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Abstract and keywords
F1Fo ATP synthases are rotary enzymes that produce most ATP in living organisms. The
enzymes’ b2δ subunits form a stator stalk that holds the F 1 sector against the torque of the
rotor. In Escherichia coli, b2 is an asymmetric homodimer. However, ATPases from some
species have a heterodimer of subunits b and b’. Here, a modified E. coli ATP synthase
containing a heterodimeric stator stalk was engineered by replacing residues 34-110 of E.
coli b with sequences of Rhodobacter capsulatus b and b’, and expressing both chimeras.
This produced a functional, heterodimeric enzyme useful for investigating the two b
subunits through mutation. Then we studied the evolution of b and b’. The heterodimeric
system has evolved at least four times, and the gene duplication is usually linked with
rearrangement of ATP synthase genes into multiple transcriptional units. Groups with
each gene pattern mapped as clades onto a tree of life.

Keywords: ATP synthase, b subunit, stator stalk, right-handed coiled-coil, hendecad,
disulfide formation, ATP synthase purification, b/b’ evolution, homology, ribosomal
protein phylogeny, tree of life, ATP synthase gene structure
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Chapter 1: General introduction
1.1
1.1.1

ATP synthase
Oxidative phosphorylation and role of ATP synthase.
Living organisms need a continuous source of energy like light or nutrients to

support their energy demands. To be able to use these external sources cells need a
system to convert them to the universal energy currency, adenosine triphosphate (ATP).
Oxidative phosphorylation is the system in which energy released from oxidation of
nutrients is used to produce ATP. Release of energy by hydrolysis of ATP to ADP and
phosphate drives a large number of energy requiring processes. The resultant ADP and
phosphate must then be continuously converted back to ATP. Every day this process leads
to the turnover of 50 kg of ATP in a human body on average.
One major set of reactions that are performed during oxidative phosphorylation are
redox reactions in which electrons are transferred through electron transport chains to a
terminal electron acceptor, most often oxygen. The membrane-embedded protein
complexes that catalyse these reactions utilize the energy released by the redox reactions
to drive transport of protons across the inner mitochondrial membrane in eukaryotes, or
cytoplasmic membranes in prokaryotes. Since these coupling membranes are intrinsically
impermeable to protons, this process generates an electrochemical potential across the
membrane. Flow of protons back across the membrane and down the generated gradient
occurs through a large enzyme complex called ATP synthase. The ATP synthase is a
rotary mechanical motor and as a result of proton flow, parts of the complex rotate
1

relative to the rest, leading to the generation of ATP from ADP and phosphate at the
catalytic sites. The translocation of protons by respiratory components and by ATP
synthase, with the use of the proton gradient as an intermediate between the two was
envisaged and given the name “chemiosmosis” by Peter Mitchell (1,2).
1.1.2

Different types of ATP synthases.
ATP synthases are membrane bound molecular motors which can have two

different functions depending on their type and the organism they originate from (Figure
1.1). In some cases they work as an ATP driven proton pump to acidify interior parts of
cellular components and in other cases utilize the potential gradient across the membrane
to generate ATP out of ADP and phosphate. In general they have been divided into three
major groups based on their phylogenetic origins: A-ATPases, found in Archaea and
some Bacteria, involved in ATP synthesis; F-ATPases, found in inner membrane of
mitochondria, chloroplasts, and bacteria and their function is also ATP synthesis; and VATPases, found in eukaryotes specifically in vacuoles and vesicles where they acidify the
inner space of these compartments (3,4,5). These three types of ATPases are related to
each other and there are sequence, structural, and functional similarities among them
(6,7). A and V types especially are very similar and some Bacteria have ATPase of type
A/V, acquired through lateral gene transfer (8).
1.1.3

The F-type ATP synthase and the two sectors F 1 and Fo.
F1Fo ATP synthases are mushroom-like multisubunit complexes that are composed

of two structurally and functionally distinct parts; the membrane-peripheral F 1 sector

2

Figure 1.1: Different types of ATPases. These are three classes of rotary ion
translocating ATPases. They are all related to each other, there is sequence and structure
similarity among these types, but there are differences between the three classes as well.
F-ATPases are found in mitochondria, chloroplasts, and bacteria and its main function is
to use the proton gradient across the membrane for ATP synthesis. A-ATPases have the
same function but are found in archaea. V-ATPases are found in eukaryotes specifically
in vacuoles and vesicles where they acidify the inner space of these compartments.
Figure reproduced from reference (51) with permission.
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(subunits α3β3γδε) and the membrane-integral F o sector (subunits ab2c10 in Escherichia
coli) (Figure 1.2). The enzyme works by rotation of a subset of subunits against the other;
the rotor (γεc10) against the stator (α3β3δab2) (9). This rotation happens as the result of the
movement of ions downhill according to their gradient. The mechanism of coupling ion
translocation across the Fo to the rotation of the c ring is not completely understood.
However, it is believed to happen by two independent, disconnected half channels that
are present in the interface of the a subunit and the c ring. While the c ring rotates each c
subunit in the ring is protonated. Rotation brings each one of the protonated c subunits
into the first half channel where they release their proton into the cell interior
(cytoplasm). Then, when the deprotonated c subunit reaches the other half channel,
protons from outside (periplasm) that have entered this half channel can bind to the c
subunit which then continues to rotate around the ring and goes through another cycle. In
E. coli, the guanidine group of a conserved arginine residue in the a subunit, Arg-212, is
believed to play a major role in protonation and deprotonation of the c subunits (10,11).
The two sectors are connected by two stalks (Figure 1.2). The central stalk contains
the γ and ε subunits and it protrudes into the α 3β3 assembly in F1. The rotation of
asymmetric γ subunit drives a cycle of conformational changes in the catalytic β subunits,
finally resulting in ATP synthesis and release (12). The peripheral stalk, which extends
from the membrane to the top of F 1, approximately 125 Å from the membrane, is formed
by association of a b2 dimer with the δ subunit. By preventing α 3β3 complex from rotating
with γε, the peripheral stalk serves as a stator so that the conformational changes in the

4

Figure 1.2: Schematic structure of E. coli F-type ATP synthase and the b subunit
with its different domains. F1Fo ATP synthases are composed of two linked sectors: the
membrane-integral Fo sector which catalyzes the movement of protons across the
membrane and the membrane-peripheral F 1 sector which catalyzes the synthesis or
hydrolysis of ATP. The F1 sector of the prototypical ATP synthase from Escherichia coli
consists of five different polypeptide chains in a stoichiometry of α 3β3γδε; the Fo from
this bacterium is composed of three subunits in a stoichiometry of ab2c10. The rotor part,
c10γε, rotates as protons translocate through F o channel and this rotation induces
conformational shifts, necessary for synthesis of ATP, in the catalytic sites in the β
subunits. The enzyme’s peripheral stalk, composed of the b2δ subunits, serves as the
stator that holds the F1 sector and its catalytic sites against the movement of the rotor. The
b subunit of peripheral stalk in E. coli consists of 156 residues and has a molecular
weight of 17264 Da. It has been divided into four domains. The insoluble N-terminal
part of b subunit which resides in the membrane, is called transmembrane domain (bM1I24). The soluble portion consists of the tether domain (bE24-A53) which is the segment
between the surface of the membrane and the bottom of F 1 sector, the dimerization
domain (bT53-K122) which extends up to one of the αβ interfaces in F 1, and at the end, the
F1-binding domain which is the C-terminal of b subunit and is required for the interaction
of the peripheral stalk and F1 (bQ123-L156).
5

three β subunits can be induced during rotational catalysis (13). Other bacteria and
chloroplasts have a similar architecture for their peripheral stalk but mitochondrial stalks
are more complex and consist of four different subunits (13).
1.2
1.2.1

The b subunit of E. coli
Sequence
The b subunit of ATP synthase in E. coli has 156 residues and it is a 17,264 Da

polypeptide. Sequence analysis of this protein reveals two distinct regions in the protein;
a hydrophobic N-terminal membrane spanning region, and the remaining hydrophilic
region which is rich in alanine and polar residues. Alignment of this protein with b
subunits from other bacteria and chloroplasts shows them to contain the same features in
general and they are easily aligned, especially in the hydrophilic region (Figure 1.3).
In E. coli and most other Bacteria there is only one gene for the b subunit and the
resulting polypeptides form a homodimer. However, peripheral stalks in Bacteria are not
always homodimeric. In some cases there are two genes present in the ATP synthase
operon and encode for two different types of b subunits, called b and b’. The existence of
these two different genes was first discovered in a number of species among
Cyanobacteria (14,15). Chloroplasts also have two subunits in their stator stalks called
subunits I and II which are related to the bacterial ones. By the increasing availability of
the number of completely sequenced Bacteria, it has become possible to find more
organisms with heterodimeric stator stalks. For example, based on the present study
Alphaproteobacteria,

Epsilonproteobacteria,
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Deltaproteobacteria,

Cyanobacteria,

Hydrophilic
Region
Hydrophobic
Region
Figure 1.3: Multiple sequence alignment of a number of b subunits from different
bacteria. Two distinct regions are identifiable: an N-terminal hydrophobic region and an
hydrophilic segment rich in alanine. Hydrophobic residues are in “red” and hydrophilic
residues are in “blue” color.
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Actinobacteria, Acidobacteria, Deferribacteres, Aquificae, etc. are different taxa of
Bacteria containing heterodimeric stator stalks. An interesting observation is that in
Mycobacteria and some other members of the phylum of Actinobacteria the genes for b
and δ are fused together to form a single gene but separated by a linker of about 100
residues. The b’ in these organisms is encoded by a different open reading frame which
precedes the bδ fused gene.
Based on several observations it is believed that the ATP synthase in heterodimeric
organisms has one copy of each type of the b subunits. Purified ATP synthase from some
species including Rhodobacter capsulatus (16) and Aquifex aeolicus (17) have been
shown to contain both b and b’ proteins. There are some studies that support the
preferential heterodimerization of b and b’. Sedimentation and chemical cross-linking
studies showed that the cytoplasmic domains of the b and b′ subunits of Synechocystis
form a highly extended, helical heterodimer. These data support the idea that b/b’
heterodimers have structures similar to those of b2 homodimers (18).
1.2.2

Structure
Up until now a crystal structure of the b subunit of E. coli or its entire cytoplasmic

domain has not been solved, although a segment of the monomeric form of b62-122 has
been crystallized and shown to exist as a helix (19). Much of what we know about the
structure of this protein is based on biochemical studies. Residues 25-156 of this protein
has been expressed as a soluble dimer and shown to exist as an elongated homodimer.
Circular dichroism studies revealed an α-helical coiled coil structure (20). By help of
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deletion studies this structure has been further divided into four distinct domains (21)
which will be discussed in more detail (Figure 1.2):
Membrane domain (residues 1-24). This region is the highly hydrophobic region of
the b subunit and crosses the membrane once. An NMR structure of the b1-34 construct
has been determined, in monomeric form, which shows hydrophobic α-helix with a bend
at residues 23-26. Also, disulfide formation of cysteines inserted in positions 2-20 were
studied. The only substitution with intense high yield dimers were observed for N2C,
T6C, Q10C, and F14C. This implies the pattern that is expected for one face of an α-helix
interacting with the other α-helix (22).
Tether domain (residues 24-53). This domain is the region between transmembrane
and dimerization domain (vide infra). It can be deleted from the soluble construct without
any effect on dimerization (23). A surprising feature of this region is its tolerance for
residue deletion or insertion. It has been shown that deletion of up to 11 residues (24) or
insertion of up to 14 residues (25) can be accommodated in this region of the protein.
Another feature of this region is the presence of a very conserved Arginine at position 36.
Mutation of this residue has been shown to reduce the functionality of the enzyme by
disrupting the assembly and coupling (26). This residue also has been shown to be close
to the a subunit through chemical cross-linking studies. Based on this it appears that parts
of tether domain are in contact with the cytoplasmic segment of the a subunit (27).
Dimerization domain (residue 53-122). The isolated dimerization domain of the b
subunit has been characterized as an atypical, parallel, two-stranded coiled coil which is
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necessary for interaction with F1(28). A crystal structure of a large portion of the
dimerization domain has been solved in monomeric form (b62-122) and shows an
amphipathic helix with right-handed pattern of hydrophobic residues along one side of
the helix (19). Sequence analyses of the dimerization domain also have identified an 11residue hendecad pattern, with positions denoted abcdefghijk (28) (Figure 1.4, A).
Hendecad patterns are indicative of right-handed coiled coils in which 11 residues make
three turns of the helix relative to the interhelical axis (29). The expected distribution of
positions for a two-stranded structure of this type is shown on the helical wheel in Figure
1.4, B. Del Rizzo et al. (30) confirmed the assignment of abcdefghijk by introducing
cysteine mutations in these positions and assessment of the stabilities of disulfide-linked
dimers. Based on these results positions a, d, e, and h are the dimerization interface in the
isolated dimerization domain where a and h positions at the centre of the interface are
usually occupied by alanine or other small amino acids, whereas larger hydrophobic
residues are often seen in the d and e positions that are more peripherally situated. Also,
denaturation studies revealed that offset dimers (with disulfides between positions a and
h) show greater thermal stability than in-register ones and their shapes are similar to that
of the wild-type uncross-linked dimers (in-register dimers caused perturbation of the
shape compared to wild-type). These results implied that the two b subunits are offset by
5.5 residues in the dimerization domain and one of the subunits is shifted toward the Nterminal and the other toward the C-terminal end of the dimer. The C-terminally shifted
subunit was labeled bC and the other subunit was called bN. This observation indicates
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Figure 1.4: Sequence analysis of the dimerization domain of the b subunit. Panel A,
multiple sequence alignment of the dimerization domain of several bacteria which has
identified an 11-residue hendecad pattern, with positions denoted abcdefghijk. Hendecad
patterns are indicative of right-handed coiled coils (RHCC) in which 11 residues make
three turns of the helix relative to the interhelical axis. Panel B, the expected distribution
of positions for a two-stranded structure of this type is shown on the helical wheel. The a
and h positions at the centre of the interface are usually occupied by alanine or other
small amino acids, whereas larger hydrophobic residues are often seen in the d and e
positions that are more peripherally situated. In comparison, in a left-handed coiled-coil
(LHCC) structure positions d and e are at the interface of the two helices. Panel C, the
proposed model based on experimental data a RHCC structure in which the two b
subunits are offset by 5.5 residues in the dimerization domain and one of the subunits is
N-terminally shifted and the other one is shifted toward the C-terminal. The C-terminally
shifted subunit was labelled bC and the other one bN. Figure reproduced from reference
(30) with permission.
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that the homodimer is intrinsically asymmetric.
F1-Binding domain (residues 123-156). This region is essential for the binding of F1
through δ subunit and has been suggested to have a more globular structure (31). Circular
dichroism indicates helical structure for this domain but no well-defined heptad or
hendecad pattern is observed in this region (23).
Since there is no dimeric high-resolution structure available for the b subunit, a
model has been proposed based on experimental data explained above (Figure 1.4, C). In
this model the two helices are arranged in a right-handed coiled coil structure based on
sequence analysis, the crystal structure of the monomeric b subunit, and cysteine crosslinking studies in the dimerization domain. The two helices are also offset with respect to
one another in contrast to in-register left-handed coiled coils. Recently, the crystal
structure of a related stator stalk of A-type ATP synthase of Thermus thermophilus has
been solved (32). This EG heterodimer contains a right-handed coiled-coil in which the E
helix is virtually straight while the G subunit bends around it. This study not only has
supported the unusual right-handed coiled coil model of the b subunit in F-type ATP
synthases but also has extended the prediction of this kind of structure to other types of
H+-ATPases.
1.2.3

Interactions
Interactions of the b subunit with the reset of ATP synthase can be studied in three

different regions:
1) Fo interactions. The idea of direct interactions between subunits a and b was
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first indicated in 1986 by the finding that the mutation of a proline at position 240 to
alanine or leucine suppressed the effects of mutation of residue 9 in the b subunit (33).
Also, strong interaction between subunits a and b has been shown by the purification of a
stable ab2 subcomplex which reflects subunit interactions occurring within the F o
complex in vivo (34). Cysteine cross-linking studies also revealed strong disulfide
formation between cysteines inserted at positions 227 and 228 in the a subunit and
position 2 in the b subunit (35). Whether both of the two copies of b interact individually
with the subunit a or whether just one of the b subunits is in direct contact with a remains
to be elucidated. It was also previously mentioned that cysteine introduced in position 36
of the b subunit can be

cross-linked to subunit a which shows another point of

interaction between the a and b subunits (27).
Interaction of the b and c subunits was also first indicated by observing that
mutation of Alanine-62 of subunit c to serine suppressed the effects of a mutation in the
position 9 of the b (36). Disulfide formation studies revealed that cysteine introduced in
position 2 of the subunit b can be cross-linked with cysteine at positions 74, 75, and 78 of
the c subunit. In each case a maximum of 50% of the b subunit could be cross-linked to
subunit c (37). This observation suggests that only one of the two b subunits lies proximal
to the c-ring of Fo and the second b may lie more to the periphery of the complex, perhaps
in association with subunit a.
2) F1 interactions. Results of cross-linking experiments has provided evidence for
the interaction of the b subunit with the surface of F1, more specifically α and β subunits.
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Based on these results position 92 of the b subunit was found to cross-link to α (between
residues 464 and 483) and a nearby position in β near the bottom of α 3β3 complex at a
noncatalytic interface. Also position 109 was found to cross-link in an upper position in α
(between residues 213 and 220) (27).
Binding of the b subunit to the top of F1 is mediated through formation of b2δ
complex which has been demonstrated by several studies. C-terminal truncation or
proteolysis experiments provided strong evidence that the C-terminal regions of both b
and δ proteins are involved in formation of b2δ complex (38,39,40,41). The proposed
offset model in the dimerization domain with the two helices being shifted and
asymmetric with respect to each other (30) has raised the question of whether both Cterminals of the two b subunits are involved in the interaction with δ or only one of them.
Experiments with different disulfide-linked dimers in which subunit positions were fixed
by formation of an asymmetric disulfide bond has revealed that offset dimers, compared
to in-register homodimers, bind more tightly to F 1 and that only bN could be cross-linked
to δ. Also, these studies showed that bN is more important for F1 binding than bC (42).
These results imply that the two b subunits are not only asymmetric with respect to each
other but also have different interactions with the ATP synthase complex and play
different roles in the peripheral stalk.
3) No interaction area. Based on cross-linking and mass spectrometry studies it is
known that the section of the b subunit in between positions 55-91 is located between F o
and the lower surface of F 1 where there is no contact with other subunits of ATP synthase.
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This area is the section in which right-handed coiled-coil structure has been established
by using disulfide formation of a and h positions between the two subunits. Lack of any
specific tight contacts with the rest of the enzyme also has been shown by observing that
replacement of this region by the corresponding sequences from other bacterial b subunits
does not have any effect on assembly or function (43). This region has been used as a
logical candidate for making a heterodimeric system in E. coli using chimeric approaches
(44,45).
1.2.4

Function in the stator stalk
As the b subunit is the most extended part of the stator stalk its main function is to

anchor catalytic site to the membrane and hold F 1 and Fo together and to prevent the α3β3
complex from rotating with the rotor. This suggests a rigid and strong structure for the
stator, strong enough to be able to withstand the torque. However, since the rotation of F 1
and Fo are stepwise and not fine-tuned to one another elastic power transmission has been
claimed to exist between the two (46,47,48,49). More specifically, in E. coli, Fo has a ring
of 10 c subunits and rotates in ten steps, while F 1 has three αβ dimers and the γ subunit
rotates in three steps. Accordingly, production of 3 ATP molecules per 10 protons
pumped across the membrane implies variable stoichiometry for production of ATP
(production of some ATP molecules needs 3 protons and some needs 4). This variable
stoichiometry necessitates elastic linkages between the two sectors. Recently, single
molecule studies have found the major elastic buffer between F 1 and Fo (50). Based on
these results the contact region between subunits γ and ε with the c 10 ring (lower portion
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of the rotor) is a compliant domain while the stator, with the dimer of b2 as its most
extended component, is stiffer than the rotor by at least one order of magnitude. When the
stiffness of the wild type stator was lowered by using two mutants (in one mutant length
of the b subunit was increased and in the other mutant it was destabilized by introducing
three glycine mutations) the functionality of the enzyme decreased (as observed by
functionality of the enzyme by growth on succinate media and measuring proton
pumping activity). These observations showed that the stator is stiff and it has to be stiff
for the enzyme to work. In the mentioned study glycine mutations were introduced to
both of the b subunits at the same time since they are homodimer of identical proteins in
E. coli. It is interesting to know if the two b subunits contribute to this stiffness equally
since the recent crystal structure of the related A-type ATP synthase stator stalk shows a
difference in the structure of the two helices forming the dimer; one of the helices is
almost straight while the other one has a lot of glycine residues in its sequence and bends
around the straight one (32) (Figure 1.5).
1.3

Focus of this study
In the absence of a complete high-resolution structure for the b dimer and in fact of

the ATP synthase there is still a lot to be learned regarding its structure, interactions, and
function. These studies have been challenging by the fact that ATP synthase in E. coli has
a homodimeric stator stalk and this limits our ability to manipulate the two subunits
independently. We know that these polypeptides have different interactions with the ATP
synthase enzyme and occupy different positions relative to one another. In fact
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Figure 1.5: Structure of the stator stalk of A-type ATP synthase of Thermus
thermophilus (pdb:3K5B). Two different views of the structure of the EG stator stalk of
the A-type ATP synthase of Thermus thermophilus are shown in the figure. Subunit E is
coloured green and subunit G is coloured red. The views are rotated 180 degree relative
to each other. The two subunits form a right-handed coiled-coil structure in the Nterminal region and a globular structure in the C-terminal part. The E subunit is more
straight and the G subunit bends around it to form a coiled-coil structure.
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evolutionary development of heterodimeric stator stalks in other bacteria or chloroplasts
seems likely to have happened for the purpose of specialization of the two proteins
making one of them more efficient for the bN and the other one for the bC.
Chapter 2 of this thesis is about the design, development, and testing of a system
that allows the easy and independent manipulation of each one of the b subunits in E.
coli. This makes it possible to design experiments for determining their specific
interactions with the rest of ATP synthase subunits. We have used this system to
investigate some of the unanswered questions regarding the structure of the b subunit,
like the offset model in the transmembrane domain, or specific role of each one of the b
subunits in the stiffness of the stator.
In Chapter 3 the evolution of heterodimeric systems has been studied using
bioinformatics tools to see if specialization of bN and bC subunits can be rationalized by
identification of relevant sequence elements. Phylogenetic analysis of heterodimers
accompanied by knowledge about their ATP synthase gene structure has provided a
promising way of classifying these organisms to further deepen our understanding of the
evolution of heterodimeric stator stalks.
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Chapter 2: Incorporation of Chimeric b Subunits into ATP synthase of E. coli
2.1

Introduction
The stator stalk of the ATP synthase in E. coli is a homodimer of two identical b

subunits. The two b subunits form an elongated coiled coil structure which by its Nterminal hydrophobic region resides in the membrane and reaches and interacts with the
top of ATP synthase (δ subunit) by its C-terminal section. On the other hand, in some
bacteria and chloroplasts, the stator stalk of the ATP synthase is a heterodimer of two
different b subunit called b’ and b. These two different b subunits are similar to one
another and also share similarity with the E. coli b subunit. In the absence of a high
resolution structure for the stator stalk of E. coli a model has been proposed based on
sequence and biochemical studies (1). Based on this model the two subunits make a
coiled-coil structure with the two helices wrapped around each other in a right-handed
manner and offset with respect to one another. This model, although unusual compared to
the common left-handed coiled-coil structure, has been supported by the crystal structure
of the stator stalk of a related ATP synthase (2).
As the stator stalk of E. coli ATP synthase is an asymmetric homodimer of identical
b subunits, it is difficult to design experiments to study its structure, the offset model, and
also interactions of the two subunits with the rest of ATP synthase; every change that is
made in one of the proteins is also present in the other one and the two proteins are
indistinguishable. Heterodimeric systems are advantageous for analysis of the subunit b
function, but only a few ATP synthases with b heterodimers have been purified (3,4,5)
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and the enzymes are not so well characterized, nor as easily manipulated, as that of E.
coli. Making a heterodimeric stator stalk in E. coli using a chimeric approach would
make it possible to differentiate between the two subunits. This would allow the design of
experiments to determine the location, orientation, and specific interactions of subunits
occupying the bN and bC positions individually through mutagenesis of each subunit
independently.
As mentioned earlier Bi et al. (6) showed that the region between residues 55-110
in the E. coli b subunit can be replaced with corresponding regions of other bacterial b
subunits without loss of function. Much of this region is in between the upper surface of
Fo and the lower surface of F 1 so it is not in contact with other parts of the enzyme (7).
The first attempt to make a heterodimeric stator stalk in E. coli ATP synthase was through
a collaboration of the Dunn laboratory with Brian Cain and his student Shane Claggett. In
these studies chimeric b subunits were generated by replacing key segments of the E. coli
uncF gene, encoding the b subunit, with corresponding segments of the genes encoding
either b or b’ subunits of the cyanobacterium Thermosynechococcus elongatus (8).
Sequences of two epitope tags, V5 and 6X His, was also added to these chimeric
sequences to achieve specific detection. The functionality of these polypeptides was then
studied by transforming the KM2 strain of E. coli, containing a chromosomal deletion of
uncF, with a pair of compatible plasmids, each encoding one of the heterodimeric b
chimeras. Some combinations of b and b’ chimeras led to better growth on succinate and
better proton pumping compared to results obtained when only one of the chimeras was
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present. However, individual chimeras also supported both growth and proton pumping at
substantial levels. Thus, the heterodimeric system was not essential for complementation.
Based on the assumption that the lack of specific heterodimerization was related to
the stability of proteins from the thermophilic T. elongatus, the Dunn laboratory initiated
similar studies using a sequences from a mesophilic source, Rhodobacter capsulatus. The
ATP synthase of R. capsulatus has been previously purified and studied functionally.
Furthermore, protein chemical analysis confirmed the presence of both b and b’ subunits
in purified ATP synthase complex (3). As in the previous approaches, the two plasmid
system was used in order to co-express the b and b’ subunits in E. coli.
In the two plasmid system each plasmid needs a separate antibiotic resistance gene
and also a different origin of replication is necessary. On the other hand since each one of
the introduced genes are under the control of a different promoter usually different levels
of proteins are achieved which may increase the risk of homodimer formation in the cell.
The other problem is the limitation of the approach in the number of plasmids
transformed. Since studying the interaction of the b subunits with other subunits of ATP
synthase are also desirable, three or even more plasmids should be used at the same time
for protein chemistry analysis. This makes the system very complex and almost
impossible to use effectively.
Replacement experiments in the Dunn laboratory using two plasmid system
indicated that replacing residues 34-110 in the b subunit of E. coli with R. capsulatus b
and b’ resulted in production of a functional ATP synthase, without possibility of
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homodimer formation. Neither of the the chimeric subunits by itself could support growth
on succinate. In this thesis project, using previous knowledge in the lab, chimeric
sequences were designed in a way that both chimeric b subunits and the rest of ATP
synthase subunits are encoded in an operon on one plasmid. As before, this plasmid can
be used in E. coli strain DK8 which has a chromosomal deletion of the unc operon (9)
encoding ATP synthase. Chimeric b subunits were also made detectable specifically
based on the sequences of tags that have been added to the proteins. Additionally, we
enginered a ribosomal re-initiation site in between the two genes to foster equal levels of
expression. Results presented using this system established that heterodimerization is
obligatory for functionality of the system and that equal levels of the two subunits are
present in the ATP synthase stator stalk.
Following the development of the chimeric heterodimeric system in E. coli ATP
synthase, the system was used to answer some of the questions regarding the structure
and orientation of the b subunit. Studying the orientation of the b subunit in the
transmembrane domain was the first attempt. As determined by Del Rizzo et al. (1),
based on evidence arising from disulfide formation studies, b subunit dimerization
domains have a novel parallel right-handed coiled coil structure with the helices of the
two b subunits offset by approximately one and a half turns of an α helix. One question
which is still unanswered is the structure of the two b subunits in the transmembrane
domain. In other words, we do not know if this offset relationship is local in the
dimerization domain or is a phenomenon that occurs throughout the length of the stator
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stalk. The ability to generate F1Fo ATP synthase with R. capsulatus b/b’ heterodimeric
peripheral stalk provides a way to investigate this relationship and positions of the two
subunits

in

the

peripheral

stalk.

TID,

3-(Trifluoromethyl)-3-(m-

[125I]iodophenyl)diazirine, labeling studies of the N-terminal region of the b showed that
a contact region in b may include Asn2, Thr6, and Gln10 and these residues may reside
on the same side of the helix (10). Other studies by use of both cross-linking and NMR
techniques have shown that substitution of residues 12-21 with cysteine forms no crosslinking (11,12) and this region is not a protein-protein contact area. The only sites where
cysteine substitution led to intersubunit disulfide formation were N2C, T6C, Q10C, and
F14C. The developed chimeric system provided the way of mutating these positions to
cysteine independently in each desired combination for further studying the orientation of
these helices in this region.
The second goal for using the chimeric heterodimeric system was in studying the
role of each one of the b and b’ subunits in the stiffness of the stator stalk, a study which
is impossible to do without having a stator stalk with distinguishable b subunits. A recent
collaboration between our lab and Wolfgang Junge revealed that the stator stalk is stiffer
than the rotor and this stiffness is necessary for the function of the enzyme (13).
Introducing more than two glycine mutations in the E. coli b subunit disrupted the
function, which emphasized the importance of stiffness in the structure of the peripheral
stalk. In that study both subunits had the introduced mutation in them and it was not
possible to evaluate the effect of glycine mutations in each one of the subunits
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individually. On the other hand a recent crystal structure of the peripheral stalk of a
related A-type ATP synthase has been published and revealed a conformation for the
stator stalk in which one of the subunits seems to be straight and the other subunit bends
around the straight one with help of several glycine residues in its sequence (2). The
developed chimeric system now makes it possible to introduce glycine mutations in each
one of the subunits individually and independently from the other to study role of each of
the subunits in the stiffness or flexibility of the stator stalk.
2.2
2.2.1

Material and Methods
Synthetic sequence.

The sequence between restriction sites PacI and BssHII in pACWU1.2 (14) was used as a
template for designing the chimera. These sites were used because they are unique and
are located on either side of the b subunit gene in the vector. DNA sequences of two
chimeric E. coli b subunits were designed and in one of them the nucleotide sequence
encoding amino acids 34-110 of E. coli was replaced by a sequence encoding the
corresponding amino acid sequence of R. capsulatus b’ and in the other one the sequence
encoding R. capsulatus b. Any possible unfavorable codon was changed based on E. coli
codon usage and also codon degeneracy was used to change different positions in the
DNA sequence, resulting in unique and rare restriction sites. Similar to the previous
approach (8), the sequence of epitope V5 was added to the end (C-terminal) of b’ subunit
and the sequence of the epitope 6X His-tag was added to the beginning of the b subunit
(N-terminal). Finally, the two ORFs were linked in a way that both tags are placed in
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between the two, keeping the upstream area of the first b subunit gene and the second b-δ
inter-geneic region intact. To link the expression of the two ORFs, a weak ShineDalgarno sequence also was added and an overlap of one base pair was used for the
connection of the first gene to the second one. On the other hand, the sequence containing
R. capsulatus b’ with the V5 tag added was placed first followed by a ribosomal reinitiation region. Following this, sequence of the 6X His tag and the second chimeric E.
coli b containing R. capsulatus b was placed. The 1227bp sequence was then ordered to
the GenScript® for synthesis. The synthetic plasmid from GenScript ® was called pAG2. It
is a rather small plasmid (4020bp, with pBR322 origin of replication and ampicillin
resistance gene) in which lots of restriction sites are unique. Accordingly, this plasmid
was used as an intermediate plasmid for introducing mutations. In each case the mutated
piece was then transferred to a bigger plasmid.
2.2.2

Plasmid construction.
All plasmids were prepared using standard recombinant DNA procedures (15) and

all generated sequences were verified by sequencing. Plasmid pACWU1.2 is a vector
containing all ATP synthase genes and encoded proteins from these genes are cysteine
free to prevent any interference with the introduced mutations (14). Sequencing result
showed that PacI site was absent in the pACWU1.2 vector that we had in the lab so the
first goal was to introduce the PacI site in the pACWU1.2 vector. The pair of primers
“forPacI” (mutagenic primer, Table 2.1) and “M13Forward” was used to perform a PCR
reaction, using pSD300 (16) as a template, and the amplified piece was cut and pasted
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Primer code

Sequence (5’ ... 3’)

Purpose

ForPacI

CTCTATTTAGTTAACGTTCTGATATTGCTCTTTAATT Correction of PacI
AAAAGCAACGCTTACTACGC
site in pACWU1.2

Q2stop

TTAACGCCACAATTCTGGGCTAAGCGATCGCGTTTGT
Mutation of
CCTG
position Q10 to stop
in the b subunit

Table 2.1: Primers used in initial construction and characterization. The mutated
position is shown in bold and is underlined.
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back in pSD300 using HpaI and BsrGI (the resulting plasmid was called pAG1). At the
end, pAG3 was made by inserting 430-bp BsrGI/PpuMI fragment of pAG1 into
pACWU1.2 which had been digested completely with BsaI, PpuMI, and BsrGI (a three
part ligation: BsaI/PpuMI and BsaI/BsrGI pieces from the pACWU1.2 digestion and the
BsrGI/PpuMI piece from the pAG1 digestion). pAG5 was produced by pasting the
chimera (from pAG2) into the pAG3 vector using PacI and BssHII sites. This plasmid
contains both chimeric b’ and b with specific tags added to each one of them. To produce
pAG17 (b’ deleted chimera) after digestion of pAG2 with AsiSI, the 3’ overhang arising
from cleavage was removed, and the end made blunt, using T4 DNA polymerase
following by ligation of the ends to complete the in-frame deletion. The same procedure
was used for preparing the pAG19 (b deleted chimera) except using BsmI site. The
resulting sequences in each plasmid were pasted back into pAG3 using the PacI and
BssHII sites. It should be mentioned that these two constructs are in-frame deletions of
most of the sequence of each polypeptide. The remaining sequence encodes a short
version of the polypeptide and the other chimeric b gene will be expressed in each case.
To prepare pAG32, which carried a stop mutation at position 10 of the first chimeric
gene, PCR was performed using pAG2 as template. The mutation in residue number 10
(Q10 to stop mutation) was introduced using a mutagenic primer called “Q2stop” (Table
2.1) containing a BstXI restriction enzyme site. Primer uncH was used as the reverse
primer. The PCR product then cloned into pAG2 using the BstXI/BglII sites. The final
mutated sequence was again pasted into pAG3 by using PacI and BssHII sites. All

32

cysteine and glycine mutations were performed by using a pair of mutagenic primers
(Table 2.2 and Table 2.3) and pAG2 or pAG4 as template. pAG4 is also a small plasmid
(chimera in pEXT20) which has been used as an intermediate vector for performing site
directed mutagenesis. The resulting mutated sequences were cloned into pAG3 by using
PacI/BssHII sites.
2.2.3

Minimal medium growth determination.
Minimal medium (M9) plates were prepared as previously described (17)

containing either 0.2% glucose or 0.2% succinate as the sole carbon source. All plasmids
were transformed into E. coli strain DK8, which contains a deletion of the entire operon
encoding ATP synthase, and were grown on LB plates. One colony was picked and cells
were resuspended in 0.9% NaCl. Following resuspension, cells were streaked out on
succinate and glucose plates. Plates were incubated at 37 °C for 72 hours. At the end of
72 hours colonies were compared to the wild type growth and scored into three levels: ++
+, like wild type; ++, smaller than wild type; +, very small colony formation; ---, no
growth.
2.2.4

ATPase activity and proton pumping assays.
Membrane vesicles for assessment of ATPase and ATP-dependent proton pumping

were prepared from E. coli cells strain DK8 carrying the appropriate plasmids. Cells
carrying pACWU1.2-based plasmids were grown with vigorous shaking at 37 °C in L
broth containing 25 mM sodium phosphate, pH 7.0, and ampicillin at 40 μg/ml and
harvested when A600 reached 3.0. Inverted membrane vesicle preparations were
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Primer code

Sequence (5’ ... 3’)

Purpose

Bprime83F

GATCATCGCCGAGACCCGTGCGGTGTGTCAAAAGGA
CCTCG

Mutating position
83 in the b’

Bprime90F

TCAAAAGGACCTCGATGCCTGCACGGCGAAAGCAG

Mutating position
90 in the b’

B83R

GTCGGCCTTGGCCTGCTCTGCCGCCAGCTGACAGTC
GCGCTTGGCTG

Mutating position
83 in the b

B90R

CGGCGCCCTTGAGACGGCGTGCGATGGCCTCCTTCA
GGTCGGCCTTACACTGCTCTGCCGCCAG

Mutating position
90 in the b

2F

AGAACGTTAACTAAATAGAGGCATTGTGCTGTGTGT
CTTAACGCCACAATTCTGGG

Mutating position 2
in the b’

6F

AGAACGTTAACTAAATAGAGGCATTGTGCTGTGAAT
CTTAACGCCTGTATTCTGGGCCAGG

Mutating position 6
in the b’

10F

AGAACGTTAACTAAATAGAGGCATTGTGCTGTGAAT
CTTAACGCCACAATTCTGGGCTGTGCGATCGCGTTT
GTCCTG

Mutating position
10 in the b’

2R

ACTTCATGGCGAAGAGCACGAACAGGACAAACGCGA Mutating position 2
TGGCCTGGCCGAGGATTGTTGCATTCAGACACATGT
in the b
GGTGGTGG

6R

ACTTCATGGCGAAGAGCACGAACAGGACAAACGCGA
TGGCCTGGCCGAGGATACATGCATTCAGATTCATGT
GG

Mutating position 6
in the b

10R

ACTTCATGGCGAAGAGCACGAACAGGACAAACGCGA
TGGCACAGCCGAGGATTGTTGC

Mutating position
10 in the b

Table 2.2: Primers used in cysteine mutagenesis experiments. The mutated position is
shown in bold and is underlined.
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Primer code

Sequence (5’ ... 3’)

Purpose

bprimeone

CATCGAGGTCCTTTTGACCCACCGCACGGGTCTC
GGCGATGATCTTTTGCG

Mutating position 83
in the b’

bprimetwo

CATCGAGGTCCTTTTGACCACCCGCACGGGTCTC Mutating position 82GGCGATGATCTTTTGCG
83 in the b’

bprimethree

CATCGAGGTCCTTTTGACCACCACCACGGGTCTC Mutating position 81GGCGATGATCTTTTGCG
83 in the b’

bprimefour

CATCGAGGTCCTTTTGACCACCACCACCGGTCTC Mutating position 80GGCGATGATCTTTTGCG
83 in the b’

bprimefive

CATCGAGGTCCTTTTGACCACCACCACCACCCTC Mutating position 79GGCGATGATCTTTTGCG
83 in the b’

bone

TCCTGGCTAGCTACGAGCGCAAGGCACGCGAAGT
GCAGGGTCAGGCCGATGAGATCGTCGCTGCAGCC
AAGCGCGACGGTCAGCTGGCGGCAGAGC

Mutating position 83
in the b

btwo

TCCTGGCTAGCTACGAGCGCAAGGCACGCGAAGT
GCAGGGTCAGGCCGATGAGATCGTCGCTGCAGCC
AAGCGCGGTGGTCAGCTGGCGGCAGAGC

Mutating position 8283 in the b

bthree

TCCTGGCTAGCTACGAGCGCAAGGCACGCGAAGT
GCAGGGTCAGGCCGATGAGATCGTCGCTGCAGCC
AAGGGTGGTGGTCAGCTGGCGGCAGAGC

Mutating position 8183 in the b

bfour

TCCTGGCTAGCTACGAGCGCAAGGCACGCGAAGT
GCAGGGTCAGGCCGATGAGATCGTCGCTGCAGCC
GGTGGTGGTGGTCAGCTGGCGGCAGAGC

Mutating position 8083 in the b

bfive

TCCTGGCTAGCTACGAGCGCAAGGCACGCGAAGT
GCAGGGTCAGGCCGATGAGATCGTCGCTGCAGGT
GGTGGTGGTGGTCAGCTGGCGGCAGAGC

Mutating position 7983 in the b

Table 2.3: Primers used in glycine mutagenesis experiments. The mutated position is
shown in bold and is underlined.
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performed as described previously, by breaking cells using French press (13,000 psi) in a
solution containing 1 mM PMSF, 50 mM sodium phosphate, pH 7.5, 5 mM MgCl 2, and
10% glycerol (7). Large debris were removed by centrifugation in a Beckman JA-20 rotor
at 8,000×g (10,000 rpm) for 10 min. The membrane fraction was collected by
sedimentation in a Beckman Ti-45 rotor at 150,000×g (38,000 rpm) for 90 min. The
pellet was washed twice by homogenization in 10 mM Mops-NaOH, pH 7.5, containing
250 mM sucrose, 5 mM MgCl2, 10% methanol, and sedimented as before. The final pellet
was resuspended in a small volume of the same buffer (50-100 μl), frozen in liquid
nitrogen, and stored at -80 °C. Membrane protein concentrations were determined by the
method of Lowry et al. (18).
Membrane ATPase content was determined using the “bound ATPase” assay
conditions (20) where 6 μg of membranes were mixed with 0.3 ml of TMK buffer (50
mM Tris-HCl pH 8, 5 mM MgCl 2, 300 mM KCl). Following that, 0.3 ml of the reaction
mixture (8 mM ATP, 4 mM MgCl 2, 50 mM Tris-HCl) was added and the reaction was
kept for 10 min at 37 °C. The reaction was then terminated by addition of 0.3 ml of 10%
SDS and the amount of phosphate released was determined (19).
ATP-dependent proton pumping was measured by the quenching of 9-amino-6chloro-2-methoxyacridine (ACMA) using ISA Fluorolog®-3-11 spectrofluorometer as
described previously (20). Based on ATPase activity assay results, membrane samples
containing 0.1 units of ATP synthase (pAG3, 83 µg; pAG5, 171 µg; pAG19 and pAG17
250 µg) in 2 ml buffer (1 mM Tricine, 300 mM KCl, 2 mM MgCl 2, pH 8.0 with NaOH)
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containing 0.3 µg/ml ACMA in a fluorescence cuvette, were incubated for 4 min at room
temperature. Fluorescence emission at 490 nm was then collected for 180 seconds using
410 excitation light (slits were set at 5 nm). ATP (1 mM) was added at time 10 seconds
and uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) was
added at time 120 seconds (2 µM).
2.2.5

ATP synthase extraction and fractionation.
Membrane vesicles (50 mg) were centrifuged (60 min at 180,000×g in Beckman

TLA-120.2 rotor, 71000 rpm) and then suspended in a buffer containing 20 mM MESTricine, pH 7.0 (the starting buffer contained 0.2 M MES and 0.2 M Tricine, pH 7.0 with
NaOH), 5 mM MgCl2, 100 mM KCl, 2%(w/v) C12E8 (Octaethylene glycol monododecyl
ether, nonionic surfactant), and 5% glycerol. After a 10-min incubation on ice, the
suspension was centrifuged at 180,000×g for 1 hour (Beckman TLA-120.2 rotor, 71000
rpm). The supernatant (about 900 μl) was applied to a 9-30% glycerol gradient (30,
27, ..., 9% glycerol layers, 1.3 ml each layer), in 20 mM MES-Tricine, pH 7.0, 5 mM
MgCl2, 0.5 mM dithiothreitol, 0.1%(w/v) C 12E8, and 0.02% phosphatidylcholine. After
centrifugation at 200,000×g (Beckman SW 41 Ti rotor, 40000 rpm) for 5 hours, samples
were collected from the bottom of gradients (15 drops for each sample).
2.2.6

Western blot.
SDS-PAGE was carried out using 15% separating gels. Western blotting was

performed using polyvinylidene difluoride membranes as described previously (21).
Transferred PVDF membranes then incubated with either of monoclonal anti-b (10-1B1,
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b A128-R138) or anti-α (α-II) (22) antibodies or both for 1 hour at room temperature.
Monoclonal antibody 10-1B1 against b was kindly provided by Drs. Gabriele DeckersHebestreit and Karlheinz Altendorf of Universität Osnabrück. Alkaline phosphataseconjugated secondary antibody against mouse IgG (from Jackson ImmunoResearch) was
used for 1 hour incubation . Substrate buffer containing 80 μl BCIP (5-bromo-4-chloro-3indolyl-phosphate), 60 μl NBT (nitro blue tetrazolium), 100 mM Tris-HCl, pH 9.5, 100
mM NaCl, and 5 mM MgCl2 was used for color development (Synaptic Systems,
http://www.sysy.com/protocols/blot.php).
2.2.7

Disulfide formation.
Membranes were prepared in the presence of 1 mM DTT from E. coli strains DK8

carrying plasmids containing all combination of mutations in positions 83 and 90. For the
second chimeric gene, b (with the 6X His-tag at the N-terminal), positions 83 and 90
were determined regardless of the residues of the leading 6X His tag (corresponding to
the E. coli numbering). Membranes were treated with neutralized, 40 mM TCEP for 3
hours protected from oxygen. To achieve protection from oxygen a pressurized stream of
nitrogen was directed to each tube for a short period of time before sealing with paraffin
film. After 3 h protein samples were diluted in the disulfide reaction buffer to make
concentration of 0.5 mg/ml of each membrane preparation. Disulfide reaction buffer
contained 1 mM EDTA, 20 mM Tris-HCl, pH 7.5, 10% glycerol, and 100 mM NaCl. For
zero time samples, two equal volumes were taken from each tube and diluted in 3X SDS
sample buffer containing either 150 mM DTT or 40 mM NEM. After boiling for 5
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minutes, samples were kept at -20 °C. Crosslink formation was started (for the remaining
solution in each tube) by adding Cu(II) and phenanthroline to final concentrations of 0.1
mM and 1 mM respectively. At times 30 s, 1 min, and 10 min samples were taken and
quenched with 3X SDS sample buffer containing 40 mM NEM, boiled, and kept at -20
°C. Another 10 minute sample was reduced by addition of 3X SDS sample buffer
containing 150 mM DTT and boiling.
2.3
2.3.1

Results
Plasmid construction.
The main goal of this project was to develop a system in which the two chimeric

subunits are equally expressed at relatively normal levels and assemble into ATP synthase
exclusively as heterodimers. The desired situation was to have this system without any
disruptive effects on expression of other subunits in the operon. For this reason we
decided to have initiation of translation at the first gene and termination at the second
gene as close to normal as possible. Tags were therefore placed at end of the first gene
and start of the second gene, and a ribosomal re-initiation site placed between them to
promote equal levels of translation. Plasmid pACWU1.2 was selected as the main vector.
It is a plasmid which contains all of the E. coli ATP synthase subunit genes, encoding the
subunits in the order of a, c, b, δ, γ, α, β, and ε and they are all cysteine free. Restriction
sites in this plasmid were checked and PacI site (at the end of the c gene) and BssHII sites
(at the beginning of the δ gene) were found to be unique and in the desired positions.
Sequencing results of the pACWU1.2 on the other hand showed that the PacI site was
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absent in the plasmid due to a A to T point mutation. The first goal was then to correct
this mutation to insert the PacI site back in the plasmid. Using a pair of primers,
“forPacI” (Table 2.1) and “M13F” for PCR on pSD300, the fragment was cut with HpaI
and BsrGI and pasted back in pSD300 and the resulting plasmid was called pAG1.
Following that, the BsrGI/PpuMI fragment from pAG1 was pasted in pACWU1.2 and
pAG3 plasmid was made. pAG3 was then used to design the chimera and other following
constructions.
The segment between PacI and BssHII sites in pAG3, containing the E. coli b gene,
was used to design the chimera. As the start codon for the wild type b gene is GTG, it
was decided to use this codon for designing the chimera. In each one of the chimeric
subunits residues 34-110 were replaced with corresponding b and b’ sequences from R.
capsulatus. By using codon degeneracy, DNA sequences were changed in order to
produce unique restriction sites in the genes encoding b and b’, since having lots of
unique restriction sites is handy in manipulating the DNA sequences. Some of the R.
capsulatus codons were also changed based on the codon usage in E. coli to prevent any
unfavorable codons in the chimera (23). Sequences of two tags were also introduced to
the genes, V5 tag to the end of the first gene (C-teriminal of b’) and 6X His tag to the
beginning of the second one (N-terminal of b) (8). As a result the initiation region for the
first gene and b-δ intergenic region after the second gene are exactly like wild type
(Figure 2.1, A, Figure 2.2). As it is optimal for the amounts of the two b subunits to be in
1:1 ratio, it was decided to put a ribosomal re-initiation sequence in between the two
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Figure 2.1: Schematic representation of the chimera and deletion constructs. Panel
A, in the chimera residues number 34-110 of E. coli b was replaced with corresponding
residues of R. capsulatus b and b’ sequences. V5 tag was added to the C-terminal region
of b’ and 6X His tag to the N-terminal part of the b. To achieve equal expression for the
two genes an engineered ribosomal re-initiation site was used for the region in between
the two genes. Three amino acids S, E, and S were added to the end of V5 tag sequence
to make a weak Shine-Dalgarno sequence. In between the two genes there is an overlap
of one base pair for stop and start codon (TGATG). Panel B, to check the possibility of
homodimer formation two deletion constructs were made. In each one of the deletion
constructs the majority of the gene was deleted in a way that the rest of it was left inframe. In each case the product of the deleted gene is a short protein which can not
assemble to the ATP synthase complex.
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Figure 2.2: Sequence of the chimera. The sequence bounded by PacI and BssHII sites
was used to design the chimera. With the help of codon degeneracy lots of unique
restriction sites were introduced. Also, R. capsulatus codons that were bad codons for E.
coli were changed. Sequences encoding two specific tags, V5 and 6X His were added to
the b’ and b respectively, for detection.
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genes. The idea behind ribosomal re-initiation site is to let the ribosome stay there at its
position right after finishing translation of the first gene and then let it find the start codon
for the second gene and continue translating the second gene. It is used by bacteria in
places where having equal amount of proteins is important (24). The criteria for having
ribosomal re-initiation is to have ATG of the second gene close to the stop codon of the
first gene, in some cases there is also an overlap between the end and start codon, and
having a Shine-Dalgarno sequence before start codon of the next gene (25). To make a
Shine-Dalgarno sequence codons encoding three amino acids were added to the end of
V5 tag in the first gene, TCG GAG AGC (Figure 2.1, A). Using a strong Shine-Dalgarno
sequence will increase the chance of de novo translation start which is not desired. Also,
the stop codon of the first gene and the start codon of the second overlapped by one base
in the sequence TGATG. The sequence of this designed chimera was ordered from
GenScript® (Figure 2.2) and was received in a plasmid called pAG2. As mentioned earlier
PacI and BssHII sites were used to clone the chimeric sequences into pAG3 producing
plasmid pAG5.
To be able to test the ability of the chimeric subunits in making functional
homodimers, two constructs were made in which the majority of either b’ (pAG17) or b
(pAG19) encoding genes were deleted leaving the rest of the gene in-frame but small in
length to prevent the shortened product from assembling in the enzyme (Figure 2.1, B).
All of these constructs had GTG at the beginning of the first chimera like the wild type
case in E. coli b gene. Also, in order to check the ability of ribosomal re-initiation site to
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start de novo translation, a stop mutation was introduced at position 10 near the beginning
of the first gene, b’. This construct was called pAG32.
2.3.2

In vivo functionality.
As the first test for in vivo functionality of ATP synthase the ability of E. coli cells

carrying the desired plasmid, pAG5, to grow on succinate was tested and compared with
the controls described above. Since succinate is a non-fermentable carbon source only
cells with functional ATP synthase can survive using this energy source for generating
ATP. E. coli cells strain DK8 were transformed with the constructs to check the ability to
support growth. Only chimeric b/b’ expressing construct (pAG5) could grow on succinate
similar to wild type. Neither b (pAG17) nor b’ (pAG19) expressing constructs could grow
(Table 2.4) which shows that chimeric subunits can not make functional homodimers of
b/b or b’/b’ form. The only functional combination is the heterodimer of b/b’. Also,
construct with stop mutation at the beginning of b’ (pAG32, Q10 to stop mutation) could
not support growth on succinate in spite of very low expression of the b chimeric form.
2.3.3

Membrane preparation and characterization.
To investigate the effect of chimera incorporation on the function of F 1Fo and also

to characterize its molecular nature, membrane vesicles were prepared for assessment of
ATPase activity and ATP-dependent proton pumping. E. coli cells strain DK8 carrying
appropriate plasmids were grown in LB media and membranes prepared as described in
Material and Methods.
Detection of the two chimeric b subunits with Western blotting. In order to detect
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Growth on Growth on
succinate
glucose

Name of plasmid

Protein encoded

pAG3

Wild type E coli b

+++

+++

pAG5

Chimera of b and b’

+++

+++

pAG19

Chimeric b’

---

+++

pAG17

Chimeric b

---

+++

pAG32

Chimeric b
(stop mutation at the beginning of b’)

---

+++

pDC14

Wild type pACWU1.2 with the b
subunit deleted (Neg. Cont.)

---

+++

Table 2.4: Complementation test on succinate for the chimera and deletion
constructs. Growth of bacteria containing chimeric and wildtype plasmids used in this
study on succinate (non-fermentable carbon source). In each case one colony was picked
and cells were resuspended in 0.9% NaCl. Following resuspension, cells were streaked
out from an LB agar plate on succinate and glucose plates. Plates were incubated at 37 °C
for 72 hours. At the end of 72 hours growth of colonies were compared to the wild type
growth and scored into three levels: + + + wild-type growth; + + colonies smaller than
wild type; + very small colonies compared to wild type; - - - no growth.
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expression levels of the two genes in membrane samples antibody specific detection of
proteins was used. Several monoclonal and one polyclonal anti-b antibodies which were
available in the lab were tested and 1B1 anti-b antibody was selected. The epitope for this
antibody is bA128-R138 which is common between the two chimeric b/b’ subunits
(Gabriele Deckers-Hebestreit and Karlheinz Altendorf, personal communications). The
chimeric b’ subunit (with V5 tag epitope added) and b subunit (with His tag epitope
added) are similar in mass and number of residues. We found that they run differently
upon electrophoresis and we were able to separate them completely by using 20%
acrylamide gels. The result was two bands compared to one band in the wild type sample
shown in Figure 2.3, A. In order to find out which band corresponds to b’ and which to b,
specific antibodies against V5 and His tags were used. It was determined that the lower
band carries the V5 tag and is b’ (Figure 2.3, B). The anti-His antibody recognized the
upper band implying it was due to the b chimera, but was not very specific (data not
shown). In the construct with the stop mutation at the beginning of the b’ (pAG32, Q10 to
stop mutation) no level of protein was detectable by Western blot which indicates that the
translation initiation region of the second gene, encoding the b’ chimera, is unable to
initiate translation in the absence of translation of the upstream gene; the translational
coupling is strong.
ATPase activity. ATPase activity of membranes was determined under conditions
where F1 remained associated with Fo in the membranes. This assay showed that cells
carrying wild type plasmid, pAG3, have the highest levels of ATPase activity(2.21
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Figure 2.3: Detection of chimeric b subunits by 1B1 monoclonal anti-b antibody.
Membrane proteins were subjected to Western blot analysis. The same amount of protein
were loaded in each lane (5 µg). In case of chimera, pAG5, there are two bands present
in the blot. The two chimeric bands were further detected by specific anti-V5 antibody.
The lower band has the V5 epitope and is the b’. pAG3 - wt, pDC14 - uncF deleted,
pAG5 - chimeric b’/b, pAG19 - b deleted, pAG17 - b’ deleted.

47

U/mg). Compared to the wild type, the chimera, pAG5, has substantial amount of ATPase
activity (1.25 U/mg) while when only one of the genes are present, pAG19 and pAG17,
the activity was strongly reduced (0.16 U/mg and 0.30 U/mg respectively). As expected,
the deletion control, pDC14 showed no significant ATPase activity (0.03 U/mg).
ATP-Dependent proton pumping. To investigate whether the ATPase activity of
these membranes is coupled to proton translocation, the ability of ATP synthase to
establish a proton gradient across the membrane was tested by measuring the ATPdependent quenching of ACMA (9-amino-6-chloro-2-methoxyacridine) fluorescence
(Figure 2.4). In normal conditions, where there is no potential gradient across the
membrane, ACMA can diffuse in and out of vesicles. Addition of ATP to the solution
causes the ATP synthase to work in the direction of ATP hydrolysis and since vesicles are
everted, the enzyme pumps protons inside vesicles. ACMA now can go inside the
membranes but it gets protonated and is trapped there. This can be monitored by
monitoring fluorescent quenching following the addition of ATP. At the end, the
uncoupler FCCP dissipates the proton gradient across the membrane and reverts the
quenching back to the basic level. The levels of quenching were strong and similar in
both cases of wild type and pAG5 chimera construct. In comparison, there was no
quenching in the cases of internal deletions, despite their detectable levels of ATPase
activity. This indicates that in these membranes the ATPase was not coupled.
2.3.4

ATP synthase extraction and fractionation by glycerol gradient
centrifugation.
Achieving equal amounts of expression for the two subunits is an optimal situation
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Figure 2.4: ATP-dependent proton pumping assay. Based on ATPase activity assay
results, membrane samples containing equal units of ATP synthase (0.1 U) were diluted
in the buffer and ACMA in ethanol added. ATP was added to the samples and the
fluorescence was monitored after addition of ATP. Membranes carrying wild type and
b’/b chimera showed almost the same amount of quenching of ACMA upon addition of
ATP. Amount of membrane that used: pAG3 83 µg, pAG5 171 µg, pDC14, pAG19, and
pAG17 250 µg. Finally, by addition of uncoupler FCCP the established proton gradient
was dissipated to the basic level.

49

because it will decrease the risk of homodimer formation between the subunits. Also it
will show the efficiency of cross-linking experiments when this system is used for
disulfide formation studies. For checking 1:1 ratio of the two proteins we tested the
expression level of the two chimeric proteins in the membrane samples by Western blot
analysis. In this method intensity of the bands was used for comparison. The best way to
show equal incorporation of the two b subunits in ATP synthase complex is to purify ATP
synthase complex and detect the two subunits. To do that, membrane samples from wild
type cells and cells carrying chimeric plasmid were extracted with C 12E8 detergent and
applied to glycerol gradients to perform density gradient centrifugation. Fractions were
analyzed by Western blotting to determine the distribution of the b subunits, and the α
subunit of F1 was used as a control. Peaks of ATP synthase are present at fractions 15-17
of wild type samples (Figure 2.5, A) and 11-13 of the chimeric samples (Figure 2.5, B),
as it is observable by anti-b and anti-α antibodies. Furthermore, the amounts of both
chimeric subunits that are associated with ATP synthase expressed from pAG5 appear to
be equal, implying that they are present at a 1:1 ratio.
2.3.5

Determination of the orientation of the b and b’ in the chimera.
Cross-linking experiments between cysteine residues introduced in adjacent a and

h positions in the region between residues 61(a) and 90(h) in E. coli b has been shown to
be both strong and preferential (1). Also, unpublished data from our lab showed that
cross-linking of cysteines introduced in positions 83 and 90 (according to E. coli
numbering) of R. capsulatus b’ and b subunits, respectively, is very efficient. To analyze
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Figure 2.5: ATP synthase purification and glycerol gradient centrifugation. C12E8
extracted membrane proteins (7.5 mg of protein) was applied to a glycerol gradient (1030%) containing 0.1% C12E8 and spun at 200,000×g for 5h. Fractions of about 400 µl
were collected from the bottom (from the left, starting with number 1). The same amount
of samples (15 µl) from the glycerol gradient were subjected to Western blot analysis
with both anti-b and anti-α antibodies. Panel A, shows the density gradient fractionation
of ATP synthase from cells carrying wild type plasmid, pAG3. Fractions 15 – 17 show
the most amount of ATP synthase present. Panel B, fractionation of ATP synthase from
cells carrying chimeric plasmid, pAG5. Fractions 11 – 13 show the highest level of ATP
synthase and the intensity of the two bands are almost the same. This shows the equal
incorporation of the two chimeric b subunits in the ATP synthase complex.
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the orientation of the newly developed chimeric b subunits in ATP synthase of E. coli, the
cysteine cross-linking approach was also used. Positions 83 and 90 of the chimeric
subunits were mutated to cysteine in all possible combinations, b’83/b83, b’83/b90, b’90/b83,
and b’90/b90 to study the disulfide formation potential. The first test for these mutated
constructs was the ATP synthase functionality test on succinate. As shown in Table 2.5,
all combinations of cysteine mutations supported growth, although the b’83/b83 construct
grew more slowly. Secondly, disulfide formation was studied and since it requires the two
cysteines to be close to each other, comparing the combination of cysteine mutations
which makes the cross-link most efficiently indicates which orientation is present.
Membrane samples containing the cysteine mutations were treated with Cu(II)phenenthroline based on the method described in Materials and Methods. Samples were
taken at different time intervals and were subjected to Western blot analysis with anti
body 1B1 against the b subunits. The most efficient heterodimer formation was observed
for the b’83/b90 sample as seen by strong dimer band (Figure 2.6). In case of other
combinations, despite the long incubation at 30 °C there was no significant heterodimer
formation observable. The interesting observation is that the monomer bands in case of
b’83/b90 mutations disappeared completely during the time of the experiment. This results
confirms that each ATP synthase complex contained one R. capsulatus b chimera and one
R. capsulatus b’ chimera. In all cases, DTT, a reducing agent, restored the b subunits to
their initial levels, confirming the disulfide nature of any products.
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Growth on Growth on
succinate
glucose

Name of plasmid

Protein encoded

pAG3

Wild type E coli b

+++

+++

pAG5

Chimera of b and b’

+++

+++

pDC14

Wild type pACWU1.2 with the b
subunit deleted (Neg. Cont.)

---

+++

pAG46

b’83 – b83 cysteine mutations

++

+++

pAG47

b’83 – b90 cysteine mutations

+++

+++

pAG48

b’90 – b83 cysteine mutations

+++

+++

pAG49

b’90 – b90 cysteine mutations

+++

+++

pAG50

b’2 – b2 cysteine mutations

---

+++

pAG51

b’2 – b6 cysteine mutations

+

+++

pAG52

b’2 – b10 cysteine mutations

---

+++

pAG53

b’6 – b2 cysteine mutations

---

+++

pAG54

b’6 – b6 cysteine mutations

---

+++

pAG55

b’6 – b10 cysteine mutations

---

+++

pAG56

b’10 – b2 cysteine mutations

+++

+++

pAG57

b’10 – b6 cysteine mutations

+++

+++

pAG58

b’10 – b10 cysteine mutations

---

+++

Table 2.5: Complementation test on succinate for plasmids containing cysteine
mutations. Growth of bacteria containing plasmid with cysteine mutations on succinate
(non-fermentable carbon source). In each case one colony was picked and cells were
resuspended in 0.9% NaCl. Following resuspension, cells were streaked out on succinate
and glucose plates. Plates were incubated at 37 °C for 72 hours. At the end of 72 hours
growth of colonies were compared to the wild type growth and scored into three levels: +
+ + wild-type growth; + + colonies smaller than wild type; + very small colonies
compared to wild type; - - - no growth.
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Figure 2.6: Disulfide cross-linking experiments for positions 83/90. Membranes were
prepared in the presence of 1 mM DTT from E. coli strain DK8 carrying plasmids
containing mutations in positions 83 and 90. Membranes were treated with 40 mM TCEP
for 3 h protected from oxygen. Then protein samples were diluted in the disulfide
reaction buffer containing 1 mM EDTA to make concentration of 0.5 mg/ml. Zero time
samples were taken and diluted in 3X SDS sample buffer containing either of 150 mM
DTT or 40 mM NEM. Cross-link formation was started by adding Cu(II) and
phenanthroline to the final concentrations of 0.1 mM and 1 mM respectively. At times
30sec, 1min, and 10min samples were taken and quenched with NEM. At the end of 10
minutes samples were reduced by addition of DTT.
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2.3.6

Studying the orientation of the b subunit in the transmembrane domain.
To study the offset relationship in the transmembrane domain, it was decided to

start with mutations in positions 2, 6, and 10 of the chimera. Mutagenic PCR primers
were designed and mutations to cysteine were introduced in all of the possible
combinations of these locations: 2/2, 2/6, 2/10, 6/2, 6/6, 6/10, 10/2, 10/6 and 10/10
positions in b’/b respectively. Again the first test which is complementation test was done
for all of these mutations to see their possible effect on ATP synthase functionality. To our
surprise we found that majority of them did not support growth on succinate; in only two
cases was growth observed (Table 2.5). Since the purpose of this experiment was to
determine the orientation of each subunit in the dimerization domain it was decided to
continue to the cross-linking studies despite the effect of mutations on functionality.
To do cross-linking studies membranes were made for all of these double mutants
and disulfide formation was performed according to method described in Material and
Methods. To detect the result of cross-linking Western blot using antibody against V5 tag
was done and since only one of the chimeric b subunits has the V5 epitope we were
expecting to see only one band in each one of the combinations. Unfortunately, not only
was no significant amount of cross-linking observed, but also two bands were detected
using this antibody (Figure 2.7).
2.3.7

Studying the role of the b and b’ subunits in the stiffness of the stator stalk.
In this study for each one of the chimeric b and b’ subunits five constructs were

made in which consecutive glycine mutations were introduced in positions 79-83 while
keeping the other one intact. Growth tests and studying proton pumping activities of these
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Figure 2.7: Disulfide cross-linking experiments in the transmembrane domain.
Plasmids carrying all combinations of cysteine mutations in positions 2, 6, and 10 were
transformed into DK8 strain of E. coli and membranes were prepared in the presence of 1
mM DTT. Samples of membrane were treated with 40 mM TCEP for 3 h protected from
oxygen. Disulfide reaction buffer containing 1 mM EDTA was used to dilute protein
samples. Concentration of 0.5 mg/ml was prepared for each sample. Zero time samples
were taken and diluted in 3X SDS sample buffer containing either of 150 mM DTT or 40
mM NEM. Cross-link formation was started by adding Cu(II) and phenanthroline to the
final concentrations of 0.1 mM and 1 mM respectively. At times 1min and 10min samples
were taken and quenched with NEM. At the end of 10 minutes samples were reduced by
addition of DTT.
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constructs will help understand the role of each one of the subunits in the stator stalk
stiffness. To test the functionality of the ATP synthase with stator stalk containing glycine
mutations b’ 1gly83, b’ 2gly82-83, ... , b’ 5gly79-83, and b 1gly83, b 2gly82-83, ... , and b 5gly79-83
strain DK8 of E. coli was transformed with each one of the constructs and the ability to
support growth on succinate was tested (Table 2.6). The first observation is that
introducing more than two glycine mutations into either subunit disrupts the function, i.e.
no growth was observed. This result is similar to the effect seen with the E. coli b subunit
homodimer, but there both subunits were affected by the mutations (13). The second
observation is that bacteria with glycine mutations introduced in their b subunits seem to
be more active than the set with the same number of glycine mutations in the b’ subunit.
2.4

Discussion
The initial goal of this project was to produce an obligate heterodimeric system, i.e.

an ATP synthase that will only work when the two chimeric b polypeptides are
incorporated into the complex. The idea of making heterodimeric stator stalks in E. coli
has been done previously in collaboration with Brian Cain's lab where b and b’ genes
from Thermosynechococcus elongatus were used to design the chimera (8). They
achieved better ATPase activity and proton pumping when the two proteins were
expressed but unfortunately homodimer formation was also possible. This can be
explained by the fact that T. elongatus is a thermophile and its b subunits have been
selected for specific heterodimer assembly and stability at elevated temperatures.
However in the lab growth conditions where organisms usually are cultured at 30-37 °C,
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Growth on Growth on
succinate
glucose

Name of plasmid

Protein encoded

pAG3

Wild type E coli b

++++

++++

pAG5

Chimera of b and b’

++++

++++

pDC14

Wild type pACWU1.2 with the b
subunit deleted (Neg. Cont.)

---

++++

pAG59

b’83 glycine mutation (b’ 1Gly)

++

++++

pAG60

b’83-82 glycine mutations (b’ 2Gly)

+

++++

pAG61

b’83-81 glycine mutations (b’ 3Gly)

---

++++

pAG62

b’83-80 glycine mutations (b’ 4Gly)

---

++++

pAG63

b’83-79 glycine mutations (b’ 5Gly)

---

++++

pAG64

b83 glycine mutation (b 1Gly)

+++

++++

pAG65

b83-82 glycine mutations (b 2Gly)

++

++++

pAG66

b83-81 glycine mutations (b 3Gly)

---

++++

pAG67

b83-80 glycine mutations (b 4Gly)

---

++++

pAG68

b83-79 glycine mutations (b 5Gly)

---

++++

Table 2.6: Complementation test on succinate for plasmids containing glycine
mutations. Growth of all bacteria containing plasmid with glycine mutations on
succinate (non-fermentable carbon source). In each case one colony was picked and cells
were resuspended in 0.9% NaCl. Following resuspension, cells were streaked out on
succinate and glucose plates. Plates were incubated at 37 °C for 72 hours. At the end of
72 hours growth of colonies were compared to the wild type growth and scored into four
levels: + + + + wild-type growth; + + + colonies slightly smaller than the wild type
growth; + + colonies smaller than the wild type colonies, + very small colonies
compared to the wild type; - - - no growth.
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homodimers might also be stable enough to form and assemble in ATP synthase complex.
In this study however b and b’ sequences of Rhodobacter capsulatus were used which is
a mesophile and lives at moderate temperatures (30 °C). These might be expected to be
less prone to nonspecific (i.e. homo-) dimerization. The other shortcoming of the
previous approach was the limitation in delivery of chimeric subunits to the cells since
each one of the subunits was in a separate plasmid. In contrast, in our approach, we
decided to work with a single plasmid system in which the two genes were placed into
unc operon carried on a plasmid in place of the normal uncF gene. And finally, to express
both chimeric proteins at equal levels that are similar to that of the E. coli b production,
we used normal contexts for initiation of the first gene, end of the second gene, and used
a ribosomal reinitiation sequence to produce translation coupling between the two genes.
Additionally, sequences of tags were placed in between the two genes to keep the
initiation region of the first gene and the end of the second gene intact.
The result of Western blotting experiments using 1B1 monoclonal antibody against
the b subunit detected two proteins with the expected sizes. The same level of expression
for the two proteins was achieved based on the observation that the intensity of the two
bands detected by Western blotting were the same. Also, we noticed that the designed
ribosomal re-initiation site in between the two genes was not able to start translation de
novo. By mutating residue number 10 in the first gene to stop codon we turned off
translation of it and then we looked at the level of expression of the b (encoded by the
second gene) by Western blot. No level of expression was detected and the construct was

59

not capable of supporting growth on succinate. The importance of the ribosomal reinitiation site and the linkage between expression of the first gene and the second gene
can be further observed by looking at the level of expression of the b in case of in-frame
deletion of b’ (pAG17) compared to when the first gene is turned-off (pAG32). Since the
in-frame deletion kept a small section of the b’ gene in the chimera, the encoding protein
(expressed by the shortened first gene) is short and can not assemble in ATP synthase but
it can mimic the behaviour of a full length gene regarding the translation of these
chimeric genes. Comparing the level of b expression in Figure 2.3, A, shows that the
expression of the second gene is linked to the first gene and the region in between the two
genes is a ribosomal re-initiation site instead of being a ribosomal initiation region.
Our results show that we have made an obligate heterodimeric system.
Complementation tests on succinate showed that there is no chance for the chimeric
subunits to form functional homodimers, only E. coli cells containing heterodimeric
chimera were able to grow on succinate. Membrane samples from these cells showed
significant amount of ATPase activity and levels of proton pumping similar to the wild
type E. coli, something that was not achieved by using T. elongatus heterodimer system.
On the other hand, when one of the genes was deleted, some amount of ATPase enzyme
was detectable in the membrane but growth test and ATP-dependent proton pumping
showed no activity. In fact, in these membrane samples the level of proton pumping was
similar to the negative control.
The incorporation of the two chimeric subunits in the ATP synthase was also tested
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by the enzyme extraction and fractionation. When detected by Western blotting the same
intensity for the two bands was detected in fractions containing ATP synthase which
shows the same amount of protein has been incorporated into the enzyme complex. To
further study this, cysteine cross-linking studies were performed for positions 83 and 90
(E. coli numbering) of the chimera. Based on previous works in the lab we knew that in
R. capsulatus wild type stator stalk b’ is in bC position and b is in bN position based on the
cross-linking of positions 83/90 (Mark Czuczman and Stan Dunn, personal
communications). In fact, cysteine residues at position b’83 and b90 made the most
efficient disulfides in the wild type R. capsulatus b/b’. This also provided the possibility
of checking the orientation of the chimera in the E. coli. Our results showed that in E.
coli, the chimera takes the same orientation as in the wild type R. capsulatus and we
found that b’83/b90 made the most efficient disulfide among all combinations of these
positions. This is in contrast to the previous result of chimeric T. elongatus in E. coli
where the most efficient disulfide was formed in b’90/b83 construct. Also, these results
further supported the 1:1 ratio of the two proteins as there is no monomer band left over
after the disulfides has been formed which provides strong support for the fact that each
ATP synthase molecule in the heterodimeric chimeric system has one molecule of each
chimeric monomer in its stator stalk. Another interesting observation is that formation of
disulfide in the newly developed system is highly specific due to the fact that the
chimeric subunits were incorporated into the ATP synthase enzyme. In contrast, when the
disulfide experiments are done using the expressed b and b’ subunits, although b’83/b90
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combination makes efficient cross-links, other combinations also formed to some degree
(Mark Czuczman and Stan Dunn, personal communications). This confirms that the
offset is indeed the preferred orientation within the ATP synthase complex and suggests
that the other combinations form in isolated b constructs because of increased freedom or
mobility in the free subunits, compared to in the complete enzyme.
As the results of this study were promising it was decided to use this system for
structural studies of the stator stalk, specifically the b subunit. One question that we had
was whether the offset model is a local phenomenon, present only in the dimerization
domain or a general one also present in the transmembrane domain. Cysteines were
introduced to all combinations of positions 2, 6, and 10 as mentioned earlier to test this
idea. Unfortunately, many of these constructs failed to support growth on succinate,
whereas Dmitriev et al. showed that introducing cysteine mutations in the same positions
in the E. coli wild type homodimer did not have any effect on growth on succinate (11).
Cross-linking experiments were also done but there was no significant level of disulfide
formation with any combination of mutations. Also, detection of the blots with anti-V5
antibody detected two bands instead of one, since each chimeric heterodimer has one V5
epitope. The most probable explanations for this are that there could be a protein
degradation process which is cleaving the chimera at a specific point preventing the
protein from being functional or that the introduced cysteines are sometimes chemically
modified which can also change the behaviour of proteins on gels. Another possibility
might be that the 3 residues that were tested are not actually at the helix-helix interface.
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Further studies would be needed to find a contact region for the two subunits in this
domain since it is also possible for the two b subunits to not interact with each other in
this region. They might be placed on either side of the a subunit, the membrane domains
of the two subunits interacting with different faces of a and not with each other. Overall,
because of the difficulties encountered with this approach, we decided not to pursue it
further.
Another application of the system which has been started is to study the importance
of stiffness or flexibility of each subunit in ATP synthase complex. Previous studies
carried out in collaboration with the Junge laboratory (13) revealed that the efficiency of
energy coupling by E. coli ATP synthase declined as the stator was made less stiff by
introduction of multiple glycine residues into the region of residues 79-83. Introduction
of one or two glycines was tolerated, but three glycines prevented growth on succinate,
indicating that it prevented oxidative phosphorylation in vivo. Measurement of stator
stalk stiffness by single molecule study showed that incorporation of two or three
glycines produced a progressive decrease in the stiffness of the stator, revealing that a
stiff stator is essential for proper enzyme function. The possibility of introducing glycine
mutations in each one of the subunits independently is a great tool to study the
importance of stiffness of each of the nonidentical b subunits. This was not possible
previously because the two subunits were encoded by the same gene. Growth tests of the
glycine mutation containing species showed that introduction of three consecutive
glycine residues into either subunit prevented growth on succinate, just as introduction of
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three glycines into both subunit of the E. coli homodimer had. The result shows that the
stiffness of the helices of each of the subunits is important. Interestingly, however, there
was better growth in the set with glycine mutations in the b subunit compared to
mutations in the b’. In comparing the sequences of the two subunits, it is notable that the
R. capsulatus b sequence has native glycines in positions 70 and 104 (E. coli numbering)
whereas the b’ sequence has no glycine residues so close to the point where these were
introduced. Based on the results presented here, the stiffness of b’, which occupies the bC
position, is more critical to stator stalk function than the stiffness of b, which occupies the
bN position. Studying proton pumping activities of these constructs and also combining
glycine mutations in the two subunits will help us understand how the combination of
subunits promotes stator stalk stiffness.
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Chapter 3: Bioinformatics Analysis of b and b’ Sequences of ATP Synthase
3.1

Introduction
The ATP synthase in E. coli has a homodimeric stator stalk (as do most Bacteria),

while many other organisms have a heterodimeric stator stalk composed of two b type
subunits b and b’. Organisms with heterodimeric b subunits include chloroplasts and
photosynthetic Bacteria such as Cyanobacteria and certain Proteobacteria. These genes
often are referred to as ATPF and ATPX for b and b’ respectively and sequence alignment
of these proteins within an organism show significant amounts of divergence. Different
criteria has been used for the purpose of assigning each one of these proteins to a subfamily. The historical convention of assigning the longer sequence as b and the shorter
one as b’ (1) has been used as one criterion. It should be mentioned that Cyanobacteria
were the first organisms in which their heterodimeric b subunits were discovered as b and
b’. Alternatively, studying the structure of the dimerization domain of the homodimeric b
subunit in E. coli (by use of cysteine cross-linking experiments) has lead to the
assignment of bN and bC subunits (2). Cysteine cross-linking experiments showed that the
two subunits, instead of being in-register, are offset with respect to one another. Based on
this the subunit which was shifted toward the N-terminal was called bN and the other one
was called bC. Further studies using engineered subunits fixed in specific orientations
revealed different roles for each subunit and different interactions with the ATP synthase
complex (3). Overall, based on these studies we now know that the two subunits in the
stator stalk have different interactions with each other and the rest of the ATP synthase
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subunits. Accordingly, our expectation is that the differences between the two subunits in
a heterodimer will reflect this. How these interactions are correlated with existing b and
b’ designations, based purely on length, is unknown. While previous studies examined
the difference between the two subunits (4,5) they did not examine the evolution of these
proteins nor did they inform on how to distinguish among these proteins based on
sequence. In other words, it is still not known if length is an appropriate criterion for the
assignment. The aim of this project was to study sequence elements responsible for b and
b’ nomenclature (or occupation of bN or bC positions) corresponding to b/b’ length and
possibly, find out how these heterodimers arose. Since we expect b and b’ arose through
gene duplication followed by divergence, determining the points in evolution where the
heterodimer arose and the chance of separation between organisms is high will allow
identification of clades with common characteristics.
At first it was necessary to find a good way of classification of these organisms
based on common properties. Literature searches showed that gene arrangement of ATP
synthase operon can be a good candidate for this purpose since at least three different
patterns have been reported among Bacteria. In E. coli (6), the alkaliphilic bacterium
Bacillus firmus OF4 (7), and the thermophilic Bacillus strain PS3(8) the ATP synthase
genes were reported to be grouped together forming a single transcriptional unit encoding
the a, c, b, δ, α, γ, β, and ε subunits. However, in the purple nonsulfur photosynthetic
bacteria Rhodopseudomonas blastica (9), Rhodospirillum rubrum (10), and Rhodobacter
capsulatus (11,12) the ATP synthase operon was shown to be separated into two separate
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groups; one operon encoding the Fo (a, c, b’, and b) and the other operon encoding the F1
(δ, α, γ, β, and ε) subunits. And finally, the last reported pattern was found among
Cyanobacteria Synechococcus strain PCC 6301 (1), Synechococcus strain 6716 (13),
Synechocystis sp strain PCC 6803 (14), and Anabaena strain PCC 7120 (15). Here the
genes again were arranged into two transcriptional units, however, this time one
containing the genes encoding a, c, b’, b, δ, α, and γ and the other containing genes for
the β and ε subunits. Since these splittings of operons were different and were likely to be
rare and unique events in these cases, they were selected as an initial approach of
analyzing the organization of genes in ATP synthase transcriptional units.
The availability of a large number of completely sequenced bacteria provided a
large database to start with. Several different patterns of operon arrangements were found
among Bacteria. Among these patterns the ones that were rare, meaning a small number
of bacteria had those kinds of patterns, were excluded. In contrast, patterns that were
more common were selected for further studies. Subsequently, identified patterns were
put onto a tree of Bacteria, determined by ribosomal protein sequence alignments, to see
the distribution of each operon arrangement pattern among different phyla of Bacteria.
Following that, the relationships between the two b subunits, defined by gene order, was
determined by making phylogenetic trees of b subunit sequences. At this point, since
there are several groups of b subunits available (based on operon arrangement patterns),
sequence-based characteristics of any given group can be identified through development
of position-specific scoring matrices (PSSM) (16) for those groups. These matrices will
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be used for BLAST (17) search to find other related sequences in the database. Finally,
discovered patterns will be helpful for finding sites of interaction (both inter- and intramolecular) in the dimer of b subunits by coevolution analysis (18).
3.2
3.2.1

Material and Methods
Sequence search and graphing.
All completely sequenced organisms by the end of August 2011 were downloaded

as Genbank files and searched for the ATP synthase genes using BioPython (19)
programming language and PSI-BLAST (20) search. The SeqIO library of the BioPython
language provides parsing through genbank files and looking for specific sections in the
file. For example in this study “product” in the CDS (coding sequence) under the
FEATURES section in each organism's genbank file was searched to find F-type ATP
synthase genes. Following this step, to make sure that the found sequences are correct,
their similarity with the b subunit of E. coli was confirmed by running a PSI-BLAST
search by use of the b subunit of E. coli as a query and collecting the found hits. PSIBLAST was used to be able to find all b subunits, even distantly related ones. Search was
continued until convergence, usually less than 10 iterations with E-value of 10 -10.
Comparing the results of the two methods (“product” name search and PSI-BLAST
search) helped to make sure that the found sequences are really related to the b subunit
(both by annotation and sequence similarity). Graphical figures were made using the
GenomeDiagram (21) library of the BioPython language. This library adds the name of
every found sequence to a list of hits in each organism's genbank file and at the end
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graphs all found hits in one page. It prints all of the genome in one page (pdf file or an
image file), with the found hits high-lighted as coloured arrows or boxes. The colour code
used in this study to relate genes with their encoded polypeptide is: a, red; c, blue; b or b’,
green; delta, light-blue; alpha, orange; gamma, purple; beta, dark-sea-green; and epsilon,
yellow.
3.2.2

Phylogenetic analysis.
Multiple sequence alignments were constructed using the MUSCLE (22) program.

In each case a collection of sequences were selected and aligned with this program with
the default settings. After the multiple sequence alignment, their curation was done by
Gblocks (23). Gblocks eliminates poorly aligned positions and divergent regions of an
alignment of DNA or protein sequences prior to phylogenetic analysis. The default
options of Gblocks were used. Maximum-likelihood phylogenetic analyses were
performed using both PHYML (24) and RAxML (25). For PHYML the default setting
was used. With RaxML 100 steps of bootstrapping followed by 20 steps of maximumlikelihood search was performed. The output of the program is the best tree that RAxML
can make using the 20 maximum-likelihood cycles. Tree rendering was performed by
FigTree (http://tree.bio.ed.ac.uk/software/figtree/).
3.3
3.3.1

Results
Searching for ATP synthase genes.
The whole genome data for completely sequenced organisms (1441 Bacteria), was

downloaded

from

NCBI
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Genome

database

(http://www.ncbi.nlm.nih.gov/books/NBK3837/) by August, 2011 and the BioPython (19)
library for the Python programming language was used to parse through the genebank
files and search for desired names. Archaea and some organisms among Bacteria have
both V-type and F-type ATP synthases and some of them only have V-type ATP synthase.
Since the focus of this study was on F-type ATP synthase, all Archaea and Bacteria with
V-type ATP synthase were excluded using product name search (Figure 3.1). There are
numerous errors in annotations of newly sequenced genes and the programs used only
searched for product names in genbank files and therefore there is a chance of
misclassification in some of the steps. To lower the risk of errors a PSI-BLAST search
was also performed to confirm the result of the name searches. This step also helped to
find organisms where the b-δ genes were fused into a single gene. Since there is only one
gene called “b subunit” in these organisms thus, a name-based search can find one
subunit, but a BLAST search can find two hits in which the second one is b-δ fusion. The
graphical representations of unc operons (all genes encoding ATP synthase subunits) were
made in each bacterium using GenomeDiagram (21) (Figure 3.2) and examined one by
one to find the gene structure for each organism. Both position and order of genes were
studied in each case. It should be emphasized that in nearly all cases the order of ATP
synthase genes is the same and there is no difference among organisms. However, in
some species of Streptococcus (23 organisms) gene c precedes gene a. On the other hand,
based on the split in the ATP synthase operon explained in the introduction, organisms are
very diverse and can be classified into several different categories.
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Figure 3.1: A summary of the completely sequenced organisms used in this study.
By the end of August, 2011, all completely sequenced organisms were downloaded from
the NCBI database. Among 1441 downloaded organisms, 1330 Bacteria were found
(Archaea were excluded). 1148 Bacteria which had F-type ATP synthase were selected
to work with. Among these 777 organisms had a homodimeric stator stalk while the
stator stalk of 256 other organisms was heterodimeric. In 115 cases because of lack of
information or annotation errors it was not possible to find sequences.
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Figure 3.2: The output of the program used for graphing ATP synthase genes. The
BioPython GenomeDiagram library prints all genome of an organisms in one page, with
the interested genes highlighted as an arrow or box (Panel A). It is also possible to add
different colours to distinguish among genes more easily. The direction of arrows show
the way transcription proceeds (Panel B). The colour code used in this study: gene a is
red; gene c is blue; genes b and b’ are green; gene delta is light-blue; gene alpha is
orange; gene gamma is purple; gene beta is dark-sea-green; gene epsilon is yellow.
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3.3.2

ATP synthase gene structure.
For the majority of homodimeric organisms all of the ATP synthase genes are next

to each other in one complete operon (Figure 3.3, A). In contrast, in the case of
heterodimers usually there is a split in the operon which divides it into two (Figure 3.3,
B) or three (Figure 3.3, C) separate units. Based on these patterns, genomes with b
subunit heterodimers were divided into 5 different groups which has been shown in the
Figure 3.4. An interesting observation is in the phylum of Actinobacteria, which is the
only phylum that has both homo and heterodimeric b/b’ organisms. In this phylum, two
organisms with heterodimeric b subunits were found to have all genes in one single
operon: Segniliparus rotundus and Pseudonocardia dioxanivorans. Other cases were
found where a fusion exists between the second b subunit gene and the δ gene, so they
also make one complete single operon: Mycobacterium species, Gordonia bronchialis,
and Tsukamurella paurometabola.
In this study we worked on the 5 major patterns that were more common among
organisms (Figure 3.4). There are also other types of patterns which are not very common
among organisms and only a few of them have those types in their ATP synthase gene
structure (Figure 3.5). These were excluded from the study.
3.3.3

Phylogenetic tree of Bacteria.
To study the evolution of these patterns among organisms it was decided to look at

how these species map onto a phylogenetic tree of Bacteria. Our assumption was that
gene rearrangements are rare and stably maintained once they arise. Whether or not these
patterns are the result of an independent gene duplication event will further help to
76

Figure 3.3: Representations of different kinds of ATP synthase gene structure. Panel
A, shows the pattern found in the majority of homodimers. In this gene structure there is
only one operon encoding the ATP synthase subunits and all of the genes are located next
to each other without any split in between them. In contrast heterodimers usually have a
split in their operon which divides the operon into several transcription units; two in
Panel B and three in Panel C.
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Figure 3.4: A summary of different patterns found in this study. This figure shows
the classification of Bacteria based on the ATP synthase operon patterns and the number
of organisms in each group. In general, organisms can be divided into single and split
operon patterns which in the latter case the operon is divided into two or more different
transcriptional units. Organisms with homodimers usually have a single operon with all
of the genes next to each other making one transcriptional unit. The exception to this is
the phylum of bacteroidetes which has the same structure as Cyanobacteria
(heterodimeric), with beta and epsilon genes making one separated unit. Organisms with
heterodimers on the other hand, usually have a split (shown by “-----”) in their ATP
synthase operon. The exception to this is the phylum of Actinobacteria (shown in both
red and blue) which is the only phylum in which both homodimeric and heterodimeric
bacteria are present. The heterodimeric ones in this phylum usually have a fusion
between the b and delta genes (shown by underscore “_”) while the b’ gene is separated
with a different open reading frame. Number of bacteria in each group is shown in each
pattern.
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Figure 3.5: A summary of rare patterns found in this study. A summary of rare
patterns in this study is presented in this figure. The number of bacteria in each group is
shown. The split in the ATP synthase operon is shown by “-----”. These bacteria were
excluded from this study since their number is so low.

79

classify these organisms and study their possible similarities. To make the tree of
Bacteria, ribosomal proteins were selected since these proteins were very ancient and
well conserved among organisms and they tend not to be horizontally transferred (26).
Both large and small ribosomal subunits can be used and there is no preference for large
over small ribosomal proteins. In this study proteins of large ribosomal subunits were
used. The tree was rooted by including five organisms from archaea (2 from
Crenarchaeota and 3 from Euryarchaeota). Having outliers in the database helps to
pinpoint the position of the root on the tree. To be able to perform the phylogeny, large
subunits of ribosomal proteins that are common among both Bacteria and Archaea was
collected for each organism (27). For each organism in the study protein sequences of 12
large ribosomal subunits (L1-L5, L10-L11, L13-L15, L18, and L22) were selected (by
both annotation search and PSI-BLAST search) and concatenated. These sequences were
used to make multiple sequence alignments by MUSCLE (default setting). To be able to
use informative residues in the alignments, they were further curated with Gblocks (23)
(columns with conserved sequences were kept, poorly aligned columns were deleted).
Then a bootstrapped maximum-likelihood tree was made using RAxML and was
coloured according to operon structures. Figure 3.6 shows the tree of Bacteria with
heterodimeric organisms highlighted. Bacteria carrying each of the distinctive
rearrangements of the ATP synthase genes into multiple transcription units cluster
together, indicating their evolutionary relationship. The distribution of these clades imply
that they likely arose from multiple gene duplication events. Assuming that the initial
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Figure 3.6: Distribution of patterns of ATP synthase transcriptional units for
heterodimeric systems on the phylogenetic tree of Bacteria. 20 proteins from the large
subunits of ribosomal proteins (L1, L2, ..., L36) were extracted for each organism and
concatenated together and used to make a multiple sequence alignment. The alignment
was then curated by Gblocks to keep conserved columns. The resulting file was then used
by RAxML to make the phylogeny. The resultant tree has been highlighted based on the
different patterns found in this study. Coloured branches correspond to heterodimeric
groups with the discovered pattern shown in each box. Numbers provide bootstrap values
for each major branch. The numbers for magenta branch are very low and for this reason
this clustering is not very well supported. In the Actinobacteria section there are two
outliers without fusion of the second b to the delta but they are not visible.
81

ancestor was homodimeric, this tree shows at least four cases (green, red, yellow, and
blue clades) of independent clustering where the operon pattern is seen in only one class
of Bacteria (with bootstrap values bigger than 70; values of 70% or higher are likely to
indicate reliable groupings (28)). There is an exception which is the “ac-----b’bδαγβε”
pattern (magenta) present in several related taxa (shown in the box), separated by low
bootstrap values. It is therefore uncertain whether or not single gene duplication and gene
rearrangement events are responsible for this set. Another observation is that among all
phyla of Bacteria, Actinobacteria is the only phylum with both homo and heterodimeric
organisms, regarding the stator stalk of ATP synthase. The heterodimeric group (shown in
yellow), mostly Mycobacteria, has a fusion of b and delta which makes this group one of
the exceptions of heterodimeric stator stalk without splitting of the operon. In general the
tree confirms the usefulness of the gene structure patterns for further studies. A summary
of patterns and number of organisms in each category is presented in Figure 3.4.
3.3.4

Phylogeny of the heterodimers based on the b/b’ sequences.
In order to further study the evolution of b/b’ sequences and their similarities it was

decided to evaluate their phylogeny. Since there are two sequences for the b subunit in
these organisms (b and b’) and we are not sure about their assignment, it was decided to
call the translated protein form the first gene (in the direction of transcription unit) “First”
and the other one “Second”. Then all the first and second protein sequences were aligned
using MUSCLE and curated (columns with gaps were removed) and finally by using two
different programs, RAxML and PhyML, phylogenies were made based on maximum
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likelihood approach. The result of the two softwares are very similar. Figure 3.7 shows
the phylogeny made by PhyML. In this figure branches were coloured based on gene
structure categories. Different shades of colours were used to distinguish between “First”
and “Second” proteins among groups of similar operon structure. In fact different shades
of a colour show the same operon structure in each branch. Overall, there are three
distinct branches for these heterodimeric organisms. In each branch all of the “First” and
“Second” proteins are similar to one another. One of the branches has three groups of
bacteria in it yet all first and all second sequences are similar to one another and cluster
together.
As mentioned earlier the length of the b subunit has been used as a criterion for the
assignment of b/b’ proteins. It was important to see how these different groups arrange
based on the length of the proteins. So, the same tree was coloured this time based on the
length. To compare these proteins based on the length one additional step was needed.
Some of these sequences have an extra N-terminal region in their sequence which gets
cleaved in vivo before assembly to the ATP synthase enzyme complex (1). To account for
this, after multiple sequence alignment, the extra region preceding the membrane domain
in the alignment were chopped off and then these sequences were used for comparison.
The b and b’ were compared to one another and the shorter and longer one was
determined in each bacterium. As seen in the Figure 3.8, almost all of the “First” proteins
are shorter than the “Second” ones. Even in the branch containing three groups of operon
structures all cases of “First” are shorter than the “Second” proteins. Candidatus
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Figure 3.7: Phylogeny of all heterodimeric b/b’ sequences highlighted based on the
found patterns. Sequences of b and b’ of all heterodimeric organisms were added
together and used to make a multiple sequence alignment file. In the alignment file
columns with gaps were removed and then the resultant curated file was used by PhyML
to make the phylogeny based on maximum likelihood. The tree was highlighted based on
different patterns found in this study. Because this tree is the phylogeny of all
heterodimers together, in each heterodimeric organism there are two types of b subunit
available. Since we are not sure about the nomenclature of these sequences the protein
encoded by the first gene (in the direction of translation) was called “First” and the
protein encoded by the other gene was called “Second” (two green arrows in the box
below the figure). In each group (gene structure pattern) different shades of similar
colours was used to distinguish among “First” and “Second” proteins.
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Figure 3.8: Phylogeny of all heterodimeric b/b’ sequences highlighted based on their
length. The previous tree (Figure 3.7) was highlighted this time based on the length of
b/b’ pairs in each organism. Sequences of b and b’ in each organism were aligned and the
extra N-terminal region of them was removed. The curated sequences in each organism
compared and the “longer” and “shorter” one of each pair was determined. In this tree
shorter sequences are coloured blue and longer ones red. Since there is a fusion between
the second b protein and the delta in Actinobacteria (not possible to compare that to the
first b protein), that branch on the tree was not coloured. Since we are not sure about the
nomenclature of the b subunits the protein encoded by the first gene (in the direction of
translation) was called “First” and the protein encoded by the other gene was called
“Second” (two green arrows in the box below the figure).
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Puniceispirillum marinum, a member of Alphaproteobacteria, is the only organism in
which the “First” protein is longer than the “Second” protein.
3.3.5

Phylogeny of all homodimeric and heterodimeric b and b’.
To see similarities among all sequences together we looked at the phylogeny of all

homo and heterodimers together at a same time. To do this all homodimeric and
heterodimeric sequences were aligned using MUSCLE and columns with gaps were
removed (curation). Phylogenies were made using PhyML using maximum likelihood
approach. Figure 3.9 shows the result of PhyML program. Then the tree was coloured
again based on gene structures, similar to the Figure 3.7. In this tree again three groups of
“First” and “Second” proteins are seen. In each one of the major branches all First and all
Second proteins are clustered which shows the similarity among these proteins. It is
interesting that these proteins can still cluster together similar to Figure 3.7 even when
the homodimeric b subunits (coloured black) are present in the process. In one of the
branches (the one containing two shades of yellow) the homodimeric b subunits of
Actinobacteria (central black), are clustered with the two clades of heterodimeric b and
b’ subunits of the same phylum. This shows similarity of the homodimeric and
heterodimeric b sequences in this phylum of Bacteria. In another branch, where all three
groups of “Second” proteins are clustered, some homodimeric sequences are also
available which can be the result of either similarity or program error (since this tree was
only done by PhyML and there is no bootstrap value available for these branches).
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Figure 3.9: Phylogeny of all homodimeric b and heterodimeric b/b’ sequences
together highlighted based on the found patterns. The sequences of all homodimeric
and heterodimeric b subunits were added together and used to make a multiple sequence
alignment file. The columns containing gaps were removed from the alignment and
resultant curated file was used by PhyML to make the phylogeny based on maximumlikelihood. Heterodimeric branches of the tree were coloured similar to the Figure 3.7.
Different shades of colour was used to distinguish among “First” and “Second” proteins
in each group. The black clades are homodimeric b subunits.
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3.3.6

Mutual information analysis.
The mutual information study is based on the fact that positions in the sequence of

a protein are not independent of one another. Mutations in one position are sometimes
accompanied by other mutations in another part of the protein which has contact or
interaction with the original one (29,30,31). This approach uses co-variation values
between residues to show important positions and also points of contact in a sequence.
This approach was started using the biggest group of heterodimeric bacteria;
Alphaproteobacteria. For the mutual information studies it is necessary to have large
number of sequences to have a good signal. In practice, more than 125 sequences are
usually required to be able to analyze the data. Since the number of sequences in the
completely sequenced organisms was not enough BLAST searches were done to increase
them. 268 sequences were found as a pair of “First” and “Second” and used for mutual
information studies. Applying similarity cut-off of 90% to the sequences reduced the
number to 151 sequences and the resultant data was used for making alignments. At the
moment, the result of this study is not ready yet and needs more work to be finalized in
the future.
3.4

Discussion
In E. coli and some other species of Bacteria, ATP synthase has a homodimeric

stator stalk, composed of two identical b subunits. On the other hand in chloroplasts and
some other bacteria (e.g. photosynthetic bacteria) there are two different types of b
subunits, b and b’ (in chloroplasts called I and II), in the stator stalk. While structure of
the b subunit in E. coli has been the focus of several different studies, the evolution of
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this protein and its counterparts in other Bacteria (with heterodimeric stator stalk) and the
way they arose has not been well investigated. There is one study on similarity between
chloroplast subunit II and E. coli subunit b (32) but in general there is no comprehensive
study regarding the relationship between the heterodimeric and homodimeric subunits
and their evolution.
In Bacteria the two types of b subunits are related to E. coli b regarding their
sequence. The main similarities are the distribution of hydrophobic N-terminal and
charged region (Figure 1.3) and the 11-residue hendecad pattern (Figure 1.4) which is
seen in them the same as E. coli b. However, when the two subunits of one organism are
aligned they show significant divergence in sequence (33). This has raised the question of
assignment for each one of the subunits since some differences have been observed in the
interaction of these subunits with one another and also with the ATP synthase complex.
One old way of assignment is using length of b’ (or subunit II in chloroplasts) which has
been reported to be shorter in Synechocystis (and spinach) (34). This idea of the b’ being
shorter than the other subunit (1) has been used as a criterion for assignment of these
subunits since then without any comprehensive study on its validity. In studying the
assignment of these proteins the first step to compare the b subunit sequences is usually
by making an alignment of all known b or b’ sequences. Then the resulting multiple
alignment file can be used in making phylogenetic trees or BLAST search procedures to
further analyze groups of similar proteins. The present study however, shows that it might
be necessary to further separate the sequences and then analyze their features since
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organisms with heterodimeric stator stalk are not all from the same ancestor. This is a key
step. This idea started by observing that in some cases of heterodimeric organisms there
is also a change in the ATP synthase operon structure (1, 9-15) which divides it into
several different transcriptional units. Accordingly, instead of working directly with b
sequences we started by looking for patterns in the unc operon in general. Patterns show
separation points throughout evolution and we found interesting relationship between the
discovered patterns and the duplication of the b. Applying these gene structures and extra
step of classification has shown its significance according to phylogenetic studies of both
homo and heterodimer sequences. It also has provided a way of classification of Bacteria
and finding related features before working with b sequences.
One of the observations was the general absence of split of the ATP synthase
operon in the homodimeric organisms. Only a few of the homodimers were found to have
a split operon while the majority of them have one complete single operon. Exceptions
are among phyla of bacteroidetes and chlorobi. Bacteroidetes have the same gene
arrangement as the heterodimeric Cyanobacteria. Chlorobi are photosynthetic organisms
but they do not have heterodimeric stator stalk. They have a unique pattern in their
operon structure which is only seen in this phylum; “acbδ-----αγ-----βε”. These
exceptions were excluded from the further studies since their number was small relative
to the rest of the database. In the heterodimeric groups on the other hand, there is usually
a separation of the genes encoding ATP synthase subunits into two or more transcriptional
units separated from each other by various lengths of DNA sequence. The exception in
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this case is the phylum of Actinobacteria containing Mycobacteria species. The b subunit
gene in these bacteria is fused to the δ gene with the help of a linker sequence which is
about 100 amino acids long. For this reason they have a single operon as well. Another
observation in this phylum is the existence of some bacteria with two genes for b and b’
(heterodimers), but still no split in their ATP synthase operon. This study found two
bacteria of this kind: Pseudonocardia dioxanivorans CB1190 and Segniliparus rotundus.
One other interesting observation was that the genes encoding the two b subunits in
heterodimers are always in the same transcriptional unit, regardless of what happend to
the remainder of the ATP synthase operon. On the other hand the splitting happens
between subunits other than b/b’. This could be important since it helps to have equal
amount of expression for the two b subunits while having them in different
transcriptional units puts each one of the subunits under a different controlling
mechanism that would likely produce unequal amounts of each subunit, resulting in a
higher risk of homodimer formation for the more abundant subunit.
The tree of life of these Bacteria, based on ribosomal proteins, shows independent
evolution of these operon arrangements where organisms with the same pattern usually
are clustered together independent from organisms having a different pattern. This
distribution of operon arrangements among Bacteria shows their independent origin and
shows that the b/b’ heterodimeric system developed independently from several different
initial events. We propose that the duplication of b occurred at the same time as a split
was introduced into the ATP synthase operon (we do not know which one happened first)
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which remained in that specific class of Bacteria and this process happened several times
independent from the others. Why there is a split in the operon in the heterodimeric
organisms is still unknown to us.
Some branches of the tree of Bacteria are worth mentioning separately because of
strange clustering of their members. The pattern “ac-----b’bδαγβε” (magenta in the Figure
3.6) was observed in more than one branch in the tree of Bacteria and is seen in bacteria
belonging to taxa Acidobacteria, Deltaproteobacteria, Deferribacteres, Aquificae,
Thermodesulfobacteria, And Nitrospirae. Analyzing the bootstrap values for each one of
these separate branches for one pattern, showed that other than the clade of
Deltaproteobacteria, other branches are not very well supported and for this reason we
can not tell for sure that they are positioned correctly. What we can conclude is the
independent clustering of this group in Bacteria compared to others although we do not
know if it was only one event or several. Actinobacteria is another interesting branch in
the tree of Bacteria (yellow clade in the Figure 3.6 represents the heterodimeric ones)
where both homodimers and heterodimers are present. Homodimers and heterodimers in
this group cluster together independently. Also, the two heterodimeric organisms without
fusion between b and delta, cluster with homodimeric Actinobacteria. Analyzing their
bootstrap value shows insignificant numbers which can be an inaccuracy in the
phylogeny inference. Regardless of this, heterodimerization in this branch (yellow in the
Figure 3.6) counts as one independent clustering event independent from other events.
Phylogeny based on the b subunits among all heterodimeric sequences together
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also showed three different ways that the b/b’ arrangement originated (three major
branches radiated from the central point in the Figure 3.7) with all “First” and “Second”
proteins in each bacterium clustering together independent from the rest. In fact, in every
branch only “First” or “Second” proteins are present without any exception. Analyzing
the same tree with the length of each “First” protein compared to the “Second” protein
showed one case of exception. In other cases the “First” protein is shorter than the
“Second” ones (Figure 3.8). Further analysis of the phylogeny of the heterodimeric b
subunits of Alphaproteobacterial group with more sequences included revealed more
cases of the “First” protein being longer than the “Second” ones (data not shown).
Accordingly, an assignment based on the position of the subunits in the operon (i.e.
“First” or “Second”) seems to be more reliable than the length alone. The same result was
made when the tree of all homodimeric and heterodimeric b subunits was made together.
Again, major branches of the tree containing only “First” or “Second” proteins are
observable (Figure 3.9). This observation is important because it further emphasizes the
fact that there is similarity between sequences in each group (either “First” or “Second”
proteins) even when all homodimeric and heterodimeric sequences are present in the
group analyzed. This can be very helpful when each one of these groups of similar
sequences are represented as a PSSM for database searching. In the future this can be
used to find similar sequences more accurately.
The fact that there are several different ways of b/b’ divergence is very helpful for
future studies of heterodimeric systems. It implies that it is not appropriate to assume all
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b or b’ sequences are orthologous to each other. It depends on the clade they belong to.
The subunits in the different clades will instead be paralogous to one another. This is very
important when searching for new related sequences. Representing each one of the
groups (for example all of the “First” proteins in the Alphaproteobacteria) by a specific
PSSM may help find related sequences more correctly. This further emphasizes the
importance of classification of Bacteria based on the discovered patterns. The discovered
patterns may also be helpful in mutual information analysis. This analysis may reveal the
b subunit contact areas in the dimer (both inter and intra-molecular interactions) which
can be helpful in the study of offset model. It also can confirm the possible hendecad
pattern in the b subunit sequence. In the past this analysis always has failed in the lab
because of the unfamiliarity with different ways of b/b’ speciation. We think it will reveal
much more information this time with the present knowledge about heterodimeric
systems.
At this point the evolutionary advantage of having a heterodimeric system instead
of having a homodimeric stator stalk of identical b subunits is not clear. Our study shows
that there are several ways of developing b/b’ systems among Bacteria with a coinciding
split in the ATP synthase operon but it does not show any advantage of having a
heterodimeric system. We know that in Rhodobacter capsulatus (35) and Aquifex
aeolicus (36) there is one b and one b’ incorporated in each ATP synthase enzyme
molecule, presumably playing different roles based on our offset model and proximity of
only one of them to delta subunit (3). Also we know that bN and bC subunits in E. coli are
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not only asymmetric with respect to one another but also have different interactions with
the enzyme (3). But, there is lack of experimental evidence showing the obligate
heterodimer formation in these bacteria. For this reason it is not possible to conclude that
speciation to a more complex system, heterodimeric b/b’ in this case, is necessarily
evolutionarily advantageous. Recently, a study showed that not all complexities that
evolve in a system are necessarily improvements. There is a theory, called constructive
neutral co-evolution, which explains how neutral processes might drive a system towards
complexity (37) without any benefit for the function of the system. At this point what this
study shows is that several different, and independent speciation events happened for the
b/b’ system to develop and the classification of organisms based on these events
coincides very well with the evolutionary tree of Bacteria. This classification can be used
as a basis for further studying structural features of b and b’ proteins however the
functional characteristics of these proteins need to be studied in more detail to reveal
possible advantages for having a heterodimeric system.
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Chapter 4: Final conclusions
4.1

Conclusion
F1Fo Adenosine triphosphate (ATP) synthases are the major producer of universal

energy currency, ATP, in living organisms in both oxidative phosphorylation and
photophosphorylation processes and they are located in the cytoplasmic membranes of
bacteria, inner membranes of mitochondria, and the thylakoid membranes of chloroplasts.
They all function by a rotary mechanism in which the electrochemical energy of a proton
gradient is used to produce ATP from ADP and inorganic phosphase. F 1Fo ATP synthases
are composed of two linked sectors: the membrane-integral F o sector which catalyzes the
movement of protons across the membrane and the membrane-peripheral F 1 sector which
catalyzes the synthesis or hydrolysis of ATP. The enzyme’s peripheral stalk, composed of
the b2δ subunits, is the major link between the two sectors. It serves as the stator that
holds the F1 sector and its catalytic sites against the movement of the rotor. In E. coli, the
b component of the peripheral stalk is a homodimer of identical b subunits. The b subunit
resides in the membrane by its N-terminal part and stretches the length of F 1Fo complex,
making contact with the δ subunit at the top of F 1 sector (1,2).
Peripheral stalks in Bacteria are not always homodimeric. Photosynthetic bacteria
such as Cyanobacteria, chloroplasts, and some other species among Proteobacteria
assemble a heterodimer of b-type subunits called b and b’ within their ATP synthase. Both
subunits have been shown to be present in ATP synthase from some species including
Rhodobacter capsulatus (3) and Aquifex aeolicus (4). There are some studies that support
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the idea that heterodimers of b/b’ form preferentially. Sedimentation and chemical crosslinking studies showed that the cytoplasmic domains of the b and b′ subunits of
Synechocystis form a highly extended heterodimer. These data support the idea that b and
b’ subunits in ATP synthases of mentioned organisms exist in the complex in a
heterodimeric form, occupying positions and performing functions highly similar to those
of the homodimeric b subunits of Bacteria like E. coli (5).
The b subunit of E. coli consists of 156 residues and has a molecular weight of
17264 Da. Based on deletion studies it has been divided into four domains. The insoluble
N-terminal part of b subunit which resides in the membrane, is called transmembrane
domain (bM1-I23). The soluble portion consists of the tether domain (bE24-A53) which is the
segment between the surface of the membrane and the bottom of F 1 sector, the
dimerization domain (bT53-K122) which extends up to one of the αβ interfaces in F 1, and at
the end, the δ binding domain which is the C-terminal of b subunit and is required for the
interaction of the peripheral stalk and F1 (bQ123-L156) (1,2).
Although there is no complete high-resolution structure available for the b dimer,
some parts of it has been studied separately. The isolated dimerization domain of the b
subunit has been characterized as an atypical, parallel, two-stranded coiled coil and
sequence analyses of this region have identified an 11-residue hendecad pattern, with
positions denoted abcdefghijk (6). Hendecad patterns are indicative of right-handed
coiled coils in which 11 residues make three turns of the helix relative to the interhelical
axis (7). Del Rizzo et al. (8) confirmed the assignment of abcdefghijk by introducing
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cysteine mutations in these positions and assessment of the stabilities of disulfide-linked
dimers. Also, the study showed that the two b subunits are offset by 5.5 residues in the
dimerization domain and one of the subunits is shifted toward the N-terminal and the
other toward the C-terminal. The C-terminally shifted subunit was labeled bC and the
other subunit bN. Other experiments have indicated specific roles for each one of the
subunits. For example it has been shown that the subunit which is closer to δ and is more
important for F1 binding is the bN (9). These data suggest that the two subunits are not
only asymmetric with respect to each other but also have different interaction with the
enzyme complex. Recently, this unusual coiled coil structure which only was suggested
based on experimental and bioinformatics investigations has found support from recent
crystallographic analysis of the related heterodimeric complex from the Thermus
thermophilus A-type ATP synthase (10).
The focus of this project was to study the structure, function, and interactions of the
b subunit of E. coli by using protein chemistry and bioinformatics techniques. In work
described in Chapter 2, we developed an obligate heterodimeric system of b subunits in
E. coli. As the stator stalk of E. coli is a homodimer of identical b subunits, it is difficult
to design experiments to study its structure and interactions. Chimeric approach was used
for differentiating between the two subunits and understanding their location and
orientation and any specific occupation of the bN or bC positions. Chimeric approach has
been used previously with little achievements (11). Formation of homodimeric stator
stalks as well as heterodimeric ones and difficulty in expression of the chimeric subunits
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in the cell (due to the limitation in the number of plasmids transformed) were some of the
shortcomings of the previous work. Here, we replaced residues 34-110 of E. coli b
subunit with corresponding residues of b and b’ sequences of Rhodobacter capsulatus, a
mesophile, instead of Thermosynechococcus elongatus, and we showed that the newly
developed chimeric system is an obligate heterodimeric system. Only cells with
heterodimeric chimera were able to grow on succinate. No homodimer formation was
observed. In addition, the chimera is designed in such a way that the two subunits are
next to each other in one plasmid containing all uncF genes. Accordingly, it is not only
possible to study the b subunits itself, but also the interaction of these chimeric subunits
with the rest of ATP synthase subunits. The expression of these two chimeric subunits
were linked together by using a ribosomal re-initiation site between the two genes.
Specific detection of each chimeric subunit was also made possible by adding sequences
of V5 and His tag to b’ and b chimeric subunits respectively. Our data showed that the
same level of protein was made in cells for the two subunits based on the darkness of the
bands in Western blot analysis. The incorporation of the two subunits into the ATP
synthase was also the same for both chimeric subunits as was seen by ATP synthase
fractionation. Finally, cysteine cross-linking studies showed that the orientation of the b
and b’ subunits in the stator stalk was the same as in the wild type R. capsulatus, in
contrast to the previous work. Also, it confirmed the incorporation ratio of 1:1 to the ATP
synthase enzyme for the two chimeric subunits.
When the chimeric system was set-up, we started to study some of the questions
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regarding the structure and features of the stator stalk of the E. coli ATP synthase. A
series of cysteine mutations were made in the region between residues 2-10 to confirm
the offset model in the transmembrane domain. The system proved to be very easy and
simple to work with by providing fast and independent introduction of cysteine mutations
in desired positions. Unfortunately, for reasons not well understood, mutated constructs
failed to complement cells on succinate, except for two cases. Also, no disulfide
formation was observed for any of the combination of cysteine mutations. Experiments
involving single cysteine mutations in the mentioned positions would be helpful to see
what positions are prone to malfunction when mutated. In addition, more work should be
done to be sure about the amino acids in the helix-helix interfaces.
Another application of the system which was started was in the determination of
the role of each one of the subunits in the stiffness or flexibility of the stator stalk of E.
coli by introducing glycine mutaions. A series of one to five glycine mutations were
introduced in each one of the chimeric subunits (positions 79-83) independently from the
other one. Glycine mutations make the helix less stiff without having dramatic effect on
the helix structure. The preliminary growth test on succinate showed that stiffness of the
helices of each subunit was important since introducing more than two glycine mutations
disrupted the functionality. However, better growth was observed in the set with glycine
mutations in the b subunit compared to mutations in the b’. Future work involving
studying proton pumping activities of these constructs and also combining glycine
mutations in the two subunits will help us understand the role of these subunits in the
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stiffness of the stator stalk in E. coli.
In part two, we sought the evolution and assignment of the b and b’ subunits
through bioinformatic methods. It should be mentioned that Cyanobacteria were the first
organisms investigated for their heterodimeric b subunits and in those cases the length
criterion was used for the assignment of b and b’;this convention also has been used
today. However, considering the different interactions of the two subunits with one
another and the different interactions that they have with the rest of the ATP synthase
enzyme, using length as the only criterion seems to be arbitrary. We tried to study the
subunits based on sequence similarity and phylogenetic characteristics.
Inspired by some limited previously studied cases among Cyanobacteria and
Rhodobacteria, we decided to look for possible patterns of gene organization in the ATP
synthase operon. We found that there is an interesting connection between the gene
duplication of the b subunit and the structure of the ATP synthase operon. Usually, when
gene duplication happened for the b subunit also a split occurred in the operon which
broke it into several different transcriptional units, separated from each other by varying
lengths of DNA. In this study, we were able to categorize heterodimeric organisms into
five different groups based on these ATP synthase gene structure. Putting these
heterodimers onto the tree of Bacteria, determined by ribosomal protein sequences,
revealed the independent evolution of these patterns among heterodimeric organisms and
provided evidence for the number of times the gene duplication happened among
Bacteria. Our data showed at least three independent gene duplication events for the b

105

subunit. Following that, the relationship between subunits, defined by gene order, was
determined by doing phylogenetic studies based on b subunit sequences. This led to the
conclusion that in each group of organisms, related by gene organization, there is
similarity between all proteins that are encoded by the first gene in the operon, as they
cluster together in the tree. This is also the case for the proteins that are encoded by the
second gene. Further studies of these trees, by looking at the length of the sequences,
suggested that considering the length as the only criterion for the assignment is not
sufficiently complete. In some cases there are exceptions where the protein encoded by
either the first gene or the second gene is not necessarily shorter or longer respectively.
Being able to categorize heterodimeric organisms based on ATP synthase gene
organization seems to be promising for future studies. Representing each group by a
PSSM and BLAST searching the database using these PSSMs will help to find related
sequences. Another study which started in this thesis was the mutual information studies
among the b subunits. The goal of this kind of study was to determine points in the
sequence of a protein that are contact regions, either inter- or intra-molecular. The
importance of this study for the b subunit is where the result of this approach helps to
discover sites where key subunit-subunit interactions occur. The important prerequisite
step for this approach is to have a sufficiently large number of related sequences, easily
alignable, to be able to make a good multiple sequence alignment. All previous attempts
in the lab were unsuccessful in the past because of lack of knowledge about the different
ways of gene duplication among b subunits. This time since we have a promising way of
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categorizing organisms based on common features, we believe this analysis will be
successful.
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