of the Vo complex occurred at 230-300 mM NaCl. The respective frac-
tions were pooled and subsequently treated as described above.

2.3.3 Determination of protein concentration

The protein concentration was determined with Amido Black as described in Wieczorek
et al. (1990). For this purpose the probe and protein standards containing 2, 4 or 6 pg of
BSA, all in duplicate, were incubated with 300 ul of Amido Black solution (26 mg in
100 ml acetic acid/methanol 1:10) for 5 min at 25°C. The proteins were then pelleted at
16,000 x g for 4 min and washed twice with 500 pul acetic acid/methanol 1:10. The pellet
was then resolved in 350 pl 100 mM NaOH and the extinction was measured at 615 nm.

2.3.4 V-ATPase activity assay and determination of inorganic phosphate

The activity of either the purified holoenzyme from M. sexta or the V-ATPase in yeast
vacuoles was measured following the protocol of Wieczorek et al. (1990). All samples
were prepared in triplicate, standards in duplicate.
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Activity assays with M. sexta V-ATPase were carried out using 3 ug of protein in
a final volume of 160 pl containing 50 mM Tris-MOPS (pH 8.1), 1 mM MgCl,, 20 mM
KCI, 5 mM Tris-HCI, 3 mM fS-mercaptoethanol, 1 mM ATP and 6.25% dimethyl sulfox-
ide, with or without V-ATPase inhibitor. The samples were preincubated for 10 min at
30°C and the reaction was started by the addition of ATP. After incubation for 2 min at
30°C the reaction was stopped by freezing the samples in liquid nitrogen. Standards con-
taining 0, 10 or 25 nmol Pi were frozen immediately after preincubation and ATP was
added afterwards. All samples were stored at -20°C.

To test the yeast V-ATPase activity, 3 pug of vacuolar protein were used in a final
volume of 160 ul containing 50 mM Tris-MES pH 6.9, 3.75 mM MgCl,, 0.1 mM sodium
orthovanadate, 20 mM KCI, 0.5 mM sodium azide, 5 mM Tris-HCI, 2 mM ATP and
6.25% dimethyl sulfoxide, with or without V-ATPase inhibitor. In general, the samples
were treated as described above, but incubation in the presence of ATP was carried out
for 20 min.

Determination of inorganic phosphate was also performed according to Wieczorek
et al. (1990). This method is based on the generation of a complex of molybdate with free
phosphate which itself then builds a complex with Malachite Green. The extinction of this
complex was measured at 625 nm in a SpectraMax Plus (Molecular Devices) and the
concentration of inorganic phosphate was calculated using the standard values.

2.3.5 Protein precipitation with trichloric acid

In order to apply larger amounts of protein on SDS gels, TCA precipitation was per-
formed. One volume of 50% TCA was added to four volumes of the respective protein
solution and the probe was incubated on ice for 15 min. The protein was then pelleted by
centrifugation at 21,500 x g and 4°C for 10 min (Beckman Allegra 2IR) and washed
twice with 500 pl ice cold acetone. Finally, the protein was resuspended in the appropri-
ate volume of Laemmli buffer (125 mM Tris-HCI pH 6.8, 2% SDS, 5% sucrose, 0.005%
bromophenol blue, 2% f-mercaptoethanol) and boiled for 45 s. The samples were either
applied to SDS-PAGE immediately or stored at -20°C.

2.3.6 SDS-PAGE and Coomassie staining

Discontinuous polyacrylamide gel electrophoresis was performed according to Laemmli
(1970). Separating gels with 17% acrylamid and 0.4% of cross linker in 330 mM Tris-
HCI (pH 8.7), 0.1% SDS were covered with stacking gels containing 5.4% acrylamide
with 2.3% of cross linker in 125 mM Tris-HCI (pH 6.8), 0.2% SDS. Prior to application
on the gel the protein samples were boiled for 45 s in Laemmli buffer. Electrophoresis
was carried out for 20 min at 15 mA and additional 30 min at 30 mA in SDS running
buffer (100 mM Tris, 100 mM glycine, 0.1% SDS) using a Mini-PROTEAN Il system
(BioRad).

Separated proteins were either subjected to electroblotting or stained with Coo-
massie for 20 min (0.25% Coomassie Brillant Blue R-250 in 50% methanol, 10% acetic
acid). Destaining of the gel was achieved by boiling in H,O for 10-20 min at 600 W in a
microwave.
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2.3.7 Electroblotting and immunostaining

Transfer of proteins to nitrocellulose membranes (NC 2, SERVA) after SDS-PAGE was
done by semi-dry electroblotting according to Towbin et al. (1979) using a Trans-Blot SD
system (BioRad). Following the protocol of Kyhse-Andersen (1984) a three-part buffer
system was used modified by the addition of 20% methanol. Protein transfer was carried
out for 1 h with 1 mA per 1 cm? of SDS-gel and the transfer efficiency was checked by
staining of the nitrocellulose membrane with 0.02% Ponceau S.

For immunostaining the nitrocellulose membrane was first incubated for 1 h at
25°C in blocking solution (5% milk powder in TTBSN (20 mM Tris-HCI pH 7.5, 0.5 M
NaCl, 0.02% sodium azide, 0.05% Tween 20)) followed by the addition of the primary
monoclonal antibody (Anti-Vmalp, mouse, Molecular Probes) diluted 1:3,000 with
TTBSN containing 2.5% milk powder. After 1 h of incubation at 25°C the membrane was
washed three times with TTBSN and then incubated for 1 h with alkaline phosphatase
conjugated secondary antibody (Anti-mouse, Sigma) diluted 1:10,000 with TTBSN con-
taining 2.5% milk powder. Subsequently the membrane was again washed as described
above and finally the phosphatase reaction was started by the addition of 10 ml APP buff-
er (50 mM Tris-HCL pH 9.5, 100 mM NaCl, 50 mM MgCl,) containing 35 pl BCIP
(50 mg/ml in 100% dimethylformamide) and 45 pl NBT solution (75 mg/ml in 70% di-
methylformamide). The enzymatic reaction was stopped by intensive washing with H,O.

2.3.8 Vacuolar staining in Saccharomyces cerevisiae

Acidification of yeast vacuoles was checked in vivo using the fluorescent dye quinacrine
according to Roberts et al. (1991). Cells were grown in YPDA pH 5.5 to the exponential
phase, 1 ml of the culture was then cooled on ice for 5 min and the cells were pelleted by
brief centrifugation in a microcentrifuge (PicoFuge, Stratagene). The pellet was resus-
pended in 100 pul YPDA pH 7.5 containing 200 uM quinacrine dihydrochloride (Sigma)
followed by incubation in a Thermomixer comfort (Eppendorf) at 1400 rpm and 30°C for
1h. The suspension was then cooled on ice and the cells were pelleted and washed twice
with a solution of 2% glucose in 50 mM MES/50 mM MOPS (pH 7.5). Finally, the cells
were resuspended in 100 pl of 2% glucose (pH 7.5) and quinacrine staining was viewed
within 15 min using the inverted microscope system IX70 (Olympus) with 100fold mag-
nification (UPlanApo100x/1,350il rios objective), and 430/24 excitation and 535/30
emission filters. Pictures were taken using a CoolSNAP-HQ2 kamera (Photometrics) and
the MetaMorph Microscopy Automation & Image Analysis Software (Molecular Devic-
es). When testing V-ATPase mutant strains, the fluorescence within the vacuoles was
classified as positive (+) i.e. similar to the wild type strain or negative (-) i.e. like in the
respective deletion strain (Fig. 2.1).
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Figure 2.1: Vacuolar staining with the fluorescent dye quinacrine.

Pictures were taken at differential interference contrast (DIC) or fluorescence illumination and overlays
were generated. At higher magnification, fluorescence within the vacuole of the wild type strain BMAG4-
1B is clearly visible while it is absent in the subunit ¢ deletion strain (Avma3). Sporadic fluorescence visible
in Avma3 can be assigned to dead cells as it engages not only the vacuole, but the whole cell. Fluorescence
within the vacuoles of V-ATPase mutant strains was classified as positive (+) i.e. similar to the wild type
strain or negative (-) i.e. like in the respective deletion strain.

2.3.9 Labeling of the Manduca sexta V-ATPase with NCD-4

For NCD-4 labeling 100 pg of the purified M. sexta V-ATPase or 20 pg of the Vo com-
plex were preincubated for 10 min at 25°C in 100 ul solution containing 50 uM archazol-
id A or 50 uM bafilomycin Al in 20 mM Tris-HCI pH 8.1, 50 mM NacCl, 9.6 mM g-
mercaptoethanol and 0.01% C;,E;o. NCD-4 was then added to a final concentration of 0.1
mM, followed by incubation for 3 h at 25°C. Next, 20 ul of each sample were subjected
to SDS-PAGE and then the gels were fixed in 10% acetic acid, 40% ethanol for 30 min.
The NCD-4 label was documented using the VersaDoc system (BioRad) with UV trans
illumination and 520LP filter.

The correspondent competition assays were performed with 100 pg of the purified
M. sexta V-ATPase in 100 pl buffer (see above). The protein was preincubated for 1 h at
25°C with 500 uM of bafilomycin Al, concanamycin A, concanolid A or apicularen A,
respectively, followed by the addition of 50 uM archazolid A or dimethyl sulfoxide and
further incubation as above. Then, NCD-4 was added to a final concentration of 0.1 mM
and incubation was again carried out for 1 h at 25°C. Subsequently the samples were
treated as described above.

2.3.10 Photo affinity labeling of the Manduca sexta V-ATPase

Thirty ug of M. sexta V-ATPase in 20 mM Tris-HCI pH 8.1, 50 mM NaCl, 9.6 mM -
mercaptoethanol, 0.01% Cy,E;o were incubated with 0.6 mM **C-MD- or **C-BD-
archazolid or 1 uM YC-concanolid A in a total volume of 40 ul for 1 h at 25°C. Next,
ATP was added to a final concentration of 1.5 mM and the samples were irradiated for 1
min with UV light (366 nm) on ice, followed by SDS-PAGE and phosphoscreen analysis
as described in Huss et al. (2002). For competition assays the V-ATPase was incubated
with 50 uM concanamycin A for 1 h at 25°C before proceeding as described above.
Computational analysis of gel images was done with the help of ImageQuant TL (GE
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Healthcare) and Origin 8.1. In addition, the subunits of interest were cut out of the SDS-
gel and subjected to scintillation counting (10,000 counts; LS 6500, Beckman Coulter).

2.4  Electron paramagnetic resonance (EPR) spectroscopy

EPR spectroscopy is currently emerging as a technique to elucidate the structure and dy-
namics of biomolecules, especially membrane proteins. For an overview on the different
techniques and applications of spin labeling EPR spectroscopy see Klare and Steinhoff
(2010; 2009). In brief, this method is based on the presence of one or more paramagnetic
centers (i.e. unpaired electrons) in the structure of interest. For this purpose either natural-
ly occurring paramagnetic centers (e.g. metal ions) can be used or paramagnetic centers
can be introduced for example in proteins by site-directed spin labeling (SDLS). SDLS of
proteins is commonly performed by cysteine substitution mutagenesis followed by the
attachment of a nitroxide reagent (e.g. methanethiosulfonate) to the sulfhydryl group.
Once a spin label is established in the sample, different EPR techniques are applicable. In
continuous wave (cw) spectroscopy, a constant microwave frequency is generated to ex-
cite the paramagnetic center while the magnetic field is varied. The resulting EPR signal
gives information about the mobility, local environment and solvent accessibility of the
spin label. It also reflects dipolar interactions of different paramagnetic centers making
the quantification of small inter spin distances (< 2 nm) possible. Furthermore, pulse EPR
techniques, like for example four pulse DEER (Double Electron Electron Resonance), are
used to determine inter spin distances of up to 8 nm, providing the possibility to follow
long-range dynamics of protein structures. In this case, a certain series of microwave
pulses is used to separately excite two different spin label fractions (observer and pump
spins) (Fig. 2.2A). The dipolar interaction between the pump and the observer spins is
reflected by the modulation of the observer spin signal amplitude. Since the frequency of
the modulation (v) is inversely proportional to the cube of the inter spin distance (r), r can
be derived from the following equation: v(r) = 52.04MHz nm™/r* usually with the help of
deconvolution or model-based methods (Bohme et al., 2010). More details about DEER
measurements are given in Fig. 2.2.

2.4.1 Protein preparation for EPR measurements

The M. sexta V-ATPase was purified as described in paragraph 2.3.2, except that f-
mercaptoethanol was strictly omitted from the final gel filtration step, due to susceptibil-
ity of nitroxide groups to reductive agents. After purification the protein solution was
concentrated to approximately 100 uM in order to obtain good signal intensity during the
measurements.

Vacuoles from S. cerevisiae were prepared as described in 2.3.1, but DTT was
strictly omitted from the preparation. To further clean the purified vacuoles from reduc-
tive agents they were pelleted by centrifugation at 48,000 x g and 4°C for 20 min (Beck-
man Avanti J25, JA 25.50), washed with 1 ml buffer C and finally resuspended in the
same buffer to a concentration of approximately 50 uM.
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2.4.2 Continuous wave (cw) EPR spectroscopy

To the protein sample, spin labeled inhibitor was added in a 10 to 12-fold molar access
from stock solutions in DMSO (SL-archazolid) or ethanol (NCCD). The concentration of
the respective stock solution was adjusted not to exceed a final solvent concentration of
5% in the sample. 10-20 ul of sample volume were filled in EPR glass capillaries (0.9
mm inner diameter). Room temperature cw EPR spectra were recorded using a Miniscope
X-band bench top EPR spectrometer (MS200; Magnetech GmbH, Berlin, Germany)
equipped with a rectangular TE102 resonator (microwave power: 10 mW,; B-field modu-
lation: 0.125 mT (= 1.25 Gauss)), or a home built X-band EPR spectrometer equipped
with a Bruker dielectric resonator (microwave power: 0.4-0.6 mW,; B-field modulation:
0.15 mT (= 1.5 Gauss)).

2.4.3 Distance measurements via four-pulse double electron electron resonance
(DEER)

Unless denoted otherwise, spin labeled inhibitors were added as described in paragraph
2.4.2. Pulse EPR experiments were carried out at X-band frequencies (9.3-9.5 GHz) with
a BrukerElexsys 580 spectrometer equipped with a BrukerFlexline split-ring resonator
ER4118X-MS3 and a continuous flow helium cryostat (ESR900; Oxford Instruments)
controlled by an Oxford Intelligent Temperature Controller ITC 503S.

All measurements were performed using the four-pulse DEER sequence: /2 (Vobs)
- T1- (Vops) - U7 = T (Vpump) - (T2 + T2 - t7) - T (Vobs) - T2 — echo (Martin et al., 1998; Pannier
et al., 2000). A two-step phase cycling (+ <>, - <x») was performed on 7/2 (Vops). Time t’
is varied, whereas 1; and 1, are kept constant, the dipolar evolution time is given by t = t’-
7,. Data were analysed only for t > 0. The resonator was overcoupled to Q ~ 0-100; the
pump frequency voump Was set to the center of the resonator dip and coincided with the
maximum of the nitroxide EPR spectrum, whereas the observer frequency Vqps was 65-67
MHz higher, coinciding with the low field local maximum of the spectrum. All measure-
ments were performed at a temperature of 50 K with observer pulse lengths of 16 ns for
n/2 and 32 ns for & pulses and a pump pulse length of 12 ns. Deuterium modulation was
averaged by adding traces at eight different t; values, starting at 119 = 200 ns and incre-
menting by Aty = 8 ns. Deuterated glycerol was added to a final concentration of 20% in
all cases for its effect on the phase relaxation. Data points were collected in 8 ns time
steps. The total measurement time for each sample was 8 - 32 h. Analysis of the data was
performed with DeerAnalysis 2010 (Jeschke et al., 2006).
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Figure 2.2: Pulse sequence of a four-pulse DEER experiment.

(A) In the first instance, one spin population (observer spins) is excited via a certain sequence of microwave
pulses (Hahn-Echo sequence, /2 - 13- 7) to generate a signal called Hahn-Echo. Once this echo is generat-
ed, a second spin fraction (pump spins) is excited via a pump pulse (w) with increasing time (t) after the
echo. The resulting dipolar coupling between the pump and observer spins is reflected in the modulation of
the Hahn-Echo amplitude which is visualized via the application of a third pulse (n) on the observer spin
fraction. Since the modulation frequency depends on the distance between the spin fractions, calculation of
these distances is possible. Picture modified from Klare and Steinhoff (2010). (B) to (D) Processing of an
EPR signal. The recorded signal v(t) (B) combines (1) the form factor component F(t) resulting from echo
modulation by spins in the local environment (r < 8 nm) and (2) the background factor B(t) caused by spins
of neighboring objects in the sample. After subtraction of the background factor from the signal (C), the
distance distribution P(r) (D) is obtained by deconvolution or model-based fitting of the form factor. Pic-
tures kindly provided by J. P. Klare, University of Osnabrtick.

2.5  Computational methods

The 3D model of the S. cerevisiae c-ring was based on the crystal structure of the E. hirae
K-ring, which shares 24% sequence identity and 68% similarity to the S. cerevisiae ring
and as such is believed to share a very similar fold. The computational modeling was car-
ried out as described in Bockelmann et al. (2010).

Curve fitting for the inhibition assays was performed with the help of Origin 8.1
using the hill1 equation. Amino acid sequence alignments were performed using the Clus-
talW program and further alignment tools provided by the Biology WorkBench 3.2.
(http://workbench.sdsc.edu).
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3. Results

3.1  Site-directed mutagenesis of the VMA3 gene in Saccharomyces cerevisiae

Archazolid was presumed to share at least part of its binding site with the plecomacrolide
antibiotics concanamycin and bafilomycin as it prevented binding of a radioactive PAL
derivative of concanamycin A (**’l-concanolid A) to subunit ¢ of the V-ATPase in a
competition assay (Huss et al., 2005). The plecomacrolide binding site was identified in
2002 on the one hand via random mutagenesis in N. crassa (Bowman and Bowman,
2002) and on the other hand via PAL using **I-concanolid A (Huss et al., 2002). Further
mutagenesis studies in N. crassa finally resulted in a model of the binding site which is
proposed to be located at the interface of two adjacent ¢ subunits at the Vo ring (Bowman
et al., 2006; Bowman et al., 2004). The binding pocket is mainly formed by 11 amino
acids located in helices 1 and 2 of one ¢ subunit and in helix 4 of the adjacent ¢ subunit
(Bowman et al., 2006; Fig 1.7). To investigate the contribution of these amino acids to
the binding of archazolid in S. cerevisiae, those exchanges in Vma3p were chosen for
site-directed mutagenesis that had increased the 1Csy value for bafilomycin in N. crassa
10-fold or more.

3.1.1 Site-directed mutagenesis of VMA3

In a spotting growth assay on medium with elevated calcium chloride (YPDA CacCl,) or
alkaline pH (YPDA pH 7.5) the strain BMA64-1BAvma3 (Avma3) exhibited a typical
vma™ phenotype (paragraph 1.3.2) proving the absence of assembled V-ATPase (Noumi et
al.,, 1991; Fig. 3.1). In addition, this strain was not capable of vacuolar acidification
(Fig. 3.1). To test the ability of the plasmid-borne version of Vma3p to complement the
deletion in BMA64-1BAvma3, the mutant strain was transformed with pRS415-VMA3
and spotted on YPDA CaCl, and YPDA pH 7.5. As can be seen in Fig. 3.1, the deletion
was completely complemented by expression of Vma3p from the plasmid resulting in
wild type growth of the transformed strain (Vma3) on all growth media. Acidification of
the vacuole in Vma3 was verified by staining of the vacuolar lumen with quinacrine (Fig.
3.1). These results confirmed the suitability of the deletion strain and the plasmid
pRS415-VMAS3 for subsequent mutagenesis studies.

Following successful mutagenesis (paragraph 2.2.10), the mutated plasmids were
expressed in BMAG64-1BAvma3 and the resulting yeast strains were named according to
the respective amino acid exchange in Vma3p. Amino acid exchanges selected as denoted
in paragraph 3.1.1 were: T32l, 139F, 154F, G61S, F135L, Y142H and Y142N. These mu-
tations are in the following referred to as “bafilomycin-mutations”. In addition to the
known exchanges from N. crassa the respective amino acid residues in S. cerevisiae were
also mutated to alanine (T32A, I39A, I54A, G61A, F135A and Y142A).
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3.1.2 Influence of mutations on cell growth and vacuolar acidification

The ability of the mutant versions of Vma3p to substitute the wild type Vma3p in
BMAG64-1BAvma3 was tested with spotting growth assays and quinacrine staining
(Fig. 3.1). In half of the strains, expression of the mutant Vma3p resulted in good com-
plementation of the vma™ phenotype on YPDA CaCl, and YPDA pH 7.5. The strains
T32A, 139A, I54A and I54F exhibited wild type growth, and T32I, I39F and G61S grew
only a bit more slowly at pH 7.5. Quinacrine staining was also positive in all of these
strains, proving acidification of the vacuolar lumen. However, the strains G61A, F135A,
F135L, Y142A, Y142H and Y142N showed strongly reduced growth in particular at pH
7.5 and vacuolar acidification was only observed in F135L. This suggests that especially
mutations in helix 4 are less tolerable to the V-ATPase. Nevertheless, these results point-
ed to the assembly of an at least partially functional V-ATPase in all yeast strains bearing
a mutation in Vma3p.

pHS5.S CaCl, pH75 Sp Lev Quinacrine
+
Controls -
+
+
Helix 1 *
+
+
+
Helix 2 +
+

Figure 3.1: In vivo assays of yeast strains expressing mutated versions of the V-ATPase subunit
Vma3p.

Cells were dropped on YPDA plates pH 5.5 with or without calcium chloride, on YPDA buffered to pH 7.5
and on selection medium without leucine (SD"*). Quinacrine staining was used to visualize accumulation
of protons in the vacuole of living yeast cells as indication for an intact VV-ATPase as described in “Material
and Methods”. The fluorescence within the vacuoles of V-ATPase mutant strains was classified as positive
(+) i.e. similar to the wild type strain or negative (-) i.e. like in the respective deletion strain. WT, BMA64-
1B; Avma3, BMA64-1BAvma3; Vma3, BMAG64-1BAvma3 expressing wild type Vma3p; strains expressing
Vma3p with the indicated mutations.
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3.1.3 Assembly and activity of the mutant V-ATPase

The results from the in vivo assays that indicated a functional V-ATPase were strength-
ened by Western Blot analysis of isolated vacuoles from the mutant strains. To proof the
attachment of the V; complex to the Vo complex at the vacuolar membrane an antibody
against Vmalp was used (Noumi et al., 1991). As can be seen in Fig. 3.2, a strong signal
was visible in the wild type strain (WT), whereas Vmalp was not present in the vma3
deletion strain (Avmag3), indicating the absence of assembled VV-ATPase at the vacuolar
membrane. In contrast, in all mutant strains a clear signal of Vmalp was detected at the
membrane confirming that none of the mutations impeded assembly of the V-ATPase.

Functionality of the mutant V-ATPases was also tested by measurement of the
ATPase activity using isolated yeast vacuoles (Tab. 3.1). For all mutagenesis experiments
the bafilomycin-, as well as the archazolid-sensitive, activities were calculated. As only
negligible differences between these values became evident, the focus in the present study
will be on the bafilomycin-sensitive activities in order to give the opportunity to compare
the values with the recent literature. In case of the mutations presented in this paragraph,
most of the Vma3p mutant strains showed bafilomycin-sensitive activity of approximate-
ly 50-100% of the wild type activity. The mutation Y142N led to a greater reduction of
the V-ATPase activity with only 0.1 pmol/min/mg which was however still 30% of the
wild type activity. Only mutation Y142A resulted in an activity below 25% of the wild
type activity and therefore, this strain was omitted from further experiments.

WT  Avma3 Vma3 T32A T321 I39A I39F IS4A  IS4F  G6IA  G61S FI35A FI35SL YI142A YI42H YI42N
Vmalp e ' e —

Figure 3.2: Assembly of the V-ATPase in yeast strains expressing the mutant Vma3 proteins.

The assembly of the mutant versions of Vma3p into V-ATPase complexes was verified by Western Blot
analysis of isolated vacuolar membranes. Using an antibody against Vmalp, the attachment of the V; com-
plex to the vacuolar membrane was interpreted as a proof for the correct assembly of the V,V, holoenzyme
(Noumi et al., 1991). WT, BMA64-1B; Avma3, BMAG64-1BAvma3; Vma3, BMA64-1BAvma3 expressing
wild type Vma3p; Strains expressing Vma3p with the indicated mutations. For each strain 10 g of vacuo-
lar protein were applied.
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Table 3.1: Bafilomycin Al and archazolid A sensitive activity of vacuolar membranes isolated from
yeast strains expressing either the wild type or a mutated version of Vma3p.

Vacuolar membrane preparations and ATPase activity assays of the wild type (BMA64-1B) and the mutant
strains were carried out as described under “Material and Methods”. The activities were corrected for the
residual activity at the point of maximal inhibition by bafilomycin Al and archazolid A, respectively. Val-
ues are the averages obtained from two or three independent vacuolar preparations with standard deviations
as indicated.

Mutation in Vma3p ATPase activity ATPase activity
sensitive to bafilomycin A1  sensitive to archazolid A
pmol/min/mg
Control
BMAG64-1B 0.30 £ 0.06 0.29+£0.11
Helix 1
T32A 0.20 £0.04 0.22 £0.04
T321 0.27 £0.08 0.25+0.04
139A 0.39 £0.04 0.46 £0.08
139F 0.32+0.11 0.36 £0.18
Helix 2
154A 0.20 £ 0.05 0.20 £0.07
154F 0.18 £0.02 0.19 £0.01
G61A 0.15+0.07 0.18 £0.03
G61S 0.18 £0.05 0.23 +£0.02
Helix 4
F135A 0.24 £0.08 0.31+£0.07
F135L 0.16 £0.03 0.15+0.01
Y142A 0.05+0.03 0.06 £0.02
Y142H 0.25+0.13 0.26 £0.14
Y142N 0.10£0.01 0.12 £0.02

3.1.4 Influence of mutations on inhibitor binding

The influence of the mutations in the Vma3p of S. cerevisiae on the binding of archazolid
or bafilomycin was tested by activity assays on isolated yeast vacuoles at inhibitor con-
centrations ranging from 0.1 nM to 3.0 uM. The ICso value for the wild type strain
BMAG64-1B was 6.6 nM for archazolid A and 4.7 nM for bafilomycin Al (Tab. 3.2). Re-
garding bafilomycin, our results in principle confirmed the data published for N. crassa
(Bowman et al., 2006). The most striking effect resulted from the G61S mutation that
exhibited an approximately 70-fold higher ICsy value compared to the wild type S. cere-
visiae strain (Tab. 3.2; Fig. 3.3A), being consistent with a 90-fold increase which had
been reported for N. crassa (Bowman et al., 2006). The mutations F135L, Y142H and
Y142N had an approximately 10-fold higher ICs value, which was also in the range of
the published results (Bowman et al., 2006). A notably lower increase of the 1Csy value
for the T321 mutation in S. cerevisiae as compared to N. crassa had already been ob-
served before (Bowman et al., 2004). In contrast to the results obtained for N. crassa, the
mutation I39F had virtually no influence on the binding of bafilomycin in S. cerevisiae
(Tab. 3.2.; Fig. 3.3A). Interestingly, the mutation 154F approximately halved the ICs
value for bafilomycin Al in comparison to the wild type strain, suggesting a V-ATPase
slightly more sensitive toward bafilomycin. However, the minor influence of the 154F
mutation in contrast to the corresponding mutation in N. crassa is in line with previous

41



Results

data for S. cerevisiae (Bowman et al., 2006; Bowman et al., 2004). The mutation of iso-
leucine 39, isoleucine 54 and glycine 61 to alanine in principle showed the same effect on
the respective 1Csy value as described above, while T32A had almost no influence (Tab.
3.2). In contrast, the mutation F135A resulted in an even 10-fold higher increase in the
ICs value for bafilomycin when compared to F135L, confirming the importance of phe-
nylalanine 135 for inhibitor binding.

Regarding the binding of archazolid (Tab. 3.2; Fig. 3.3B), none of the mutations
with a negative influence on the binding of bafilomycin showed a decrease of sensitivity.
In contrast, most of the “bafilomycin-mutations” appeared to increase the sensitivity of
the V-ATPase toward archazolid slightly, and the mutation Y142N even led to a strong
increase of sensitivity, with an ICs, value approximately 10-fold lower when compared to
the wild type strain. The finding that there was hardly any similarity regarding the effects
of the mutations on bafilomycin and archazolid binding was quite surprising, because the
results of previous competition experiments had implied that plecomacrolides and
archazolid at least partially share a common binding site (Huss et al., 2005).

V-ATPase Activity [%]
V-ATPase Activity [%]

MRAAAL AL | T T
0.1 1 10 100 1000 10000 0.1 1 10 100 1000

Bafilomyc¢in A [nM] Archazolid A [nM]

Figure 3.3: Influence of “bafilomycin-mutations” in Vma3p of Saccharomyces cerevisiae on inhibitor
binding.

V-ATPase activities were measured on isolated yeast vacuoles of the wild type strain BMA64-1B (WT) and
strains with mutations in Vma3p as indicated. Values are the average of three independent vacuolar prepa-
rations. Error bars are standard deviations. Absolute archazolid A and bafilomycin Al sensitive activities
are shown in Table 3.1, 1Cs, values in Table 3.2.
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Table 3.2: ICsy values for the inhibition of the wild type and mutant strains by bafilomycin Al and
archazolid A.

Vacuolar membrane preparations and ATPase activity assays were carried out as described under “Material
and Methods”. The activities were corrected for the residual activity at the point of maximal inhibition by
bafilomycin Al and archazolid A, respectively. 1Cs, values with the indicated standard errors result from
plotting the average values obtained from two or three independent vacuolar preparations.

Mutation in Vma3p Bafilomycin A1l  Archazolid A Bafilomycin A1  Archazolid A

1Cs5o [NM] Factor
Control
BMAG4-1B 47+04 6.6 05
Helix 1
T32A 33104 49+1.1 0.7 0.4
T321 384+24 3.7+0.9 8.0 0.6
139A 6.4+05 52.£0.7 1.4 0.8
139F 58104 41+04 1.2 0.6
Helix 2
154A 28+05 20+0.2 0.6 0.3
154F 1.7+0.1 34104 0.4 0.5
G61A 346.1+64.8 6.3+0.9 73.6 1.0
G61S 315.7+72.7 4.7+0.9 67.2 0.7
Helix 4
F135A 489.2+76.9 5.2+0.7 104.1 0.8
F135L 35.7+8.8 31104 7.6 0.5
Y142H 38.3+6.4 41+14 8.1 0.6
Y142N 56 +9.7 0.7+0.1 12.0 0.1
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3.2  Photo affinity labeling of the Manduca sexta V-ATPase

3.2.1 PAL derivatives of archazolid

To demonstrate the binding of archazolid to subunit ¢ we performed cross-linking studies
with radioactive photo-activatable analogues of the inhibitor. For this purpose derivatives
with either one (MD-archazolid; Fig. 3.4A) or two (BD-archazolid; Fig. 3.4B) diazyrinyl
groups - with or without **C - were synthesized based on prior structure function analysis
(Menche et al., 2007b; Menche et al., 2007c). The non-radioactive derivatives were tested
for inhibitory efficiency on the purified V-ATPase from M. sexta (Fig. 3.4C). The addi-
tion of one diazyrinyl group had only a moderate effect, increasing the ICs value, com-
pared to that for archazolid, from 0.016 puM to 0.15 uM. The ICsy value of BD-archazolid
was 40fold higher, but with 0.6 puM still in the low micromolar range. Therefore the **C-
labeled isotopologues of these derivatives were used for cross-linking experiments.

1204 I m  Archazolid A
1 ® BD-archazolid
_ 100 A  MD-archazolid
3 ]
2 804
g’ )
Z 60
[*)
< 4
2 404
o]
a -
QF 204
o )
04 —
LR | L ELELLL | AL | LR | LA |
0.1 1 10 100 1000 10000
C Archazolid A [nM]

Figure 3.4: Derivatives of archazolid A created for PAL studies.

Based on structure function analysis (Menche et al., 2007b; Menche et al., 2007c) derivatives for cross-
linking studies, MD- (A) and BD-archazolid (B), were created. (C) Inhibition of the V-ATPase by MD- and
BD-archazolid. Purification of the M. sexta V;Vo holoenzyme and following activity assays were carried
out as described under “Material and Methods”. Values represent the average of three independent prepara-
tions, with error bars corresponding to standard deviations. VV-ATPase activity sensitive to archazolid A was
1.8 £ 0.2 umol/min/mg. The ICsy values were 0.016 + 0.002 uM for the non-modified inhibitor, 0.15 £ 0.02
puM for MD-archazolid and 0.6 + 0.03 uM for BD-archazolid.
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3.2.2 Binding of PAL derivatives to subunit ¢ of the V-ATPase

Autoradiograms of M. sexta V-ATPase labeled with *C-MD- and **C-BD-archazolid,
respectively, are shown in Fig. 3.5. Due to the increased ICsy value of the compounds
(Fig. 3.4C), a high concentration was needed for labeling, inevitably leading to a high
overall background in the autoradiograms. Nevertheless, a prominent labeling of a band at
the molecular mass of subunit ¢ could be observed for both PAL inhibitors (Fig. 3.5A and
B, black arrow). This labeling was drastically reduced after preincubation of the V-
ATPase with 50 uM concanamycin A (Fig. 3.5A and B). Because concanamycin A is
known to bind to subunit ¢ of the V-ATPase (Huss et al., 2002), this result clearly points
to the specific labeling of subunit ¢ by **C-MD and **C-BD-archazolid. In addition, the
identity of subunit ¢ was confirmed by labeling with the PAL derivative of concanamy-
cin, **C-concanolid A (Bender et al., 2007; Huss et al., 2002) (Fig. 3.5C, black arrow).
Labeling of additional subunits by **C-concanolid A is currently investigated (Nardmann,
C., Wieczorek, H. and Huss, M., manuscript in preparation). Excision of the bands of
subunit ¢ from the SDS-PAGE and subsequent evaluation of the radioactivity with a scin-
tillation counter revealed a difference between the UV-treated and non-treated samples of
25 + 0.25 cpm for **C-concanolid A and 20 + 0.2 cpm for **C-MD-archazolid, both com-
prising one **C-isotope, and 37 + 0.37 cpm for **C-BD-archazolid which comprises two
Y4C-isotopes (means + standard deviations).

Upon incubation with **C-BD-archazolid, a very slight difference between the
UV-treated and non-treated samples became visible at the protein band with the highest
molecular mass, representing the Vo subunit a (Fig. 3.5B; lane 1 and 2). However, the
evaluation of these bands in a scintillation counter did not reveal a significant labeling of
subunit a (data not shown) and furthermore, no difference was visible in the experiment
presented in Fig. 3.5C (lane 3 and 4), indicating that the apparent labeling in Fig. 3.5B
was an artifact. Due to limited amounts of *C-BD-archazolid, these experiments could
not be repeated.
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Figure 3.5: Labeling of subunit ¢ with radioactive derivatives of archazolid A.

Purification of the M. sexta VV-ATPase was carried out as described under “Material and Methods”. (A and
B) The V-ATPase was preincubated with 50 pM concanamycin A or with the solvent dimethyl sulfoxide.
Next, “C-MD- (A) or **C-BD-archazolid (B) was added and the cross-linking reaction was induced by
exposure to UV-light (366 nm) for 1 min (+). Controls without UV-exposure (-). Note that due to the lower
affinity of the VV-ATPase for MD- and BD-archazolid (Fig. 3.4C) the concentration of the **C-isotopo-
lougues for labeling has to be very high. This leads to an unavoidable high background in the gel. (C) The
V-ATPase was incubated with the radioactive derivatives of either archazolid (**C-MD and *C-BD) or
concanamycin A (**C-Ccl) and the cross-linking reaction was induced as described above (+). Controls
without UV-exposure (-). (D) Line scan of the autoradiography shown in (B). Arrows indicating subunit c.
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3.3  Fluorescent labeling of the Manduca sexta V-ATPase

3.3.1 Binding competition of archazolid with NCD-4 at subunit ¢

The fluorescent carbodiimide NCD-4 (Chadwick and Thomas, 1983) specifically binds,
like DCCD, to the essential glutamate within helix 4 of subunit c, leading to the inhibition
of the V-ATPase (Finbow et al., 1992). Labeling experiments with the M. sexta V-
ATPase were used to find out, whether there is any interference between archazolid and
NCD-4, which would indicate a binding of the macrolactone close to the essential gluta-
mate.

The incubation of either the V-ATPase holoenzyme or the Vo complex with NCD-
4 revealed a prominent band of appropriate size in the SDS-PAGE (Fig. 3.6; lane 1). In
the holoenzyme this label was completely impeded by preincubation with archazolid A
(lane 4), whereas bafilomycin Al (lane 3) had no pronounced effect. Preincubation of the
Vo complex with the inhibitors led to similar results, except that archazolid A did not
completely prevent labeling of subunit c. This is probably due to a better accessibility of
the c-ring in the free Vo complex or the higher abundance of subunit c in the Vo sample,
resulting in labeling of some ¢ subunits with NCD-4. The different effects of bafilomycin
Al and archazolid A were unexpected because previous data had shown that bafilomycin
Al, B1 and archazolid A as well as concanamycin prevented labeling of subunit ¢ with a
radioactive derivative of concanamycin A (**I-concanolide A) (Huss et al., 2002; Huss et
al., 2005). 1Csq values of all compounds are given in Fig. 3.7B.

1 2 3 4

ViVo complex

Vo complex
NCD-4 + - + +
Archazolid A - - - +
Bafilomycin A - - + -

Figure 3.6: NCD-4 labeling of the VV-ATPase subunit c in the presence of archazolid and bafilomycin.
Purification of the M. sexta VV-ATPase and the NCD-4 labeling was carried out as described under “Materi-
al and Methods”. Either V;Vo holoenzyme or the Vo complex was preincubated for 10 min at 25°C with
50 uM bafilomycin Al (lane 3) or archazolid A (lane 4), respectively. Then NCD-4 was added to a final
concentration of 0.1 mM and the probe was incubated for 3 h at 25°C. Control reactions were performed
using dimethyl sulfoxide for preincubation, followed by the addition of NCD-4 or pure ethanol (lanes 1 and
2). Of each sample approximately 20 g of protein was subjected to SDS-PAGE and the NCD-4 labeling of
subunit ¢ was documented under UV light (Versadoc, BioRad). The ICs, values were 3.0 £ 0.2 uM for
NCD-4 (Fig. 3.7B), 16 £ 0.2 nM for archazolid A (Fig. 3.4C) and 9.0 =+ 0.8 nM for bafilomycin A
(Fig. 3.7B).
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3.3.2 Suppression of archazolid binding monitored with NCD-4 labeling

To find out the reason for the apparent discrepancy described in the preceding paragraph,
we preincubated the V-ATPase of M. sexta with different inhibitors, followed in a first
step by the incubation with archazolid A and in a second step by incubation with NCD-4
(Fig. 3.7A). After preincubation with an excess of the plecomacrolides, bafilomycin A1,
concanamycin A and concanolide A, respectively, the addition of archazolid A no longer
prevented the binding of NCD-4 to subunit ¢ (Fig. 3.7A; lanes 3, 5 and 7; for 1Cs values
see Fig. 3.7B). In contrast, preincubation with apicularen A, a member of the benzolac-
tone enamides family of V-ATPase inhibitors, which is predicted to have a binding site
totally different from that for archazolid and the plecomacrolides (Huss et al., 2002; Huss
et al., 2005; Menche et al., 2007c¢), did not impede the binding of archazolid A as indicat-
ed by a clear prevention of NCD-4 labeling (Fig. 3.7A, lane 9). Taken together, it is thus
very likely that the binding sites for archazolid and the plecomacrolides overlap signifi-
cantly, but to a smaller extent than expected before (Huss et al., 2005).
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Figure 3.7: Suppression of archazolid binding monitored with NCD-4 labeling of the V-ATPase sub-
unit c.

(A) Purification of the M. sexta V;V, holoenzyme and the NCD-4 labeling was carried out as described
under “Material and Methods”. The V-ATPase was preincubated for 1 h at 25°C with an excess (0.5 mM)
of either bafilomycin Al (Baf A), concanamycin A (Con A), concanolide A (Ccl A), apicularen A (Api A)
or with the solvent dimethyl sulfoxide. The samples were then incubated for 10 min at 25°C in the presence
of 50 uM archazolid A (lanes 1, 3, 5, 7 and 9) or dimethyl sulfoxide (lanes 2, 4, 6 and 8). After that, all
samples were additionally incubated for 1 h at 25°C with 0.1 mM NCD-4. Of each sample approximately
20 pg of protein was subjected to SDS-PAGE and the NCD-4 labeling of subunit ¢ was documented under
UV light (Versadoc, BioRad). (B) Inhibition curves of the inhibitors used in (A). Purification of the M.
sexta V;Vo holoenzyme and following activity assays were carried out as described under “Material and
Methods”. The NCD-4 sensitive V-ATPase activity was 2.2 + 0.4 umol/min/mg, the I1Cs, value was 3.0 +
0.2 pM. Other ICsq values were 15 + 1.5 nM for apicularen A (taken from Huss et al., 2005), 9.0 + 0.8 nM
for bafilomycin A, 7.4 £ 0.5 nM for concanamycin A (taken from Huss et al., 2002) and 3.1 = 0.6 nM for
concanolid A (Nardmann et al., manuscript in preparation). Values represent the average of at least two
independent preparations, with error bars corresponding to the standard deviations.
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3.4 Influence of further mutations within the proposed archazolid binding site

3.4.1 Selection of amino acid residues for site-directed mutagenesis

As a consequence of the results described above we selected amino acids within Vma3p
(Y66, 1130, L131, 1134, V138, L141, L144, 1145) which we presumed to interact with
archazolid for further mutagenesis studies. In the first instance amino acids 1130, L131 or
1134 were mutated to alanine and phenylalanine, respectively, in order to introduce either
a small or a bulky side chain. During further studies, the amino acids were replaced by
similar and structurally different amino acids, respectively, to strike a balance between
the disturbance of protein structure on the one hand, and a significant influence of the
mutation on inhibitor binding on the other hand.

pH 5.5 CaCl, pH 7.5 SD Leu Quinacrine
Controls W = s * SEc A EE—— +
Helix 2 YooK ® . : +
Y66S -
13a L +
1n3or [ -
L131A [0 +
LI31F +
1134A -
1134F P £ 4 -
L141F [ e 2 . -
A
st QEROEE]  +

Figure 3.8: In vivo assays of yeast strains expressing Vma3p with selected mutations.

Cells were dropped on YPDA plates pH 5.5 with or without calcium chloride, on YPDA buffered to pH 7.5
and on selection medium without leucine (SD"*). Quinacrine staining was used to visualize accumulation
of protons in the vacuole of living yeast cells as indication for an intact V-ATPase as described in the “Ma-
terial and Methods”. The fluorescence within the vacuoles of V-ATPase mutant strains was classified as
positive (+) i.e. similar to the wild type strain or negative (-) i.e. like in the respective deletion strain. WT,
BMAG64-1B; Avma3, BMA64-1BAvma3; strains expressing Vma3p with the indicated mutations.

3.4.2 Influence of mutations on cell growth and vacuolar acidification

The mutant strains were tested for growth on medium with pH 7.5 and on medium con-
taining 0.1 M CaCl, at pH 5.5 (Fig. 3.8). Transformation of BMA64-1BAvma3 with
pRS415-VMAS3 bearing the mutation 1130A, L131F, V138A or 1145F resulted in total
complementation of the vma™ phenotype on all media. The strains Y66F, L131A, L1411,
L144F, L1441 and 1145L grew only slightly slower, while the mutations 1130F, V138T
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and L141F resulted in clearly reduced growth in particular at pH 7.5. Y66S, 1134A and
1134F exhibited a typical vma™ phenotype. These results were supported by vacuolar
staining of the strains with quinacrine (Fig. 3.8). Mutant strains with strongly reduced or
impeded growth did not accumulate quinacrine in the vacuoles clearly pointing to a nega-
tive influence of these mutations on V-ATPase function. In contrast, the mutant strains
which exhibited good cell growth also showed clear quinacrine staining (Y66F, 1130A,
L131A, L131F, V138A, L144F, L144l, 1145F and 1145L) proving acidification of the
vacuole. Thus, most of the mutations performed in this set of experiments did not restrain
the in vivo function of the VV-ATPase too much.

3.4.3 Assembly and activity of the mutant V-ATPase

Assembly of the V-ATPase at the vacuolar membrane of the mutant strains was tested by
Western blot analysis of isolated vacuoles. For this purpose, an antibody against the V;
subunit Vmalp was used (Noumi et al., 1991). As shown in Fig. 3.9, for all strains a clear
signal of Vmalp could be detected, confirming that none of the mutations impeded the
assembly of the V-ATPase at the membrane. For some mutations, in particular Y66S,
L144F and L144l, the signal was clearly reduced indicating impaired assembly of the V-
ATPase in these strains. Nevertheless, only mutation Y66S led to a vma™ phenotype. In
contrast, the strains 1134A and 1134L showed a strong signal for Vmalp but also exhibit-
ed a vma™ phenotype in the in vivo assays (paragraph 3.4.2.). None of the strains exhibit-
ing a vma™ phenotype was used for further experiments.

Functionality of the mutant VV-ATPases in all other strains was additionally tested
by measurement of the ATPase activity using isolated yeast vacuoles (Tab. 3.3). Again,
most of the mutant strains showed bafilomycin-sensitive activity of more than 50% up to
100% of the wild type activity. Only two strains (L131A and L141F) showed higher re-
duction in the activity which was, however, approximately 40% of that of the wild type.
Mutation 1145L even led to an increase in V-ATPase activity of 80% suggesting that this
mutation enhances V-ATPase function.

WT  Avma3 Y66F Y66S 1130A 1130F LI131A LI31F 1134A 1134F VI138A VI38T LI41F L1411 LI44F L1441 1145F 1145L
Vmalp— R o —— T T f— N au— GEEED gy TR e —— —

Figure 3.9: Assembly of the V-ATPase in yeast strains expressing Vma3p with selected mutations.

The assembly of the mutated versions of Vma3p into V-ATPase complexes was verified by Western Blot
analysis of isolated vacuolar membranes, using an antibody against Vmalp. WT, BMA64-1B; Avma3s,
BMA®G4-1BAvmag3; Strains expressing the Vma3p with the indicated mutations. For each strain 10 pg of
vacuolar protein were applied.

51



Results

Table 3.3: Bafilomycin Al and archazolid A sensitive activity of vacuolar membranes isolated from
yeast strains expressing either the wild type or a mutated version of the Vma3p.

Vacuolar membrane preparations and ATPase activity assays of the wild type (BMA64-1B) and the mutant
strains were carried out as described under “Material and Methods”. The activities were corrected for the
residual activity at the point of maximal inhibition by bafilomycin Al and archazolid A, respectively. Val-
ues are the averages obtained from two or three independent vacuolar preparations with standard deviations
as indicated.

Mutation in Vma3p ATPase activity ATPase activity
sensitive to bafilomycin A1  sensitive to archazolid A
pmol/min/mg
Control
BMAG4-1B 0.30 £ 0.06 0.29+£0.11
Helix 2
Y66F 0.31 +£0.05 0.34 £0.06
Helix 4
1130A 0.20 £ 0.06 0.17 £0.03
L131A 0.11 £0.05 0.13+0.04
L131F 0.18 £0.03 0.20 £0.02
V138A 0.28 £0.02 0.27 £0.06
V138T 0.25+0.10 0.26 £0.10
L141F 0.14 £0.01 0.10£0.01
L1411 0.28 £0.11 0.26 £0.13
L144F 0.40 £0.08 0.33+£0.03
L1441 0.23+£0.01 022 +0.03
1145F 0.18 £0.07 0.25 +£0.09
1145L 0.54 £0.01 0.48 £0.08

3.4.4 Influence of mutations on inhibitor binding

Regarding bafilomycin, most of the established mutations rendered the V-ATPase only
slightly more resistant (V138A, L141F and 1145L) or slightly more sensitive (Y66F,
L1411, L144F and 1145F) to the inhibitor (Tab. 3.4). Thus, it is not likely that these amino
acids interact directly with bafilomycin. In contrast, the mutation L131A and especially
V138T exhibited a more striking effect with an approximately 10-fold increase of the 1Csg
value for bafilomycin (Tab. 3.4; Fig. 3.10A). On the other hand, the mutations 1130A,
L131F and L1441 notably reduced the 1Cs value approximately 5-fold indicating a V-
ATPase more sensitive toward the inhibitor.

Concerning archazolid, the additional mutations in general also only led to slight
changes of the 1Cso value and in most cases made the V-ATPase more sensitive toward
the inhibitor (Tab. 3.4). Remarkably, the mutation L144I revealed the strongest effect
with an 1Cso value 10-fold lower than in the wild type strain, clearly pointing to a V-
ATPase more sensitive toward archazolid (Tab. 3.4; Fig. 3.10B).
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Figure 3.10: Influence of selected mutations in Vma3p of Saccharomyces cerevisiae on inhibitor bind-
ing.

V-ATPase activities were measured on isolated yeast vacuoles of the wild type strain BMA64-1B (WT) and
strains with mutations in Vma3p as indicated. Values are the average of three independent vacuolar prepa-
rations. Error bars are standard deviations. Absolute archazolid A and bafilomycin Al sensitive activities
are shown in Table 3.3, 1Cs, values in Table 3.4.

Table 3.4: I1Csq values for the inhibition of the wild type and mutant strains by bafilomycin Al and
archazolid A.

Vacuolar membrane preparations and ATPase activity assays were carried out as described under “Material
and Methods”. The activities were corrected for the residual activity at the point of maximal inhibition by
bafilomycin Al and archazolid A, respectively. 1Cs, values with the indicated standard errors result from
plotting the average values obtained from two or three independent vacuolar preparations.

Mutation in Vma3p Bafilomycin A1 Archazolid A Bafilomycin A1 Archazolid A

1Cs5o [NM] Factor
Control
BMAG4-1B 47+04 6.6 05
Helix 2
Y66F 29104 5.6+0.3 0.6 1
Helix 4
1130A 09+0.1 3.3+0.6 0.2 0.5
L131A 29.1+35 3.1+07 6.2 0.5
L131F 1.0+£0.2 78+0.8 0.2 1.2
V138A 81+1.0 4.6+0.9 1.7 0.7
V138T 438+7.1 8.6+1.2 9.3 1.3
L141F 11.3+1.0 42+10 2.4 0.6
L1411 16+£0.2 3.7+05 0.3 0.6
L144F 25104 45+0.6 0.5 0.7
L1441 1.0+£0.1 0.8+0.1 0.2 0.1
1145F 1.8+£0.2 44+1.2 0.4 0.7
1145L 119+15 8.8+1.7 2.5 1.4
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3.5  Double mutation in VMA3 and mutagenesis of VMA11

3.5.1 Selection of amino acid residues for site-directed mutagenesis

The mutagenesis of VMAS3 revealed that amino acid exchanges Y142N and L1441 strong-
ly influence the binding of archazolid, as indicated by the 10-fold reduction of the ICs
value for this inhibitor. To test whether the combination of the two exchanges would en-
force the effect on archazolid binding, a Y142N-L1441 double mutant was generated in
Vma3p.

To elucidate whether Vmallp also comprises an archazolid binding site, single
amino acid exchanges were generated in Vmallp at sites corresponding to tyrosine 142
and leucine 144 in Vma3p (i.e. tyrosine 150 and methionine 152). For this purpose the
deletion mutant BY4742-4vmall (Euroscarf, Germany) and the plasmid pRS415-VMA11
containing VMA11 and its native promoter were used (paragraph 2.2.10). Complementa-
tion of the vma™ phenotype of BY4742-4vmall by transformation with pRS415-VMA11
had been shown before (Voss, F., Diploma thesis, University of Osnabrick, 2010). In
addition to tyrosine 150 and methionine 152, glycine 67 in Vmallp was also mutated,
because the exchange of the corresponding glycine 61 in Vma3p to serine exhibited the
strongest effect on binding of bafilomycin. As shown for Vma3p (paragraph 3.1.1), gly-
cine 67 in Vmallp was substituted for serine and tyrosine 150 for asparagine. Methionine
152 was exchanged to alanine and phenylalanine, respectively.

3.5.2 Influence of mutations on cell growth and vacuolar acidification

As can be seen in Fig. 3.11, the transformation of BMA64-1BAvma3 with pRS415-VMA3
bearing the double mutation Y142N-L1441 in Vma3p only resulted in a partial comple-
mentation of the vma™ phenotype. Cell growth in this strain was strongly reduced on
CaCl, and completely prevented at pH 7.5. Because vacuolar acidification was already
disturbed in the Y142N single mutant (paragraph 3.1.1), quinacrine staining was not per-
formed with the Y142N-L144] strain.

In contrast, the mutations performed in Vmallp did not exhibit a striking influ-
ence on cell growth (Fig. 3.12). All strains grew well on elevated CaCl, concentrations
and on pH 7.5, cell growth was only slightly reduced when compared to the wild type
strain. Even the strain bearing the mutation Y150N, which corresponds to mutation
Y142N in Vma3p, nearly exhibited wild type growth. All strains mutated in Vmallp
showed quinacrine accumulation in the vacuole, indicating V-ATPase mediated proton
translocation (Fig. 3.12). The good tolerance of the V-ATPase for these mutations is like-
ly due to the fact that Vmallp is only present in a single copy in the Vo ring.
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Figure 3.11: In vivo assay of yeast strains expressing Vma3p with double mutation.

Cells were dropped on YPDA plates pH 5.5 with or without calcium chloride, on YPDA buffered to pH 7.5
and on selection medium without leucine (SD*). WT, BMA64-1B; Avma3, BMA64-1BAvma3; Strains
expressing Vma3p with the indicated mutations.
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Figure 3.12: In vivo assays of yeast strains expressing mutated versions of Vmallp.

Cells were dropped on YPDA plates pH 5.5 with or without calcium chloride, on YPDA buffered to pH 7.5
and on selection medium without leucine (SD**). Quinacrine staining was used to visualize accumulation
of protons in the vacuole of living yeast cells as indication for an intact VV-ATPase as described in “Material
and Methods”. The fluorescence within the vacuoles of VV-ATPase mutant strains was classified as positive
(+) i.e. similar to the wild type strain or negative (-) i.e. like in the respective deletion strain. WT, BY4742;
Avmall, BY4742-Avmall; Strains expressing Vmallp with the indicated mutations.

3.5.3 Assembly and activity of the mutant V-ATPase

Assembly of the V-ATPase was tested by Western blot analysis of isolated vacuoles us-
ing an antibody against Vmalp (Fig. 3.13). For the Vma3p double mutant Y142N-L144l,
although the threefold amount of protein was applied, only a very low signal when com-
pared to the wild type strain (WT1, BMA64-1B) could be detected. This result clearly
showed that V-ATPase assembly was almost completely prevented in Y142N-L144l as it
was already indicated by strongly reduced growth of this strain on selective media (para-
graph 3.5.2.). In line with these results, only negligible VV-ATPase activity was detected in
vacuoles isolated from this strain (data not shown). Accordingly, since the single mutant
Y 142N already had a negative influence on V-ATPase function, the double mutation even
worsened this effect. For this reason Y142N-L1441 was not used for further experiments.
Regarding the mutations in Vmallp, Western blot analysis also supported the re-
sults of the growth assay, revealing almost no difference in the signal intensity for Vmalp
in most of the strains compared to the wild type (Fig. 3.13, WT2, BY4742). Additionally,
most of the strains exhibited 100% of wild type activity (Tab. 3.5). For the mutant strains
M152A and M152F the signal intensity for Vmalp was slightly reduced which is in line
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with a reduction of the V-ATPase activity to approximately 80% of the wild type activity
in these strains.

WT1  Avma3 :::i?- WT2 Avmall Vmall G678 YI50N MI152A MIS2F

Vmalp e T — S S e, S S—

Figure 3.13: Assembly of the V-ATPase in the Vma3p double mutant and in yeast strains expressing
mutant versions of Vmallp.

The assembly of the VV-ATPase complexes in the Vma3p double mutant and in yeast strains bearing a muta-
tion in Vmallp was verified by Western Blot analysis of isolated vacuolar membranes. Using an antibody
against Vmalp, the attachment of the V; complex to the vacuolar membrane was interpreted as a proof for
the correct assembly of the Vo holoenzyme (Noumi et al., 1991). WT1, BMA64-1B; Avma3, BMAG4-
1BAvma3; Y142N-L1441, Vma3p bearing the indicated double mutation; WT2, BY4742; Avmall,
BY4742-Avmall; Vmall, BY4742-Avmall expressing wild type Vmallp; Strains expressing Vmallp
with the indicated mutations. For each strain 10 pg of vacuolar protein were applied, for Y142N-L1441 30
g were used.

Table 3.5: Bafilomycin Al and archazolid A sensitive activity of vacuolar membranes isolated from
yeast strains expressing either the wild type or a mutated version of Vmallp.

Vacuolar membrane preparations and ATPase activity assays of the wild type (BY4742) and the mutant
strains with indicated mutations were carried out as described under “Material and Methods”. The activities
were corrected for the residual activity at the point of maximal inhibition by bafilomycin Al and archazolid
A, respectively. Values are the averages obtained from two independent vacuolar preparations with stand-
ard deviations as indicated.

Lo ATPase activity ATPase activity
Mutation in Vmallp sensitive to bafilomycin A1  sensitive to archazolid A
pmol/min/mg
Control
BY4742 0.27 +0.13 0.25+0.01
Mutant strains
G67S 0.19 +0.06 0.19 £ 0.00
Y150N 0.45+0.11 0.37 £ 0.06
M152A 0.22 +0.02 0.20 £ 0.00
M152F 0.22 +0.01 0.20+0.01

3.5.4 Influence of mutations on inhibitor binding

Inhibition assays with either bafilomycin or archazolid revealed no striking effect of the
mutations in Vmallp on inhibitor binding (Tab. 3.6). The mutation G67S showed the
strongest influence on binding of bafilomycin but nevertheless, the 1Cs, value was only
reduced approximately 3-fold when compared to the wild type strain (BY4742). Concern-
ing archazolid, none of the mutant strains clearly changed the ICs, value with regard to
the wild type, indicating that they do not influence inhibitor binding. One may thus as-
sume that Vmallp does not contain binding sites for these inhibitors or, that a mutation in
a single proteolipid subunit is not sufficient to change the affinity for these compounds.
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Table 3.6: ICsy values for the inhibition of the yeast V-ATPase bearing a mutation in Vmallp by
bafilomycin Al and archazolid A.

Vacuolar membrane preparations and ATPase activity assays of the wild type (BY4742) and the mutant
strains with indicated mutations were carried out as described under “Material and Methods”. The activities
were corrected for the residual activity at the point of maximal inhibition by bafilomycin Al and archazolid
A, respectively. ICsq values with the indicated standard errors result from plotting the average values ob-
tained from two independent vacuolar preparations.

Mutation in Vmallp Bafilomycin A1 Archazolid A Bafilomycin A1  Archazolid A

1Cs [NM] Factor
Control
BY4742 26106 57+0.8
Mutant strains
G67S 1.0+0.1 54+05 0.4 0.9
Y150N 20+£0.1 3.9%03 0.8 0.7
M152A 3.2%x04 57+1.2 1.2 1.0
M152F 1.7+03 42+05 0.7 0.7
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3.6 Inhibition of mutant V-ATPases by derivatives of archazolid

3.6.1 Selection of archazolid derivatives

In the preceding paragraphs the influence of the V-ATPase structure on inhibitor binding
examined by site-directed mutagenesis and biochemical approaches has been described.
To further elucidate the structure function relationship between archazolid and the V-
ATPase, the influence of the structure of the inhibitor on this interaction was investigated.
For this purpose, three different derivatives of archazolid A exhibiting modified features
at different parts of the structure were selected (archazolid C, descarb-archazolid and oxo-
archazolid; Fig. 3.14). These compounds were tested on yeast vacuoles on the one hand
purified from the wild type strain BMAG64-1B and, on the other hand, from the mutant
strains Y142N and L144l because these two mutations had resulted in a 10-fold decrease
of the I1Csp value for archazolid A (paragraph 3.1.4 and 3.4.4). A different effect of these
mutations on the binding of the archazolid derivatives would give indications for the
structural features of the inhibitor that interact with the specific amino acid side chains.

Archazolid C Descarb-archazolid A Oxo-archazolid A

Figure 3.14: Structures of derivatives of archazolid A.

Depicted are three derivatives of archazolid A exhibiting modified features at different positions (black
arrows). Archazolid C with a sugar group at C-7, 1"-descarbamoyl-archazolid A (descarb-archazolid) lack-
ing the C-1" carboxamide group and 15-dehydro-archazolid A (oxo-archazolid) bearing a carbonyl instead
of a hydroxyl group at position C-15.

3.6.2 Influence of structural differences on inhibition of the yeast V-ATPase

Presented in Fig. 3.15A are the curves obtained for the inhibition of the V-ATPase from
the three yeast strains by archazolid A, clearly showing the 10-fold decreased ICsy value
in Y142N and L1441 (paragraph 3.1.4 and 3.4.4). In contrast to archazolid A, archazol-
id C which comprises a sugar group at C-7, did not show an inhibition of the wild type V-
ATPase at the concentrations used in this assay (Fig. 3.15B). Nevertheless, an inhibition
of both mutant V-ATPases by archazolid C was visible at micromolar concentrations,
confirming the influence of the mutations Y142N and L1441 on inhibitor binding
(Fig. 3.15B, Tab. 3.7). Additionally, descarb-archazolid which inhibited the wild type
ATPase with an 1Cs value of 13 nM, also showed a 10-fold decrease of the I1Cs, value for
Y 142N (2 nM) and a threefold decrease for L1441 (4 nM) (Fig. 3.15C, Tab. 3.7). In sum-
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mary, the decrease of the ICs, value for archazolid C and descarb-archazolid in both mu-
tant V-ATPases supports the assumption that the amino acid residues tyrosine 142 and
leucine 144 are involved in inhibitor binding.

In contrast, oxo-archazolid showed no striking difference in the inhibition of the
wild type and the mutant V-ATPase, exhibiting 1Cs, values in the range of 200 to 300 nM
for all three strains (Fig. 3.15D, Tab. 3.7). The missing influence of mutations Y142N and
L1441 on oxo-archazolid might be an indication for the importance of the hydroxyl group
at C-15 for the enzyme-inhibitor interaction.

With regard to archazolid A and descarb-archazolid a difference between the
overall shapes of the inhibition curves became obvious (Fig. 3.15A and C). Despite the
fact that both compounds inhibit the V-ATPase in almost the same concentration range,
the slope of the curves was decreased in the case of descarb-archazolid, pointing to a de-
crease in the cooperativity of inhibitor binding when compared to archazolid A. In line
with this assumption, the Hill coefficients of the inhibition curves for descarb-archazolid
were all approximately 1 (WT: 1.0 £ 0.1; Y142N: 0.9 + 0.1, L144I: 1.0 £ 0.1), while the
values for archazolid A were approximately 1.7 (WT: 1.8 £0.2; Y142N: 1.5 + 0.2, L1441I:
1.7 £ 0.2). This indicates that the C-1" carboxamide group of archazolid permits coopera-
tive binding of the inhibitor.
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Figure 3.15: Inhibition of wild type and mutant yeast V-ATPase by derivatives of archazolid A.

V-ATPase activities were measured on isolated yeast vacuoles of the wild type strain BMA64-1B (WT) and
the mutant strains Y142N and L144l, respectively (A). Values are the average of two independent vacuolar
preparations. Error bars are standard deviations. ICsy values for all inhibitors are given in Table 3.7. The
inhibition curves for archazolid A (A) were compared with the curves obtained for three archazolid deriva-
tives archazolid C (B), descarb-archazolid (C) and oxo-archazolid (D).

Table 3.7: ICx, values for the inhibition of wild type and mutant yeast V-ATPase by derivatives of
archazolid A.

Vacuolar membrane preparations and ATPase activity assays were carried out as described in the “Material
and Methods”. The activities were corrected for the residual activity at the point of maximal inhibition by
the respective inhibitor. ICsq values with the indicated standard error result from plotting the average values
obtained from two independent vacuolar preparations; n.m., not measurable. 1Cs, values of the respective
inhibitor obtained for each mutant strain were compared to the 1Cg, value for the wild type strain BMA64-
1B.

Strain Archazolid A Archazolid C Descarb- Oxo-archazolid
archazolid
1Cs5o [nM] (Factor compared to wild type)
Wild type
BMAG64-1B 6.6+05 n. m. 13.0+£05 320.0 £40.0
Mutant strains
Y142N 0.6+0.1(0.1) 570.0 + 160.0 1.8+0.3(0.1) 200.0 £ 30.0 (0.6)
L1441 0.8+0.1(0.1) 3400.0 +1300.0 4.4+0.7(0.3) 270.0 £ 20.0 (0.8)
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3.7  Biological activity of novel archazolid derivatives.

To gain more insights into the structural features of archazolid that determine its biologi-
cal function, novel derivatives of the inhibitor were evaluated for their inhibitory efficien-
cy against the M. sexta V-ATPase (Fig. 3.16).

One aim of the synthetic derivatization of archazolid was to reduce its hydropho-
bicity in order to enable NMR studies on the biologically active conformation of the in-
hibitor which were till then impeded by solubility problems (T. Carlomagno, EMBL Hei-
delberg (Germany), personal communication). For this purpose, allyl-phosphate groups
were attached to C-7 and C-15 of the macrolactone ring of archazolid, yielding the polar
bisphospho-archazolid (BP-archazolid, Fig. 3.16A). However, the biological activity of
this compound was totally abolished, as reflected by the unaffected high V-ATPase activ-
ity in the presence of micromolar concentrations of BP-archazolid (Fig. 3.16C). Since
archazolid interacts with the membrane embedded part of the VV-ATPase, the polar modi-
fications probably prevent the access of the inhibitor to its target site.

Archazolid F (Fig. 3.16B) is a natural derivative of archazolid isolated from A.
gephyra that bears an unusual 3,4-, instead of a 2,3-double bond (Horstmann et al., 2011).
The inhibition assays (Fig. 3.16C) clearly showed that archazolid F (ICsy = 14.0 nM) ex-
hibits almost the same efficiency when compared to archazolid A (ICs = 9.0 nM). Thus,
the shift of the double bond does not seem to influence the structural features that are
necessary for the binding of archazolid to the M. sexta V-ATPase.
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Figure 3.16: Inhibition of the Manduca sexta V-ATPase by bisphospho-archazolid and archazolid F.

To decrease the hydrophobicity of archazolid, monoallyl-phosphate groups were attached to C-7 and C-15
of the macrolactone ring, yielding bisphospho-archazolid (BP-archazolid, A). Archazolid F (B), isolated
from A. gephyra, is a natural isomer of archazolid B in which the 2,3-double bond is shifted to the 3,4-
position (Horstmann et al., 2011). The biological activity of both compounds was evaluated via activity
assays on isolated V-ATPase from the M. sexta midgut (C). Values are the average of two independent
preparations with indicated standard deviations. 1Cs, values were 9.0 + 3.0 nM for archazolid A and 14.0 +
5.0 nM for archazolid F.
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3.8 EPR spectroscopy as a tool for the study of inhibitor binding to the V-ATPase

To enable the investigation of the V-ATPase-inhibitor interaction via EPR spectroscopy,
spin-labeled (SL) derivatives of archazolid A and DCCD were synthesized by the group
of D. Menche (University of Heidelberg, Germany). In this process a nitroxide spin-label
was attached to the C-7 hydroxyl group of archazolid A (SL-archazolid) and to one nitro-
gen atom of the carbodiimide group within DCCD (NCCD), respectively (Fig. 3.17).

All EPR measurements and data analysis were carried out in collaboration with J.
P. Klare (Department of Physics, University of Osnabrick, Germany). In the first in-
stance, cw spectroscopy of SL-archazolid and purified yeast vacuoles from subunit ¢ mu-
tant strains was used to visualize the influence of selected amino acid exchanges on bind-
ing of the inhibitor. Another major approach of the EPR studies was to perform distance
measurements via DEER with SL-inhibitors bound to the V-ATPase in order to resolve
the number of ¢ subunits in the Vo ring. This approach is based on the assumption that a
single inhibitor binding site exists in each proteolipid subunit and thus enables distance
determination between bound SL-inhibitors and by that provides the opportunity to calcu-
late the amount of subunits in the ring based on geometrical considerations.

Figure 3.17: Structures of spin-labeled V-ATPase inhibitors.

To enable the investigation of enzyme-inhibitor interaction via EPR spectroscopy, a nitroxide spin-label
was attached to C-7 of archazolid (SL-archazolid, A) and to one nitrogen atom of DCCD (NCCD, B), re-
spectively. It was shown previously that modifications at C-7 of archazolid A only moderately affect the
inhibition properties of the compound (see paragraph 1.6.3).

3.8.1 Binding properties of spin-labeled V-ATPase inhibitors

Tab. 3.8 summarizes the inhibition properties of the SL-inhibitors and clearly shows that
the 1Cso values of NCCD for either the M. sexta or the S. cerevisiae enzyme were almost
identical with the values of the non-modified inhibitor. In contrast, the efficiency of SL-
archazolid was evidently reduced as reflected in the approximately 100-fold elevated 1Csg
values, but however, this compound still efficiently inhibited the V-ATPase from M. sex-
ta and S. cerevisiae.

As shown in Fig. 3.18A, a three-peak pattern was visible in the cw spectrum for
NCCD in H,0O (black). This pattern arises from the interaction of the free electron with
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the nuclear spin (1) of the nitrogen atom (I = 1), called hyperfine interaction. The three
resonance lines were very sharp and exhibited almost equal amplitude, what is character-
istic for unrestricted mobility of a nitroxide spin-label. In the presence of the M. sexta V-
ATPase (blue), binding of the inhibitor was evident as displayed by the strongly increased
width of the central resonance line and broadening of the whole spectrum, which reflects
the decreased spin-label mobility in the protein environment.

Different characteristics were visible in the spectra obtained for SL-archazolid in
H,0 or bound to the M. sexta V-ATPase (Fig. 3.18B). Strong exchange coupling, repre-
sented by a broad line over the whole spectrum, was visible for SL-archazolid in H,O
with 10% DMSO (black). Exchange coupling originates from spin-labels being in very
close proximity (< 1 nm) to each other and indicated, in this case, the formation of inhibi-
tor dimers or multimers. This phenomenon most probably reflects the low solubility of
SL-archazolid in H,0 that is commonly observed for the archazolid inhibitors. Some ex-
change coupling was still visible when the inhibitor was mixed with detergent-solubilized
V-ATPase (blue). The remaining inhibitor complexes in this case might be an artifact
resulting from the very high protein (~ 100 uM) and inhibitor concentrations (~ 1.5 mM)
used in the experiment which presumably led to the accumulation of inhibitor complexes.
In line with this assumption, no exchange coupling was observed in samples with lower
protein content (~ 30 uM) (Fig. 3.18C). This leads to the conclusion that under normal
conditions archazolid monomers interact with the target site. However, further experi-
ments are needed to clarify the occurrence of inhibitor dimers in these samples and to
prevent perturbation of the spectra in following experiments.

Nevertheless, in summary, the addition of the nitroxide spin-label to either
archazolid or DCCD did not dramatically change the inhibition properties of the com-
pounds and binding of the SL-inhibitors to the V-ATPase was clearly visualized in the cw
EPR spectra.

Table 3.8: Inhibition properties of spin-labeled V-ATPase inhibitors.

The inhibition properties of SL-archazolid and NCCD were tested on purified V-ATPase from M. sexta as
well as on isolated vacuoles from S. cerevisiae. Protein purification and activity assays were performed as
described under “Material and Methods”, except that f-mercaptoethanol and DTT were omitted from the
preparation. Preincubation of the protein with DCCD and NCCD was carried out for 1 h at 30°C. 1Cs, val-
ues with the indicated standard error result from plotting the average values obtained from two independent
preparations.

Archazolid A SL-archazolid DCCD NCCD
1C50 [nM] (Factor compared to non-labeled inhibitor)
M. sexta
V-ATPase 10.0+0.9 610.0 +60.0 (60) 18.0+6.0 22.0+3.3(1)
S. cerevisiae

V-ATPase 70+0.3 750.0 £90.0 (107) 180.0+x70  110.0+30.0(1)
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Figure 3.18: Cw spectra of spin-labeled inhibitors bound to the Manduca sexta V-ATPase.

Room temperature X band cw EPR spectra of NCCD (100 uM) in H,O (A; black spectrum) and SL-
archazolid (1 mM) in H,O with 10% DMSO (B; black spectrum), respectively, and of SL-inhibitors bound
to the M. sexta VV-ATPase (blue spectra). Spectra with bound inhibitors were obtained after 1 h of incuba-
tion at room temperature with a protein concentration of approximately 85 uM and an at least 12-fold ex-
cess of inhibitor, and spectra of free inhibitors (black) were subtracted. Binding of SL-inhibitors to the
protein led to a strong decrease of the spin-label mobility, as can be seen by noticeable line broadening in
the blue spectra. Both spectra of SL-archazolid showed strong exchange coupling which resulted from in-
hibitor dimers in the sample. (C) Room temperature X band cw EPR spectra of the M. sexta V-ATPase (32
pM) incubated with SL-archazolid (400 pM) for either 20 min (black) or 5h (red). In both spectra, no ex-
change coupling was visible, indicating that inhibitor dimers were not present in this sample.

3.8.2 Binding of spin-labeled inhibitors to the Saccharomyces cerevisiae V-ATPase

As for the M. sexta V-ATPase, binding of SL-archazolid to the V-ATPase from the S.
cerevisiae wild type strain BMAG64-1B resulted in broadening of the EPR spectrum indi-
cating restriction of the spin-label side chain mobility and thus binding of the inhibitor
(Fig. 3.19, black). To elucidate whether the effects of amino acid exchanges in subunit c
of the Vo complex directly influence the cw EPR spectrum of SL-archazolid, measure-
ments were also performed with vacuoles isolated from the subunit ¢ mutant strains
Y142N and L1441, as both these strains exhibited a 10-fold increased sensitivity to
archazolid A (paragraph 3.1.4 and 3.4.4).

As can be seen in Fig. 3.19, the spectra obtained for both mutant strains (blue and
orange spectra) were explicitly different compared to the wild type spectrum and indicat-
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ed increased restriction of the spin label mobility in both cases. In addition, exchange
coupling was visible in these spectra, being strongest for Y142N (blue) and reflecting the
presence of inhibitor dimers in these samples. It is very likely that the high concentration
of vacuoles and inhibitor in the sample favored the dimerization of the inhibitor and
hence led to the observed exchange coupling as it was discussed in the preceding para-
graph. Since the protein content within the vacuolar membranes may be variable in dif-
ferent yeast strains and preparations, the amount of inhibitor dimers in the sample may
have varied in the respective experiments. This probably led to the different extent of
exchange coupling observed in the spectra of the contemplated strains.

The broadening of the central resonance line observed in the spectra of both mu-
tant strains was pronounced especially for Y142N (blue), indicating that the mobility re-
striction of the spin-label was strongest in this mutant V-ATPase. For L1441 (orange),
line broadening was also evident yet the effect was not as pronounced as for Y142N. Be-
sides the line broadening, sharp tips of the EPR lines were striking in the L1441 spectrum,
reflecting the presence of a notable fraction of unbound inhibitors in this sample. This
distinctive feature most probably resulted from the reduced incubation time (30 min com-
pared to > 180 min) in this experiment. The shortened incubation time was necessary due
to highly reducing conditions in the vacuolar membranes of L1441 that caused very fast
fading of the EPR signal and thus impeded long-time incubation with SL-archazolid.
Nevertheless, in summary, the spectra of both mutant strains clearly indicated that tyro-
sine 142 and leucine 144 are either directly involved in binding of the inhibitor or that the
mutations led to structural changes within the ¢ subunits which affected inhibitor binding.
These data are in line with the results from the inhibition assays presented in paragraph
3.1.4 and 3.4.4 and add to the conclusion that archazolid interacts with these respective
amino acid residues.

Unfortunately, the reducing conditions described above seem to be an intrinsic
feature of most of the vacuolar membranes used in this study for which no appropriate
experimental solution could yet be found. Problems with the reducing conditions became
explicitly obstructive in the case of NCCD which was used to examine the interaction of
archazolid and the essential glutamate residue e.g. via competition assays monitored with
cw spectroscopy. This inhibitor was even more susceptible to the reducing conditions,
which is probably due to the slower binding mode of this compound that presumably led
to the reduction of the nitroxide spin label prior to inhibitor binding. Therefore, it was to
date not possible to obtain a suitable EPR signal of NCCD bound to the S. cerevisiae V-
ATPase. Nevertheless, first attempts were made to wash vacuolar membranes with
10 mM KNO3; which evidently improved the signal intensity (J. P. Klare, personal com-
munication) and thus provides the possibility to optimize the experimental setting and
finally produce reliable spectra.
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Figure 3.19: Cw spectra of SL-archazolid bound to the Saccharomyces cerevisiae V-ATPase.
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Room temperature X band cw EPR spectra of SL-archazolid bound to the V-ATPase in S. cerevisiae vacu-
oles isolated from either the wild type strain BMA64-1B (black) or the subunit ¢ mutant strains Y142N
(blue) and L1441 (orange), respectively. Incubation with SL-archazolid was performed for at least 3h for
BMA®G4-1B and Y142N. Due to highly reducing conditions in the vacuolar membranes of L1441, the incu-
bation time had to be reduced to only 30 min in this case. This led to a large amount of unbound inhibitor in
the sample as visible in the sharp tips of the three peaks. Nevertheless, explicit changes were visible in the
spectra of both mutant strains when compared to the wild type spectrum, clearly indicating a notable influ-
ence of the mutations on inhibitor binding.

3.9 Distance measurements on the c ring of the V-ATPase

Due to the high protein concentrations (~100 uM) needed for the DEER measurements,
the M. sexta V-ATPase was used to elucidate the stoichiometry of the ¢ ring with either
NCCD or SL-archazolid. Fig. 3.20A shows the DEER form factor with the respective fit
obtained by Tikhonov regularization (see paragraph 2.4, Fig. 2.2) and the resulting dis-
tance distribution for NCCD bound to the M. sexta V-ATPase. Unexpectedly, these ex-
periments revealed a distance distribution of the nitroxide groups with several peaks at
distances between approximately 2 and 5 nm (Fig. 3.20B). With respect to the size of the
single ¢ subunits, the comparatively high amount of distances in this narrow range can
only be explained, if NCCD can bind in two alternative orientations to the protein. Bind-
ing of DCCD (and thus its derivatives) occurs via the formation of a covalent bond from
an acidic amino acid residue to one nitrogen atom of the inhibitor (Azzi et al., 1984,
Chadwick and Thomas, 1985). Because of the symmetric structure of the carbodiimide
group, this bond can be formed at two sites of the inhibitor; hence the inhibitor can bind
in two different orientations to the protein. This special feature of carbodiimides provides
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an explanation for the occurrence of diverse peaks in the DEER experiments with NCCD
and consequently, because the proper analysis of these data is very difficult, the use of
this compound for distance measurements seems to be limited. On the other hand, the
great advantage of DCCD analogues for such studies is the clearly defined binding site
within the protein which largely facilitates interpretation of the data.

Due to the very complex distance distribution obtained with NCCD, SL-
archazolid was used for further DEER measurements as this inhibitor is expected to bind
in one distinct orientation. For these experiments SL-archazolid was diluted approximate-
ly 5-fold with non-labeled archazolid to prevent dipolar interactions originating from the
formation of inhibitor dimers (paragraph 3.8.1) that would lead to perturbation of the
DEER signal. Despite the comparatively high signal-to-noise ratio of this experiment, as
shown in Fig. 3.20C, analysis of the data was possible and yielded three peaks with max-
ima at distances of 1.9 nm, 3.4 nm and 4.5 nm, respectively (Fig. 3.20D). First attempts to
compare these data with ¢ ring crystal structures revealed a good fit for inter ¢ subunit
distances in the decameric ring of E. hirae (Murata et al., 2005) (J. P. Klare, personal
communication), thus suggesting that the M. sexta Vo ring might also contain ten ¢ subu-
nits. However, since the exact binding position of archazolid at the ¢ subunit is not yet
known, the position of the spin label within the protein is also not clear, leading to a quite
high uncertainty of the fitting result. Therefore, a detailed knowledge of the orientation of
the inhibitor within its binding site is a prerequisite to finally assign the number of ¢ sub-
units with SL-archazolid.
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Figure 3.20: DEER measurements with NCCD and SL-archazolid bound to the Manduca sexta V-
ATPase.

DEER form factors F(t) with fits (red) obtained by Tikhonov regularization and corresponding distance
distributions P(r) for NCCD (A and B) and SL-archazolid (C and D), respectively. The distance distribution
for NCCD bound to the V-ATPase revealed several peaks at distances between approximately 2 and 5 nm
(B). In contrast, for SL-archazolid a distance distribution with three major peaks centered at distances of
1.9, 3.4 and 45nm was obtained (D). Inhibitor:protein concentrations (stoichiometries) were:
640 uM:80 uM (12:1) for NCCD and 500 puM:50 uM (10:1) for SL-archazolid which was spin-diluted with
archazolid A to eliminate dipolar interactions resulting from the formation of SL-archazolid dimers (see
paragraph 3.8.1) that would otherwise perturb the DEER signal. The final spin concentration of SL-
archazolid was approximately 70 pM.
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4. Discussion

4.1  Inhibitor binding to the V-ATPase Vo complex

Up to now it was proposed for representatives of all three major classes of V-ATPase
inhibitors that they interact with the Vo complex of the V-ATPase. Firstly, two independ-
ent approaches, (1) PAL studies on the M. sexta V-ATPase with a radioactive concana-
mycin derivative (**I-concanolid A) (Huss et al., 2002), and (2) mutagenesis studies in
N. crassa (Bowman and Bowman, 2002), identified subunit ¢ as a binding partner of the
plecomacrolide inhibitors. Further mutagenesis studies in N. crassa finally resulted in a
model of the plecomacrolide binding site located at the interface of two adjacent ¢ subu-
nits within the Vo ring (Bowman et al., 2006; Bowman et al., 2004; paragraph 1.6.1, Fig.
1.7). Secondly, the benzolactone enamide salicylihalamide was shown to prevent proton
transport of the isolated Vo complex from bovine clathrin coated vesicles (Xie et al.,
2004), and labeling of the M. sexta VV-ATPase with a radioactive PAL derivative of apicu-
laren identified both subunit ¢ and a as binding partners of the compound (Nardmann, C.,
Wieczorek, H. and Huss, M., manuscript in preparation). Thirdly, archazolid was shown
to prevent binding of **I-concanolid A to subunit ¢, and hence it was proposed that the
inhibitor shares at least part of its binding site with the plecomacrolide antibiotics (Huss
et al., 2005). Taking all these results together, it is obvious that the Vo complex provides
a major point of attack for V-ATPase inhibitors.

All the inhibitory compounds mentioned herein are secondary metabolites mainly
produced by bacteria (paragraph 1.6). Secondary metabolites are proposed to function as
chemical defense mechanism which increases the potential of organisms to fight competi-
tors and predators (Demain and Fang, 2000). In this regard, targeting a substantial protein
molecule like the V-ATPase with an inhibitory chemical substance appears especially
efficient. Since the Vo complex fulfills the main function of the enzyme, the proton trans-
location, it obviously offers a proper destination for inhibitory attack. Therefore, it is not
surprising that most of the V-ATPase inhibitors, known so far, seem to interact with the
highly conserved c subunit of the Vg ring.

Since the amino acid sequence of ¢ subunits from various organisms from yeast to
mammals shows sequence identities of 55 to 80% (Fig. 4.1), V-ATPase inhibitors isolated
from microbial organisms are highly efficient against V-ATPases from a broad range of
organisms. Likewise, they are also evaluated as lead compounds to develop drugs against
V-ATPase associated human diseases (reviewed in Keeling et al., 1997 and Niikura,
2006). In this regard, the high sequence conservation of the inhibitor target evidently
complicates the development of selective compounds inhibiting single tissue specific
isoforms of the V-ATPase. For this reason, a detailed knowledge of the crucial structural
features that determine the inhibitor-target interaction is necessary to optimize the binding
properties of the compounds, and ultimately to develop isoform specific inhibitors valua-
ble for disease treatment.
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Figure 4.1: Amino acid alignment of V-ATPase c subunits from different organisms.

The alignment was performed using ClustalW and ¢ subunit sequences as follows: Saccharomyces cere-
visiae (Swiss-Prot: P25515.1), Neurospora crassa (Swiss-Prot: P31413.1), Homo sapiens (Swiss-Prot;
P27449.1), Bos taurus (Swiss-Prot: P23956.1), Mus musculus (Swiss-Prot: P63082.1), Manduca sexta
(Swiss-Prot: P31403.1), Nephrops norvegicus (Swiss-Prot: Q26250.1), Arabidopsis thaliana (Swiss-Prot:
P59227.1). Highly conserved, conserved and less conserved residues are colored in black, gray and light-
gray, respectively. The essential glutamate within helix 4 is highlighted in red. Sequence identities with
respect to the S. cerevisiae protein are: N. crassa: 80%, H. sapiens: 67%, B. taurus: 67%, M. musculus:
67%, M. sexta: 69%, N. norvegicus: 67%, A. thaliana: 55%.

4.2  The plecomacrolide binding site in Saccharomyces cerevisiae

The binding site of the plecomacrolides within the V-ATPase of N. crassa was described
in detail by the Bowman group which identified a set of 23 amino acid positions, at which
the exchange of the side chain conferred resistance primarily to bafilomycin (Bowman
and Bowman, 2002; Bowman et al., 2006; Bowman et al., 2004). Nevertheless, due to
impeded growth of most of the mutant yeast strains, only two of these mutations (T32I
and 154F) could be repeated in S. cerevisiae (Bowman et al., 2004). However, the results
presented in this thesis clearly show that these mutations can also be established in S.
cerevisiae, as confirmed by the assembly of a functional V-ATPase with at least 30% of
wild type enzyme activity in nearly all mutant strains (paragraph 3.1 and 3.4). This result
might be explained by the usage of a non-tagged version of subunit ¢ expressed by its
native promoter that probably leads to an optimal expression of the mutant proteins. In
addition, the yeast strain used in this study might be more tolerant to low V-ATPase ac-
tivity and can thus cope with more severe mutations in subunit c. In line with this as-
sumption, Pali et al. (2004b) successfully established the mutations F135L and Y142H in
S. cerevisiae by using the same strain background.

For the “bafilomycin-mutations” in N. crassa it was shown that most of them only
exhibit a minor effect on the sensitivity for concanamycin (Bowman et al., 2006). Thus, it
was presumed that, despite the fact that the binding sites of both compounds overlap, they
are not completely identical. In this regard, the influence of the mutations presented in
this thesis on the binding of concanamycin was not examined, and likewise, the present
paragraph will focus on the binding site of bafilomycin as a general example for the
plecomacrolide inhibitors.
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Concerning the binding of bafilomycin in S. cerevisiae, a similar effect as pub-
lished for N. crassa could be expected because of the high sequence identity (80%,
Fig. 4.1) of the ¢ subunits between these two species. In general, this expectation was
confirmed as all mutations known so far except 139F also showed an influence on bafilo-
mycin binding in S. cerevisiae (paragraph 3.1.4; Tab. 3.2). The different contribution of
the single amino acid residues to the inhibitor binding in either N. crassa or S. cerevisiae
can be explained by slight disparities in the proteolipid structure which result in modest
variations of the inhibitor binding site. These variations might also be the reason for small
differences in the sensitivity of V-ATPases from different species to the inhibitor. For
example, Bowman et al. (2004) reported an 1Cso value for bafilomycin of 8.9 nM for the
N. crassa and 3.8 nM for the S. cerevisiae wild type strain, respectively. Nevertheless,
because of the high overall sequence conservation of the ¢ subunits, the 1Cs values of
bafilomycin in various organisms all reside in the low nanomolar range (Drose and
Altendorf, 1997).

Apart from the amino acid residues which were confirmed to be part of the
plecomacrolide binding site in S. cerevisiae, valine 138 was found to also participate in
the binding of bafilomycin, as its mutation to threonine increased the 1Cs, value for the
inhibitor about 10-fold (paragraph 3.4.4; Fig. 3.10A and Tab. 3.4). In regard to the model
of the S. cerevisiae c ring (Fig. 4.2), it is obvious that valine 138 (highlighted in olive) is
the “missing link” between tyrosine 142 (highlighted in blue) and the other amino acids
forming the bafilomycin binding site (all in cyan). The 5-fold decrease of the 1Csy value
exhibited by the L1441 mutation points to a V-ATPase more sensitive to bafilomycin.
This effect is quite surprising, because leucine 144 does not reside within the proposed
bafilomycin binding site (Bowman et al., 2006; paragraph 1.6.1; Fig. 1.7). However,
since the side chain of amino acid 144 is located in close proximity to tyrosine 66 in helix
2, the L1441 mutation might have an indirect effect on the arrangement of the “bafilomy-
cin amino acids” in helix 2 (Fig. 4.2B and C).

Taking into account that the yeast Vo ring apart from subunit ¢ also comprises ¢’
and ¢’ it is of interest, whether these additional proteolipids provide inhibitor binding
sites as well. In the present study, the amino acids corresponding to glycine 61, tyrosine
142 and leucine 144 in subunit ¢ were mutated in ¢” (glycine 67, tyrosine 150 and methi-
onine 152), to address this issue (paragraph 3.5). Two of these amino acids, glycine and
tyrosine, were shown to be directly involved in binding of bafilomycin to subunit ¢ (para-
graph 3.1.4), but for ¢” no striking influence of amino acid exchanges on inhibitor binding
was detected. Bowman et al. (2004) already established mutations in subunit ¢ (T38l,
F143L, Y150N) and ¢”” (F106L, Y113N) of S. cerevisiae, corresponding to the mutations
conducted in the N. crassa c subunit before, but in these subunits they did not reveal any
influence on the binding of bafilomycin. In this regard, it was suggested that, if subunits
c” and ¢”” contribute to inhibitor binding, the presence of non-mutated high affinity ¢ sub-
units probably superposes the effect of mutations in the former subunits (Bowman et al.,
2006). To elucidate the influence of mutations in ¢” and ¢~ on plecomacrolide binding it
will therefore be necessary to perform concomitant mutations in subunit c.

Concerning the inhibition mechanism of the plecomacrolide antibiotics, it was
proposed that they either prevent rotation of the c ring relative to subunit a, and/or block
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the internal torsion of helix 4 (Bowman et al., 2004). This helical swiveling was proposed
to be necessary to allow proton access to the essential acidic residue, according to an
NMR-based model of the F-ATPase ¢ subunit (Fillingame and Dmitriev, 2002). However,
in regard to more recently obtained c ring crystal structures, it became evident that helical
swiveling is not required for proton transport (Junge and Nelson, 2005; Meier et al.,
2005). Meier et. al. (2005) already mentioned that specific labeling of the essential acidic
residue by DCCD could not be reconciled with a torsion of helix 4 that would hide this
residue within the interior of subunit ¢ (see also Fig. 4.2). The competition assays pre-
sented in paragraph 3.3.1 (Fig. 3.6) of this thesis clearly show that preincubation of the M.
sexta V-ATPase with bafilomycin does not prevent binding of the DCCD analogue NCD-
4 to the essential glutamate. Thus, it is evident that the binding of bafilomycin does not
change the proteolipid structure to such an extent that the glutamate residue is no more
accessible from the membrane bilayer. Therefore, it is most likely that the plecomacrolide
inhibitors do not explicitly block the proton translocation site, but rather inhibit V-
ATPase function by disturbance of the V¢ ring rotation.

Figure 4.2: Model of the inhibitor binding sites in subunit ¢ of the V-ATPase from Saccharomyces
cerevisiae.

The S. cerevisiae ¢ subunit amino acid sequence was fitted onto the E. hirae K ring structure (Murata et al.,
2005). Presented here are a side (B) and a top view (C) of the region of interest between two adjacent ¢
subunits and the full, putatively decameric ¢ ring structure (A). The alternating ¢ subunits are colored in
light or dark gray. Threonine 32, isoleucine 39, isoleucine 54, glycine 61, phenylalanine 135 (all cyan), and
valine 138 (olive) participate in binding of bafilomycin, tyrosine 142 (blue) is involved in binding of both
inhibitors, whereas glutamate 137 (red) is only part of the archazolid binding site. Further mutations in the
putative binding site of archazolid revealed that amino acid leucine 144 (orange) is also involved in inhibi-
tor binding, whereas tyrosine 66, leucine 141, and isoleucine 145 (all beige) are not.
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4.3  The binding site of archazolid

4.3.1 Location of the binding site within the Vo ring

In view of the assumption that archazolid and the plecomacrolides partially share the
same binding site within the VV-ATPase subunit ¢ (Huss et al., 2005), it was surprising
that most of the “bafilomycin-mutations” had only very little influence on archazolid
binding (paragraph 3.1.4). In contrast, the mutations Y142N and L1441 notably changed
the ICsp value resulting in a V-ATPase, which was 10-fold more sensitive to archazolid
(paragraph 3.1.4 and 3.4.4). Since both, tyrosine 142 and leucine 144, are located in the
middle of the membrane, with the leucine slightly oriented to the extra-cytoplasmic side
(Fig. 4.2A), it seems reasonable to assume that archazolid interacts with the equatorial
region of the c ring.

The findings from the mutagenesis studies, which mark a striking difference in the
binding sites of archazolid and bafilomycin, were additionally supported by the results
obtained from the labeling experiments with NCD-4. Labeling of subunit ¢ was prevented
by preincubation with archazolid but not with bafilomycin (paragraph 3.3, Fig. 3.6) or
concanamycin (Fig. 3.7A). Altogether, these results clearly show that the binding site of
archazolid is more distinct from the plecomacrolide binding site than expected before
(Huss et al., 2005). The archazolid binding site obviously comprises the essential gluta-
mate in helix 4, whereas the plecomacrolides do not interfere with this region of the V-
ATPase.

As can be seen in the model of a ring of ¢ subunits of S. cerevisiae (Fig. 4.2), the
amino acids that contribute to bafilomycin binding (highlighted in cyan) are located on
the opposite side of the essential glutamate 137 (highlighted in red) at the interface be-
tween two adjacent ¢ subunits. The only exception is tyrosine 142 (highlighted in blue),
which is oriented toward the membrane facing side of helix 4. In addition, leucine 144
(highlighted in orange) is also oriented in this direction. Based on this model, binding of
archazolid possibly occurs within one single ¢ subunit and not at the interface of two ¢
subunits. Fig. 4.2A also indicates that the plecomacrolide binding site mainly resides in
the cytosolic half of the membrane bilayer as it had been shown in the three-dimensional
model for the c ring from N. crassa before (Bowman et al., 2006). In contrast, tyrosine
142, leucine 144, and the essential glutamate 137, are located in the middle of the mem-
brane. Combining these factors, it is very likely that the binding site of archazolid is lo-
cated within the triangle of tyrosine 142, leucine 144, and the essential glutamate at the
equatorial region of a single ¢ subunit.

By modeling the proposed inhibitor binding sites for bafilomycin and archazolid
at the crystal structure of the K ring of the V-ATPase from E. hirae with bound DCCD
(PDB code 2DB4; Fig.4.3A and B), it becomes obvious that the bulky molecule
archazolid (green) covers the binding site of DCCD (red) as well as the amino acids tyro-
sine 142 and leucine 144 at the membrane facing side. In contrast, bafilomycin (yellow) is
restricted to the interface of two adjacent subunits and may not interfere with DCCD.
Despite the fact that most of the “bafilomycin-mutations” have only negligible influence
on archazolid, the prevention of archazolid binding by preincubation with different
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plecomacrolide antibiotics (Fig. 3.5; Fig. 3.7A and B) points to the interference of both
inhibitor classes. As the amino acid tyrosine 142 contributes to the binding of bafilomycin
and archazolid (paragraph 3.1.4), it is most probable that the binding sites overlap in this
region of the V-ATPase (Fig. 4.2). Taken together, this model of the archazolid binding
site helps to explain the apparent discrepancy between the previous finding that archazol-
id prevents labeling of subunit ¢ with [**I]-concanolide A (Huss et al., 2005), and the
results from the mutagenesis studies described in the present study. Taking into account
that the effect of the mutations in subunit ¢ of N. crassa on the related molecules bafilo-
mycin and concanamycin is already different (Bowman et al., 2006), the disparity be-
tween the effects of archazolid and bafilomycin is not surprising. Archazolid is a bulkier
molecule than bafilomycin or concanamycin and thus may not fit into the interface be-
tween two c¢ subunits (Fig. 4.3C).

Concerning archazolid, again the question arises if subunits ¢” and ¢”” in yeast are
also targeted by the inhibitor. To address this issue, the effect of amino acid exchanges of
tyrosine 150 and methionine 152 in ¢” (corresponding to tyrosine 142 and leucine 144 in
subunit ¢) on the binding of archazolid was tested (paragraph 3.5.4). Since mutation of
the corresponding positions in subunit ¢ led to a strong decrease in the I1Csq value for the
compound, it was assumed that the mutation of a single inhibitor binding site might be
sufficient to increase the affinity of the whole c ring. Hence, mutation of ¢” alone might
already lead to a lower 1Cs value for archazolid. In contrast to this expectation, for none
of the performed mutations a significant change of the ICs, value was detected (paragraph
3.5.4, Tab. 3.6). This leads to two feasible explanations. On the one hand, due to hetero-
geneity of the binding site in ¢”, the effect of these mutations might be too small to pro-
duce a striking change in the 1Cso value. On the other hand, it is possible that at least sub-
unit ¢” does not contain a binding site for archazolid. Since the inhibitor binding site
probably resides within one single ¢ subunit, ¢” and ¢”* do not necessarily have to provide
additional contact sites with the inhibitor. In contrast, as the binding site of bafilomycin is
built up of two parts by two neighboring subunits (Bowman et al., 2006, paragraph 4.2),
the contribution of all three types of proteolipids seems to be more likely in case of this
inhibitor.
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Figure 4.3: Inhibitor binding sites with respect to the binding site of DCCD at the K ring of E. hirae
(PDB code 2DB4).

Shown here are a side (A) and a top view (B) of the region of interest in the K ring with the three-
dimensional space fill structures of archazolid (green), bafilomycin (yellow) and DCCD at glutamate 139
(red). The alternating K subunits are colored in light or dark gray. Colored amino acid residues correspond
to the sites mutated in S. cerevisiae. Valine 34, alanine 41, leucine 56, glycine 63, and methionine 137 (all
cyan), tyrosine 68, isoleucine 143, and valine 147 (all beige), threonine 140 (olive), leucine 144 (blue), and
phenylalanine 146 (orange).

4.3.2 Contribution of single amino acid residues

Regarding the influence of amino acid exchanges on inhibitor binding in general, a strik-
ing difference between bafilomycin and archazolid became evident. For bafilomycin, the
respective side chains are closely clustered and almost all mutations within the binding
site revealed a strong influence on the inhibitor-protein interaction (paragraph 3.1.4 and
4.2). In contrast, mutagenesis within the proposed archazolid binding site in most cases
did not show a clear effect (paragraph 3.4.4). This might lead to the conclusion that these
residues are not involved in binding. However, because the macrolactone ring of
archazolid is a highly hydrophobic structure, it is also possible that the inhibitor-protein
contact in this region is mainly caused by hydrophobic interactions. Therefore, it may be
possible that the amino acid exchanges performed throughout this study did not influence
the binding of archazolid because they did not change the hydrophobicity of the binding
site. In this regard, more radical substitutions, for example the exchange to a polar resi-
due, may lead to a stronger effect. Nevertheless, amino acid exchanges in such a highly
conserved region of the protein have to be evaluated carefully because they can easily
disturb the function of the protein.

The notable increase in sensitivity for archazolid achieved by mutations Y142N
and L1441 has to be explained by an alteration of the inhibitor binding site that leads to a
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higher affinity for the inhibitor. However, the interpretation of the contribution of single
amino acid residues to the interaction with the inhibitor is difficult because the exact
structure of the protein and the orientation of the inhibitor are not yet known. Neverthe-
less, in some cases different amino acid exchanges at the same position give hints about
the structural features that might determine the binding specificity.

Since for example the Y142H mutation has a smaller influence then the mutation
Y142N (paragraph 3.1.4; Tab. 3.2), it is likely that the binding of archazolid is facilitated
in the absence of a ring structure at position 142 (Fig. 4.4B). In addition, the fact that the
Y142N mutation does not decrease the 1Csy value of oxo-archazolid (paragraph 3.6.2;
Fig. 3.15 and Tab. 3.7), points to an interaction of the amino acid at position 142 with the
C-15 region of the inhibitor. It might thus be possible that the hydroxyl group at C-15 of
the non-modified compound forms an additional hydrogen bond with the carboxyl side
chain when tyrosine 142 is exchanged for asparagine. This would lead to a stronger inter-
action of the inhibitor with its target site and hence decrease the ICsy value. In contrast,
for oxo-archazolid, which lacks the C-15 hydroxyl group, no additional hydrogen bond
can be build and hence, the ICs, value is not decreased in Y142N. This assumption is
supported by docking studies of archazolid and the ¢ subunit performed by S. Dreisigack-
er (University of Heidelberg, Germany) and T. Carlomagno (EMBL Heidelberg, Germa-
ny). In these studies the inhibitor in the conformation determined by Fares et al. (2008)
was docked at the S. cerevisiae ¢ ring model presented in this study using the docking
programs Autodock and Drugscore. In the resulting model the formation of a hydrogen
bond between the C-15 hydroxyl group and the mutant asparagine 142 was observed (S.
Dreisigacker and T. Carlomagno, personal communication).

An additional hydrogen bond formation could also explain the decrease of the 1Cs
value observed for the L1441 mutation, as the isomerization of the side chain might pro-
duce a new enzyme-inhibitor contact site. Despite the fact that the decrease of the ICs is
again not observed for oxo-archazolid, the C-15 hydroxyl group of archazolid is no likely
candidate for the interaction with isoleucine, because this does not provide a hydrogen
acceptor group. Hence, other structural features presumably determine the interaction of
the inhibitor with leucine 144.

As reflected in the increased 1Csq values for oxo-archazolid in all yeast strains
tested so far, the dehydrogenation of the C-15 hydroxyl strikingly reduces the inhibitor-
target interaction (paragraph 3.6.2; Fig. 3.15 and Tab. 3.7). This result is in line with pre-
vious tests of this derivative which revealed a 20-fold higher ICs, value for the purified
M. sexta V-ATPase, and virtually no inhibition of mammalian cell line growth (Menche
et al., 2007b). It was presumed that this effect originates from an overall change in the 3D
structure of the compound, leading to partial perturbation of its biological activity. It
might thus be possible that the effect of the L1441 mutation is destroyed by this global
conversion of the inhibitor, and not just by the absence of a specific side chain interac-
tion. In line with this assumption, the influence of the mutation L1441 on binding of all
the archazolid derivatives tested in this study is less pronounced when compared to the
original compound (paragraph 3.6.2; Fig. 3.15 and Tab. 3.7). The docking results men-
tioned above, predict a hydrophobic binding pocket either between leucine 144, isoleu-
cine 145 and leucine 149, or in the region of phenylalanine 135, isoleucine 58 and threo-
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nine 32, where the isobutyl group of the thiazol side chain fits in. The second orientation
of the binding pocket cannot be reconciled with the mutagenesis studies performed so far
because neither the mutation of phenylalanine 135, nor of threonine 32, clearly influenced
the binding efficiency of archazolid (paragraph 3.1.4; Tab. 3.2). In contrast, the first mod-
el evidently provides an explanation for the influence of the amino acid exchange at posi-
tion 144, as the exchange of leucine to isoleucine might induce a structural change in this
binding pocket that facilitates hydrophobic interactions, without the explicit formation of
an additional hydrogen bond (Fig. 4.4B). The exchange of isoleucine 145 to either leucine
or phenylalanine, on the other hand, did not result in a pronounced effect on the 1Csq val-
ue for archazolid (paragraph 3.4.4; Tab. 3.4). In this case, the structural change of the side
chain does not seem to influence the hydrophobic interactions. Regarding the docking
results, ongoing calculations will presently reveal the exact orientation of archazolid
bound to its target site and thus facilitate interpretation of the mutagenesis data.

The influence of the mutations Y142N and L1441 on the binding of archazolid
was further supported by the results obtained from cw EPR spectroscopy with SL-
archazolid and isolated yeast vacuoles. For both mutant V-ATPases a definite reduction
of the spin label mobility of SL-archazolid bound to the protein was visible when com-
pared to the non-mutated enzyme (paragraph 3.8.2; Fig. 3.19). Therefore, the respective
amino acids are either directly involved in inhibitor binding as discussed before, or the
amino acid exchanges induce general structural changes in the archazolid binding site
which facilitate binding of the compound. In this regard, cw EPR spectroscopy in combi-
nation with site-directed spin labeling of the protein (paragraph 2.4) could be used to re-
veal small distance interactions of archazolid with these residues. However, for this pur-
pose it will be necessary to introduce a spin label like methanethiosulfonate (MTSSL) at
the respective amino acid positions (Klare and Steinhoff, 2009) and examine dipolar cou-
pling of the intrinsic spin label with SL-archazolid. Because MTSSL binds to the reactive
sulfhydryl group of cysteine side chains, such residues have to be engineered at the side
of interest within the protein, and existing cysteine residues have to be eliminated to
avoid unwanted spin label interactions (Klare and Steinhoff, 2009). Since the S. cere-
visiae ¢ subunit contains six native cysteine residues distributed over the whole sequence
(Fig. 4.1), it does obviously not provide the best prerequisites to apply this method. In
contrast, the N. norvegicus subunit ¢ which can fully substitute the yeast protein (Harrison
et al., 1994), contains only one native cysteine (Fig. 4.1). This protein was already suc-
cessfully used for EPR studies with the V-ATPase inhibitors concanamycin and INDOL
(Pali et al., 2004b) and could thus also be used to further characterize the archazolid bind-
ing pocket.

Irrespective of the fact that no definite conclusion can be drawn about the nature
of distinct interactions of archazolid with single amino acid residues so far, the results
discussed herein provide sufficient evidence to propose a more elaborate model of the
position of the inhibitor within its target site (Fig. 4.4A). In this model, the C-15 hydroxyl
group is located in close proximity to tyrosine 142, while the isobutyl side chain resides
near leucine 144, and in addition, covering of the essential glutamate 137 by archazolid
gets obvious.
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Figure 4.4: Proposed position of archazolid within its target site.

The 3D structure of archazolid was manually docked at the proposed binding site within the ¢ subunit of S.
cerevisiae using the PyMOL program. Displayed are a side (left panel) and a top view from the cytoplasmic
side of the membrane (right panel) of either the wild type binding site (A) or the binding site with amino
acid exchanges Y142N and L1441 (B). The carbon backbone of the crucial amino acid side chains at posi-
tions 137, 142 and 144 is displayed as yellow sticks, the backbone of archazolid as green sticks. Further
atoms are colored as follows: red, oxygen; blue, nitrogen; orange, sulfur; white, hydrogen. Please note that
hydrogen atoms are not displayed in the protein structure. Differences in the inter-molecule distances visi-
ble in A and B originate only form the manual exchange of the amino acid residues and do not reflect any
calculated values.

4.3.3 Involvement of the essential glutamate

The competition assays of different V-ATPase inhibitors with the fluorescent DCCD de-
rivative NCD-4 presented in this study univocally showed that the archazolid binding site
comprises the essential glutamate residue within the ¢ subunit (paragraph 3.3; Fig. 3.6).
This result offers three different interpretations of how the inhibitor binding affects the
glutamate residue and thus prevents binding of NCD-4. Firstly, it is possible that
archazolid directly interacts with the acidic side chain most likely via the formation of a
hydrogen bond. Secondly, binding of the inhibitor to its target site may shield the gluta-
mate residue from access of NCD-4 from the membrane side. Thirdly, inhibitor binding
may induce conformational changes within the ¢ ring and therefore indirectly prevent
access of NCD-4.

Regarding the location of the amino acid residues tyrosine 142 and leucine 144
with respect to the essential glutamate, the latter possibility does not seem very likely.
The direct interaction of archazolid with the former two amino acid residues will, due to
the dimensions of the compound, automatically lead to shielding of the glutamate
(Fig. 4.4). Hence, the question arises, whether the glutamate side chain is directly or indi-
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rectly affected by the inhibitor. For oligomycin, a macrolactone which binds to the F-
ATPase membrane complex, it was proposed that it builds a hydrogen bond with the es-
sential aspartate residue within the E. coli ¢ subunit (Green et al., 2009). However, in this
case, a hydroxyl group of the spiroketal side chain of the inhibitor functions as proton
donor and the macrolactone ring is proposed to interact with subunit a. In contrast, label-
ing of the M. sexta V-ATPase with radioactive PAL derivatives of archazolid identified
only subunit ¢ as binding partner (paragraph 3.2.2; Fig. 3.5). In both PAL derivatives
used for these experiments the diazirinyl side chain was attached to the macrolactone
ring, thus confirming that the ring structure interacts with subunit ¢ in the case of
archazolid. Due to the carboxyl side chain of the essential glutamate residue, the for-
mation of a hydrogen bond with hydrogen atoms of the macrolidic ring seems to be logi-
cal. However, the glutamate residues that are accessible from the lipid phase of the mem-
brane, from where the hydrophobic inhibitor molecules most likely will attack, are in
their protonated state (paragraph 1.2.3). Thus, these residues would function as proton
donor and the macrolactone ring would have to provide an acceptor e.g. a carbonyl group.
The only native carbonyl group present in the macrolidic ring of archazolid is located at
C-1 close to the thiazol side chain (paragraph 1.6.3; Fig. 1.6D). In view of the proposed
orientation of the inhibitor at the V-ATPase (Figure 4.4), this carbonyl group is not in
close proximity to the glutamate side chain, indicating that it does not interact with this
residue. Yet, such a preliminary model cannot lead to clear statements about the contrib-
uting structural features.

Preliminary data from cw EPR measurements of a mutant yeast V-ATPase, with
all essential glutamate residues exchanged for glutamine, revealed only minor changes of
the spectrum when compared to the one obtained with wild type vacuoles (data not
shown). These results indicate that the loss of the carboxyl side chain has some influence
on archazolid binding and probably reduces the enzyme-inhibitor interaction to a small
extent. But, due to very low protein content in these vacuoles, and a therefore low signal-
to-noise ratio of the spectra, these conclusions remain speculative in the first instance.
However, it is feasible to presume that the essential glutamate does not have a strong im-
pact on the binding of archazolid. In line with this assumption, the computational docking
of the inhibitor did not reveal a hydrogen bond formation with the essential glutamate, but
archazolid occluded this side chain in both of the possible binding modes (S. Dreisigacker
and T. Carlomagno, personal communication). In summarizing all these considerations,
one can thus suppose that the essential glutamate is not directly involved, but obstructed
upon, the binding of archazolid.

4.3.4 Contribution of the inhibitor structure

Regarding the protein structure, the contribution of the amino acid residues tyro-
sine 142 and leucine 144 to the binding of archazolid is evident. Concerning the structure
of the inhibitor, radioactive labeling studies revealed that the macrolactone ring interacts
with the Vo ¢ subunit (paragraph 3.2.2; Fig. 3.5). In addition, it became clear that the C-
15 hydroxyl group of archazolid is a major pharmacophoric part of the structure (para-
graph 3.4.2 and 4.3.2), as it was already proposed by Menche et al. (2007b). In this arti-

79



Discussion

cle, it was also stated that the C-7 hydroxyl group most likely contributes to inhibitor
binding, since its modification drastically increased the ICs values of the respective de-
rivatives. Archazolid C, a natural derivative of archazolid which contains a sugar group at
C-7, exhibited a drastically elevated ICs value for mammalian cells and the purified M.
sexta V-ATPase (Menche et al., 2007d). Moreover, the wild type V-ATPase from S.
cerevisiae was virtually not affected by this inhibitor (paragraph 3.6.2; Tab. 3.7). In con-
trast, the removal of the carboxamide group at C-1" had almost no influence on the effi-
ciency of the V-ATPase inhibition (Menche et al., 2007b; paragraph 3.6.2; Tab. 3.7).
However, the C-1 carboxamide group seems to be responsible for cooperative binding of
archazolid, as indicated by a decreased Hill coefficient of approximately 1 for descarb-
archazolid when compared to archazolid A (paragraph 3.6.2).

In line with the previous findings, most recent studies on novel natural derivatives
of archazolid, archazolid E and F, revealed that glycosylation at C-15 (archazolid E) has a
smaller effect on the inhibition properties of the compound than the modification of C-7
(Horstmann et al., 2011). Taking all these results together, it is obvious that the “northern
part” of the macrolactone ring of archazolid is the main structural feature that provides
the pharmacophoric properties of the compound and thus it is likely that this part of the
inhibitor interacts with the binding site in the V-ATPase. In this regard, it would be inter-
esting to investigate whether the C-7 hydroxyl group is also directly involved in binding
of archazolid.

Archazolid F, an isomer of archazolid B where the 2, 3-double bond is shifted to
the 3, 4-position, exhibited approximately 10-fold higher efficacy against mammalian cell
lines with respect to its relatives archazolid A and B (Horstmann et al., 2011). Moreover,
slight preferences of archazolid F for some of the cell lines could be observed, emphasiz-
ing the impact of the macrolactone ring structure on the biological activity of the inhibi-
tor. In structure-function studies of bafilomycin it was shown that, beside the impact of
the single hydroxyl group within the macrolactone ring, the dienic system is also an im-
portant feature for the binding properties of the compound (Gagliardi et al., 1998a). In
addition, it was proposed that the higher efficiency of concanamycin when compared to
bafilomycin is due to a higher flexibility of the 18-membered versus the 16-membered
macrolactone ring that might allow an induced fit of the inhibitor to its protein target
(Bindseil and Zeeck, 1994). Thus, a certain degree of flexibility in the macrolactone
structure might provide an improved and more specific inhibitor-protein interaction. The
24-membered ring of archazolid might in this regard offer broad possibilities to modify
and optimize its binding properties.
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4.4 A proposed binding mechanism

4.4.1 Archazolid interferes with the proton translocation mechanism

Since the binding site of archazolid comprises the conserved glutamate residue that is
essential for proton translocation, it is likely that this inhibitor directly prevents the
transport of protons. Unfortunately, no crystal structure of the Vo ring is available yet
which would allow identification of all residues involved in proton transport, and thus
provide the opportunity to study their interaction with archazolid. In contrast, for different
F-ATPase Fo rings as well as for the E. hirae Ao ring crystal structures are available
(Meier et al., 2006; Meier et al., 2005; Murata et al., 2005; Pogoryelov et al., 2009;
Vollmar et al., 2009). These structures revealed a set of amino acid residues within the ¢
subunits that are involved in proton and sodium ion translocation, respectively. Because
of the close relation of proteolipid subunits of all rotary ATPases (reviewed in Maller and
Gruber, 2003), these data were used to get knowledge about the residues critical for pro-
ton transport in the V-ATPases (Fig. 4.5). For this purpose, the amino acid sequences of
the S. cerevisiae and the E. hirae c subunit were split between the second and third trans-
membrane helix and both parts were separately aligned to the respective F-ATPase prote-
olipid sequences (Fig. 4.5A and B). The highly conserved critical residues were then
transferred to the S. cerevisiae sequence. As can be seen in Fig. 4.5A, a tyrosine within
the second helix of the F-ATPase proteolipids, which is involved in ion transport, can be
found in E. hirae as well as in S. cerevisiae (tyrosine 66). Hence, one can assume that this
residue also contributes to proton transport in yeast. In line with this presumption, the
exchange of tyrosine 66 to serine performed in the course of this study totally disturbed
protein function and also drastically reduced protein assembly (paragraph 3.4). However,
consistent with previous results (Noumi et al., 1991), the mutation to phenylalanine had
no effect on either assembly or activity of the enzyme. This suggests that the ring struc-
ture at position 66 has an important impact on the whole structure and function of the V-
ATPase. In addition to the critical tyrosine residue, the amino acid located seven positions
downstream of the highly conserved tyrosine (methionine 59 in S. cerevisiae), was shown
to be crucial for ion transport (Fig. 4.5A). Since the backbone carbonyl group is the con-
tributing feature in this case, it is likely that the methionine 59 of S. cerevisiae also partic-
ipates in proton translocation. Hence, the proposed proton translocation system within the
S. cerevisiae ¢ subunit consists of at least three amino acids, tyrosine 66, methionine 59
and glutamate 137 (Fig. 4.5C).
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Figure 4.5: Proposed proton translocation site of the Saccharomyces cerevisiae ¢ subunit.

(A) and (B) ClustalW alignment of ¢ subunit amino acid sequences as follows: Saccharomyces cerevisiae
(Swiss-Prot: P25515.1), Enterococcus hirae (Swiss-Prot: P43457.1), Spirulina platensis (PDB: 2WIE),
Spinacia oleracea (Swiss-Prot: P69447.1), Clostridium paradoxum (Swiss-Prot: Q0ZS24.1), llyobacter
tartaricus (Swiss-Prot: Q8KRV3.1). Either the C-terminal (A) or the N-terminal half (B) of the protein
sequence of S. cerevisiae and E. hirae was aligned to the F-ATPase ¢ subunits of the organisms mentioned
above. Highly conserved, conserved and less conserved residues are colored in black, gray and light-gray,
respectively. The essential glutamate within helix 4 is highlighted in red. The amino acid residues that con-
tribute to proton or sodium transport in the F-ATPase subunits (Meier et al., 2006; Meier et al., 2005; Po-
goryelov et al., 2009; Vollmar et al., 2009) and the E. hirae protein (Murata el. al., 2005) are highlighted in
yellow. Critical and highly conserved amino acid positions were transferred to the S. cerevisiae protein
(green). (C) Structure of the proposed proton translocation site within subunit ¢ of S. cerevisiae. Side chains
of glutamate 137, tyrosine 66 and methionine 59 are represented as yellow sticks with atoms colored as
follows: red, oxygen; blue, nitrogen; orange, sulfur. Please note that hydrogen atoms are not displayed in
the protein structure.

In regard to the location of this amino acid triad, it is obvious that archazolid
might affect all of them and accordingly disturb the proton translocation mechanism of
the c ring. However, for the mutation Y66F, no striking influence on archazolid binding
was observed (paragraph 3.4.4; Fig. 3.10; Tab. 3.4). Based on previous considerations
(paragraph 4.3.2), it seems likely that the interference with this residue results from hy-
drophobic interactions that will probably not be changed by the substitution of tyrosine
with phenylalanine. Likewise, it is also possible that this side chain is simply occluded by
archazolid as it was discussed for the essential glutamate before (paragraph 4.3.3). More
severe exchanges of tyrosine 66 will probably lead to disruption of the protein function as
shown for the mutation Y66S, and thus seem to be inapplicable to clarify the involvement
of this amino acid in archazolid binding. In contrast, methionine 59 provides a more
promising target for prospective mutagenesis studies because, in this case, the protein
backbone, and not the side chain, is involved in proton coordination. Hence, the exchange
of the side chain will probably not change the primary function of this amino acid, but
might reveal an influence on archazolid binding.
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Concerning the mode of inhibition, one can assume that archazolid might shield
the glutamate from proton access. However, since archazolid most probably binds to the
protonated form of subunit ¢ (paragraph 4.3.3), it will strictly speaking not shield the glu-
tamate from proton access, but rather prevent proton release from the c¢ subunits to the
extra-cytoplasmic space, hence freeze the glutamate in its protonated state. Anyway, in
consequence, archazolid most likely directly prevents proton exchange across the mem-
brane, and therefore, it disturbs the most important functional feature of the V-ATPases,
namely the proton translocation mechanism. In this regard, it is not surprising that this
compound represents such a highly efficient inhibitor of this enzyme class.

This proposed inhibition mechanism may likewise provide further explanation for
the striking difference in the amount of amino acid residues that were shown to contribute
to the binding of archazolid and bafilomycin, respectively (paragraph 3.1.4 and 3.4.4).
One may assume that if archazolid directly blocks the proton binding site, only a few
stronger contacts to the protein (like e.g. hydrogen bonds) are needed to provide sufficient
inhibition efficiency. In contrast, if bafilomycin really functions like a “stick in a wheel”,
tight binding to its target site will be a prerequisite to block rotation of the ¢ ring with
respect to subunit a. Furthermore, for archazolid, which binds to the membrane facing
side of subunit ¢, the number of contact sites with the protein may be comparatively small
with respect to bafilomycin, which intercalates between two ¢ subunits.

4.4.2 Does archazolid prevent rotation of the c ring?

Archazolid is docked at the membrane facing surface of the c ring (para-
graph 4.3.1; Fig. 4.2 and 4.3). In this regard, one could presume that archazolid, despite
its interference with the proton translocation mechanism, also blocks the rotation of the ¢
ring relative to subunit a, as it was proposed for bafilomycin before (Bowman et al.,
2004). Radioactive labeling of the V-ATPase with PAL derivatives of archazolid, howev-
er, definitely only identified subunit ¢ as binding partner of the inhibitor (paragraph 3.2.2;
Fig. 3.5). The diazirinyl groups of both PAL derivatives used in this study are attached to
the macrolactone ring which probably provides the main contact site with subunit ¢ (par-
agraph 4.3.4). Hence, it may be possible that the interaction with subunit a occurs at a
different site of the inhibitor. The attachment of a diazirinyl group to another part of the
inhibitor, for example the thiazol side chain, may therefore also lead to labeling of this
subunit. Different positions of the diazirinyl in concanamycin also led to labeling of, on
the one hand, subunit ¢ alone (Huss et al., 2002) and, on the other hand, subunit ¢ and a,
highlighting the importance of both subunits for the enzyme-inhibitor interaction in this
case (Nardmann, C., Wieczorek, H. and Huss, M., manuscript in preparation).

However, because archazolid is a flatter molecule than plecomacrolide inhibitors
like bafilomycin (Fig. 4.3C), it perhaps does not get into contact with subunit a. Further-
more, the crystal structure of the E. hirae membrane rotor revealed a concave overall
shape, with the essential glutamate residues located in the center of the dip (Murata et al.,
2005), which is in line with the structures found for F-ATPase membrane rings (Meier et
al., 2005; Pogoryelov et al., 2009). Assuming that the concave shape also occurs in V-
ATPases, as implemented in the S. cerevisiae ¢ ring model presented herein (Fig. 4.2), the
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binding site of archazolid accurately covers the dip within the c ring (picture not shown).
In this regard, it seems even more reasonable that archazolid does not interfere with sub-
unit a and therefore does not block the rotation of the ¢ ring. Nevertheless, cryo-electron
microscopic images of the A-ATPase from T. thermophilus revealed a small, nose-like
structure within the a subunit that directly interacts with the equatorial region of the c ring
and has thus been discussed to contribute to proton translocation (Lau and Rubinstein,
2010). An equivalent structure in V-ATPases would evidently interfere with archazolid
bound to the proton translocating site of subunit ¢, and consequently, archazolid would
block rotation of the ring. However, despite the increased resolution of current electron
microscopic images (Lau and Rubinstein, 2010; Muench et al., 2009), it is not yet possi-
ble to definitely assign distances at the a/c interface. Thus, the question whether archazol-
id also interferes with subunit a remains unsolved at this point.

4.5  Design of more specific derivatives

The main objective of the present study was to gain more knowledge about the binding
and inhibition mechanism of the novel V-ATPase inhibitor archazolid, and the outcome
should contribute to the design of more specific derivatives of this compound. The results
presented herein provide convincing evidence that archazolid blocks the proton translo-
cating site within subunit c. In this regard, the inhibitor seems to be already highly effi-
cient. As both amino acid exchanges that influenced inhibitor binding rendered the V-
ATPase more sensitive toward archazolid (paragraph 3.1.4 and 3.4.4) it is obvious that
the efficiency of the inhibitor-target interaction could still be increased. Further investiga-
tion of amino acid exchanges in combination with chemical derivatization of the inhibitor
will gradually extend the information about crucial components for inhibitor binding.
Nevertheless, due to the extremely high sequence conservation the V-ATPase ¢ subunits
(Fig. 4.1), it is unlikely that such information will lead to the discovery of highly sensitive
natural isoforms that, furthermore, represent valuable drug targets. Thus, chemical engi-
neering of archazolid seems to be the only feasible way to achieve isoform specific V-
ATPase inhibition.

To design an isoform specific derivative of archazolid the exact knowledge of the
biological active conformation of the inhibitor will be utmost helpful. In course of the
collaborative project “Conformation activity relationship of the archazolids: Development
of a novel class of highly potent V-ATPase inhibitors” (VolkswagenStiftung) efforts were
made by the group of Teresa Carlomagno (EMBL, Heidelberg, Germany) to elucidate the
biologically active conformation of archazolid in the presence of the purified M. sexta V-
ATPase by means of NMR spectroscopy. However, due to solubility problems, it was not
possible to examine the inhibitor structure under such conditions (T. Carlomagno, per-
sonal communication). Furthermore, the attachment of polar groups to the inhibitor, that
was performed to circumvent these solubility problems, destroyed its biological function
(paragraph 3.7). To reveal the functional conformation of the inhibitor by NMR spectros-
copy, it will thus be necessary to carefully evaluate polar modification of the inhibitor.

The importance of the macrolactone ring of archazolid for its binding properties
became evident in a variety of different approaches (paragraph 4.3.4). In this regard, it
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will be interesting to investigate whether the macrolactone ring itself or even more sim-
plified structures also inhibit V-ATPase function. The synthesis of highly simplified
structural analogues of bafilomycin, the indoles, revealed a compound (SB242784) with
almost the same inhibition efficiency when compared to its precursor (Nadler et al.,
1998). Remarkably, this compound exhibited a clear preference for the osteoclast versus
the kidney and adrenal VV-ATPase, in vitro and in vivo, raising the possibility of pharma-
cological application of this compound (Gagliardi et al., 1998b; Nadler et al., 1998;
Visentin et al., 2000). Also in this case, the importance of the dienic system for the inhibi-
tion properties of SB242784 was highlighted (Nadler et al., 1998; see also paragraph
4.3.4). In this regard, the recently discovered archazolid F, an isomer of archazolid B
(Horstmann et al., 2011; paragraph 3.7 and 4.3.4), provides important information about
the crucial features of the dienic system of archazolid. Ultimately, the macrolactone ring
structure of this natural derivative, in combination with the information about other criti-
cal structural features, may help to develop an improved and more specific synthetic de-
rivative of archazolid useful as a lead compound in drug research.

4.6  Toward the structure of the ¢ ring

4.6.1 Using V-ATPase inhibitors to elucidate the ¢ ring stoichiometry

Due to the lack of high resolution structures of the proteolipid ring, spin labeled (SL) V-
ATPase inhibitors have emerged as a valuable tool to study the enzyme-inhibitor interac-
tion and thus provide insights into the inhibition mechanism of the compounds (Dixon et
al., 2003). SL derivatives were for example used to elucidate the interaction of concana-
mycin and indol inhibitors with the V-ATPase ¢ subunit (Dixon et al., 2008; Pali et al.,
2004b). In addition, EPR spectroscopy was also applied to study the structure and assem-
bly of the N. norvegicus c ring revealing e.g. information about the localization of the
essential glutamate residue (Pali et al., 1995; Pali et al., 1999). The examination of the M.
sexta Vo ring stoichiometry with spin labeled V-ATPase inhibitors nicely adds to the suc-
cessful application of such compounds for the elucidation of structural and functional
components of the enzyme.

While the number of crystal structures of F- and A-ATPase ¢ rings is continuously
increasing, the information about V-ATPase membrane rotors is still limited to the com-
paratively low resolution of electron microscopic images. Electron microscopy of the
bovine Vo ring suggested a hexameric arrangement of the proteolipid subunits (Gregorini
et al., 2007). Nevertheless, the currently most detailed 3D model of a Vo complex, ob-
tained by cryo-electron microscopy of the M. sexta V-ATPase, favors a number of ten ¢
subunits in the ring like it was shown for E. hirae (Muench et al., 2009; Murata et al.,
2005). The results from DEER experiments performed with SL-archazolid bound to the
M. sexta V-ATPase presented in paragraph 3.9 (Fig. 3.20C and D) of this thesis can also
be reconciled with a decameric structure of the ¢ ring. However, since the exact orienta-
tion of the bound archazolid is not yet known, the position of the spin label cannot clearly
be assigned. Due to this inaccuracy, the number of ¢ subunits can only be narrowed down
to nine to eleven subunits, but however, a hexameric arrangement can most likely be ex-
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cluded (J. P. Klare, personal communication). To get more precise information about the
correct number of ¢ subunits, the measurements have yet to be repeated, ideally with a
lower signal-to-noise ratio, and the distances have to be recalculated with respect to the
final docking model of archazolid.

Due to its location within the protein, NCCD, the SL derivative of DCCD, would
represent a highly valuable tool for DEER measurements, as its binding site is clearly
defined. Unfortunately, because of the symmetry of the reactive carbodiimide group, the
inhibitor can bind in two different orientations to the protein, leading to a mixed distance
distribution in the DEER measurements (paragraph 3.9; Fig. 3.20A and B). Thus, no con-
clusion about the number of ¢ subunits could be drawn in the case of NCCD, so far. Cur-
rently, the group of Dirk Menche (University of Heidelberg, Germany) is designing a new
spin labeled analogue of DCCD that preferentially binds in one distinct orientation and
should thus overcome the disadvantage of the inhibitor while conserving its benefits.
Since DCCD binds to proteolipid subunits of all types of rotary ATPases, such a com-
pound would be of general use for the assignment of subunit compositions in membrane
rings by means of EPR spectroscopy.

4.6.2 Considerations about the physiological impact of the ¢ ring stoichiometry

In combining the DEER results presented herein with the cryo-electron microscopic data
obtained by Muench et al. (2009), growing evidence is provided that the M. sexta V-
ATPase might contain a decameric membrane rotor. Thus, the model of a hexameric
membrane rotor in V-ATPases that is believed to be valid e.g. for the bovine enzyme
(Gregorini et al., 2007), may not be realized in the M. sexta enzyme. With regard to the
crystal structure of the decameric E. hirae membrane ring, Murata et al. (2005) already
discussed the hexameric ring model, thereby proposing that it will be proven wrong by
high resolution methods. In this regard, the current picture of the M. sexta c ring structure
provides first hints that either V-ATPases in general might contain a decameric mem-
brane rotor, or that the stoichiometry of Vo rotors might not be fixed for all organisms.

In view of the diverse functions of V-ATPases from different organisms or cell
types (reviewed in paragraph 1.5), it seems reasonable to assume that the number of c
subunits within the Vo ring may vary with regard to the duties of the enzyme like it is
currently discussed for F-ATPase rotor rings (von Ballmoos et al., 2008). The relevance
of these variations is not yet understood, but it is proposed that the ring size represents an
adaptation to the physiological requirements of the respective organism. Hence, under
equal energetic conditions, a large c rotor, like the S. platensis ring containing 15 ¢ subu-
nits (Pogoryelov et al., 2009), would represent a low efficiency system, because of the
high H*/ATP ratio, while a small ring size would increase the efficiency of the enzyme.
In transferring this concept to V-ATPases, which consume ATP to drive ion translocation,
the in vivo situation would be vice versa. Thus, a large rotor would represent the more
efficient system, as it would transfer a higher amount of protons per ATP molecule. Nev-
ertheless, in this case, the transport efficiency is limited by the energy provided by ATP
hydrolysis. The proton electrochemical gradient generated by the V-ATPases is thus re-
flected in the equation: AGate/n = RT2.3log([H"i)/[H"o]) + FAY, where AGate/n is the
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energy of ATP hydrolysis per mol divided by the amount of transported protons (accord-
ing to the number of ¢ subunits in the ring), R = 8.3 kmol*K™, T = 300K and F = 96.5
kJV ™ mol™ (Harvey and Wieczorek, 1997).

Concerning the V-ATPase in the M. sexta midgut, the potential difference AY
across the GCAM is approximately 240 mV while there is almost no difference in the
proton concentration ([H"]/[H",]) (Harvey and Wieczorek, 1997). Thus, provided that
ATP hydrolysis supplies ~50 kdmol™, the maximum amount of protons transported per
ATP can be estimated by:

n =50 kJmol™/ 96.5 kJV'mol™ x 0.24 V = 2

Hence, from a thermodynamic point of view, the number of protons transported per ATP
is limited to 2 and a decameric c ring in the M. sexta V-ATPase seems to be improbable
as it suggests, from simple stoichiometric calculations (c ring size/ three ATP cleavage
sites) (Junge et al., 2009; Muench et al., 2011), a H*/ATP ratio of 3.3. Evidently, a hex-
americ arrangement of ¢ subunits in the ring would nicely fit to the thermodynamics cal-
culations. Nevertheless, puzzling inconsistency between H*/ATP ratios specified by ring
sizes and proton translocation rates found in vivo was also described for F-ATPases, and
is still a matter of debate (discussed in von Ballmoos et al., 2008; Junge et al., 2009). In
this regard, one may suppose that a decameric V-ATPase c ring can be realized in nature,
despite the fact that it does not match the thermodynamic restrain.

It was proposed that intrinsic uncoupling, termed “slipping”, of rotary ATPases
might be an explanation for the difference of expected and experimentally determined
coupling ratios (Tomashek and Brusilow, 2000). Slipping of the enzymes occurs if either
a proton translocation, or an ATP hydrolyzing, step is skipped during the reaction cycle.
This is proposed to increase the dynamic control of the enzyme over varying energetic
conditions (Tomashek and Brusilow, 2000). Based on this assumption, one can hypothe-
size that a decameric ¢ ring in the M. sexta V-ATPase might serve to accommodate
changes in the energy status of the midgut membrane system. For V-ATPases in lemon
fruit it was proposed that the H/ATP stoichiometry may decrease from 2 to 1, on the one
hand, in response to an increasing ApH (fruit isoform), and on the other hand, with re-
spect to an increasing membrane potential (epicotyl isoform) (Muller and Taiz, 2002). It
was presumed that this variability may arise from the ability of these V-ATPases to in-
duce a conformational change within some ¢ subunits such that they do no longer con-
tribute to proton translocation.

With regard to the M. sexta V-ATPase it might be possible that the H*/ATP ratio
at normal physiological conditions is 2, while a higher coupling ratio is used to counteract
or recover a drop in the membrane potential which occurs for example during molting
when the V-ATPase dissociates (Sumner et al., 1995). Nevertheless, this would mean that
most of the time four ¢ subunits are physiologically dispensable which seems to be rather
inefficient, and would explicitly contradict tight coupling of the two rotary complexes
that is proposed to be realized at least for F-ATPases (Junge et al., 2009). A reliable regu-
lation of the membrane potential, with regard to its importance for the whole midgut
transport system, might yet be worth the coupling inefficiency. However, this assumption
remains highly speculative and, to draw reliable conclusions, the model of a decameric ¢
ring in the M. sexta V-ATPase evidently needs further experimental verification. An im-
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proved EPR method for distance measurements with spin labeled inhibitors should pro-
vide the required accuracy to determine ring sizes, and furthermore, will have the ad-
vantage of a non-static system when compared to crystal structures. Howsoever, valida-
tion of the decameric ¢ ring model would obviously challenge the present concept about
the structure-function relationship of the V-ATPases.
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5. Summary

Archazolid is a novel and highly efficient inhibitor of the V-ATPase, an enzyme currently
emerging as a potential therapeutic target to treat severe diseases like cancer or osteopo-
rosis. The intention of the present thesis was to characterize the archazolid binding site
within the V-ATPase on the molecular level in order to facilitate archazolid-based drug
design in the future.

V-ATPases are ubiquitous membrane energizing protein complexes consisting of
a cytosolic ATP-hydrolyzing V1 domain and a Vo domain which mediates proton translo-
cation via a membrane embedded ring of ¢ subunits. Each of the ¢ subunits contains a
conserved glutamate residue essential for proton transport within the center of its fourth
transmembrane helix. Initial labeling experiments with **C-derivatives of archazolid and
the M. sexta V-ATPase clearly identified the ¢ subunit as binding partner for the inhibitor
as it had already been presumed from previous studies. Concurrently performed site-
directed mutagenesis studies in S. cerevisiae revealed that the amino acids tyrosine 142
and leucine 144, located within the fourth transmembrane helix of subunit c, contribute to
archazolid binding. Strikingly, mutation of these amino acids to either asparagine or iso-
leucine resulted in a V-ATPase approximately 10-fold more sensitive to the inhibitor,
indicating increased inhibitor-target interaction in both cases. These results were
strengthened by cw EPR studies with a spin labeled derivative of archazolid bound to the
S. cerevisiae V-ATPase which also revealed stronger inhibitor-target interaction in the
respective mutant enzymes. Furthermore, the removal of the C-15 hydroxyl group of
archazolid impeded the increase in sensitivity upon exchange of tyrosine 142, definitely
suggesting close proximity of C-15 and this amino acid.

NCD-4, a fluorescent derivative of DCCD, a covalently binding inhibitor which
specifically targets the conserved glutamate, was used to examine the supposed interac-
tion of archazolid with this amino acid residue. In competition assays with NCD-4,
archazolid clearly prevented binding of the compound to the M. sexta V-ATPase while
the established plecomacrolide inhibitors did not. This result inevitably showed that the
archazolid binding site comprises the essential glutamate residue. Since the three amino
acids tyrosine 142, leucine 144 and glutamate 137 (positions according to the S. cere-
visiae ¢ subunit) form a triangle within the central part of subunit c, the archazolid bind-
ing site most likely resides within a single ¢ subunit. Thus, the archazolid binding site
proposed herein is explicitly different from the binding site described for the plecomacro-
lide V-ATPase inhibitors which intercalate between two ¢ subunits and do not directly
interfere with the proton translocation site. In conclusion, this suggests also a different
inhibition mechanism of the two inhibitor classes and in this regard, one may presume
that only archazolid directly prevents proton translocation by the c ring.

The spin labeled derivative of archazolid was also used to enlighten the stoichi-
ometry of ¢ subunits within the Vo ring which is, due to a lack of high-resolution struc-
tures, still an unsolved secret in V-ATPase research. Provided that each ¢ subunit contains
a single inhibitor binding site, distance measurements between the inhibitor molecules
enable the calculation of subunit numbers. The measurements, performed via DEER spec-
troscopy on spin labeled archazolid bound to the M. sexta V-ATPase, revealed a clear
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distance distribution that suggested, based on the supposed binding site of archazolid, a
number between 9 and 11 subunits in the ring. This number is in line with a previously
suggested decameric arrangement of the M. sexta ring and excludes a hexameric structure
which is frequently assumed to be valid for V-ATPases. Current docking studies with
archazolid will hopefully reveal a more detailed model for the inhibitor orientation within
its target site and thus enable a definite assignment of the M. sexta Vo ring stoichiometry.
Due to the highly conserved structure of V-ATPase ¢ subunits and thus conservation of
the archazolid binding site, this technique may subsequently be used to enlighten the c
ring stoichiometry in other VV-ATPases of interest.
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7. Appendix
7.1 Abbreviations

ATP
APS
BCIP
bp
BSA
Da
DMF
DMSO
DNA
dNTP
DTT
EDTA
ICso
LB
MES
MOPS
NBT
oD
rpm
SD
SDS
TAE
TCA
TE
TEMED
Tris

U

viv
w/v

Xg
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Adenosine triphosphate

Ammonium persulfate
5-bromo-4-chloro-3-indolyl-phosphate
Base pair

Bovine serum albumin

Dalton

Dimethyl formamide

Dimethyl sulfoxide
Deoxyribonucleic acid
2-Deoxynucleoside-5-triphosphate
Dithiothreitol
Ethylenediaminetetraacetic acid

half maximal inhibitory concentration
Lucia Bertani
2-(N-morpholino)ethanesulfonic acid
3-(N-morpholino)propanesulfonic acid
Nitro blue tetrazolium

Optical density

Rounds per minute

Synthetic defined

Sodium dodecyl sulfate

Tris acetate EDTA

Trichloric acid

Tris EDTA
Tetramethylethylenediamine
tris(hydroxymethyl)aminomethane
Unit

Volume per volume percentage
Weight per volume percentage

Times gravitational acceleration
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7.2 Vector maps

pFA6a-HIS3MX6 sequence features

Type Start End Name

REGION 52 456 TEF-Promotor
GENE 457 1110 SpHIS3

REGION 1111 1344 TEF-Terminator
GENE 3313 2453 C bla (AmpR)

Figure 7.1: Vector map and features of pFA6a-HIS3M X6

pRS415 sequence features

Type Start End Name
GENE 1769 663 C Leu
REGION 2929 2474 C flori
GENE 3290 2712 C lacz
GENE 5307 4447 C  bla(AmpR)
REGION 5448 5566 CEN6
REGION 5579 5952 ARS

Figure 7.2: Vector map and features of pRS415
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