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Abstract

The F,F, ATP synthase is a reversible molecular motor that employs a rotary catalytic cycle to couple a
chemiosmotic membrane potential to the formation/hydrolysis of ATP. The multisubunit enzyme contains
two copies of the b subunit that form a homodimer as part of a narrow, peripheral stalk structure that
connects the membrane (F,) and soluble (F,) sectors. The three-dimensional structure of the b subunit is
unknown making the nature of any interactions or conformational changes within the F,F, complex difficult
to interpret. We have used circular dichroism and analytical ultracentrifugation analyses of a series of N- and
C-terminal truncated b proteins to investigate its stability and structure. Thermal denaturation of the b
constructs exhibited distinct two-state, cooperative unfolding with T, values between 30 and 40°C. CD
spectra for the region comprising residues 53-122 (bs3_;,,) showed 0,,,/0,05 = 0.99, which reduced to
0.92 in the presence of the hydrophobic solvent trifluoroethanol. Thermodynamic parameters for bs; ;.
(AG, AH and AC,)) were similar to those reported for several nonideal, coiled-coil proteins. Together these
results are most consistent with a noncanonical and unstable parallel coiled-coil at the interface of the b

dimer.
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The F,F, ATP synthase catalyzes the formation of ATP
from ADP and inorganic phosphate using a transmembrane
proton gradient as an energy source. This enzyme, found in
similar form in the membranes of mitochondria, bacteria,
and chloroplasts, can be divided into the peripheral F, sector
that houses the sites of ATP synthesis/hydrolysis, and the
integral F,, sector that conducts protons across the mem-
brane. In the prototypical complex from Escherichia coli,
the F, sector contains five types of subunits in a stoichiom-
etry o;B5yde, and the F, sector contains three types of
subunits in a stoichiometry of ab,c . It is believed that the
catalytic activities of F, and F, are coupled through the
rotary motion of a cyye subcomplex (the “rotor”) relative
to the remainder of the enzyme. In this mechanism, the
movement of a ring of ¢ subunits past ab, in the F, sector
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is linked to the passage of protons across the membrane,
while rotation of the centrally located ye drives conforma-
tional changes in the catalytic sites of the a;B3; hexamer
resulting in substrate binding, catalysis, and product release.
The remaining subunits, b and 8, form a second, peripheral
stalk that maintains an apparently static link between the a
subunit and the catalytic hexamer. For recent reviews of the
structure and mechanism of ATP synthase, see Leslie and
Walker (2000), Noji and Yoshida (2001), and Dunn et al.
(2000).

The b subunit of E. coli has a hydrophobic N-terminal 24
amino-acid sequence that spans the cytoplasmic membrane
followed by a polar 132-residue C-terminal region that ex-
tends into the cytoplasm where it binds F,. The transmem-
brane region interacts with both the a and c¢ subunits in the
proton-translocating F, sector (Kumamoto and Simoni
1986; Jones et al. 2000) while the polar domain contacts the
o, B and & subunits of the F, domain (Ogilvie et al. 1998;
McLachlin et al. 2000). Besides being essential for assem-
bling the enzyme and holding F, and F, together, the b
subunit has been suggested to store elastic energy tran-
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siently during the catalytic cycle by bending or stretching in
response to the torque generated by rotation (Cherepanov et
al. 1999).

A nuclear magnetic resonance (NMR) structure of the
first 34 residues of the b subunit has shown a helical trans-
membrane segment followed by a bend at residues 23-26 in
the membrane-proximal region (Dmitriev et al. 1999). The
remainder of the subunit has not been defined at high reso-
lution, but electron microscopic images show the peripheral
stalk as a narrow structure rising from the membrane and
running up the side of F; (Wilkens et al. 2000). The electron
microscopic and cross-linking studies (Ogilvie et al. 1998;
McLachlin et al. 1998, 2000) of b have indicated that the
polar domain covers most of the ~130 A from the mem-
brane to the top of F; where 8 has been localized. Sequence
analysis of bacterial b subunits reveals no strong homology
to proteins of known high-resolution structure, but predic-
tive algorithms support a predominantly helical protein
(Fig. 1A).

Experimentally, the expressed cytoplasmic region of b
exists in solution as a highly helical, extended dimer capable
of binding F; (Dunn 1992). More recently, cross-linking
studies and hydrodynamic analyses of truncation mutants
(Revington et al. 1999; McLachlin and Dunn 2000) have
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Fig. 1. Proposed secondary structures and domains of the b subunit and
truncations. (A) The predicted secondary structure for the b subunit is
indicated as a-helix, bend, or turn and the solution structure of the b, 5,
construct (Dmitriev et al. 1999). (B) The domain structure proposed from
deletion analysis (Revington et al. 1999) includes the transmembrane,
tether, dimerization, and 3-binding domains as shown. (C) The constructs
of the b subunit used in this study are illustrated, showing their sequence
relationship to the domains outlined in panel B.
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allowed division of the cytoplasmic region into three do-
mains as shown in Figure 1B. Residues 25-52 form the
“tether domain”, predicted to include an amphipathic helix
and known to contain residues that interact with cytoplas-
mic loops of the a subunit (McLachlin et al. 2000). The
53-122 segment of b, when expressed separately (bs3_;55),
has been shown to form a dimer with an affinity similar to
that of the entire soluble domain, b,, ;4. This section of the
protein contains a heptad repeat motif (McCormick et al.
1993) and behaves hydrodynamically like a pair of straight
parallel helices (Revington et al. 1999) suggesting that the
dimer may exist as a left-handed coiled-coil. Residues in
this region can be cross-linked to the o and 8 subunits of F,
(McLachlin et al. 2000).The sequence from 123 to the C
terminus at residue 156 contains the key residues for inter-
action with the & subunit (McLachlin et al. 1998) and has
been suggested to fold into a structure more globular than
the rest of the protein (Revington et al. 1999; Dunn et al.
2000).

In the absence of high-resolution structural data for the b
subunit, we have turned to alternative methods to provide
evidence for the coiled-coil and globular substructures in
this protein. We have used circular dichroism spectroscopy
and analytical ultracentrifugation to determine the second-
ary structure and the thermodynamic properties of the
soluble region of the b subunit and several truncated con-
structs. The extended structure of the polar region of the b
subunit with autonomous domains provided a unique op-
portunity to use a subtractive approach to understand the
contributions of each region to the overall structure of the
protein and several truncated variations. Because the role of
the b subunit in the rotary catalytic mechanism is believed
to be primarily structural, this analysis also provided a first
detailed look at the strength and nature of the interactions
that stabilize its conformation.

Results

Relationship of b constructs with predicted secondary
structure and domains of the b subunit

As shown in Figure 1A, the secondary structure of the cy-
toplasmic region of the b subunit of E. coli ATP synthase is
predicted to consist of a bend sequence (residues 23-26)
and two long a-helical regions (residues 34-78, 85-156),
separated only by a turn sequence (79-84). The bend at
positions 23-26 has been observed in the NMR structure of
the N-terminal 34-residue fragment (Dmitriev et al. 1999),
and the helicity of the expressed cytoplasmic region has
been determined from CD spectra (Dunn 1992). The domain
model described above (i.e., the transmembrane domain and
the three sections of the cytoplasmic region) is presented in
Figure 1B. Truncations of the soluble region of the b subunit
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were selected in this study (Fig. 1C) to explore differences
in the secondary structure and thermodynamic stability of
the various segments in the absence of a three-dimensional
structure. Comparison of the thermodynamic properties,
AG, AH and AC,, with those for proteins of known three-
dimensional structure should provide insight into the ter-
tiary structure of the b subunit. The parental protein, b,, ;56
(McLachlin and Dunn 1997), represented the entire soluble
region of the b subunit lacking only the leading 23 residues
proposed to span the membrane. The structure of the tether
domain was studied by deletion of the first, hydrophobic
third of the domain resulting in b5, ;s¢. The construct pro-
duced by deletion of the rest of the tether domain, bs;_; ¢,
was found to aggregate and therefore could not be analyzed
usefully. The four-residue, C-terminal truncation producing
b,4 15, resulted in a molecule with properties dramatically
different from those of b,, ;s¢ (McLachlin et al. 1998) and
therefore was selected for this study as well as b,y 34, @
construct lacking two thirds of the &-binding domain.
Lastly, the bs5 5, protein, the isolated dimerization se-
quence (Revington et al. 1999), was examined.

Thermal stability of the dimer of b subunit

Sedimentation equilibrium analytical ultracentrifugation al-
lows determination of the molecular weights of proteins in
solution under native conditions. Previously, this technique
has been used to define the regions of the b subunit neces-
sary for dimer formation (Revington et al. 1999). The ther-
mal stability of the dimer was examined by measuring the
molecular weight of the species over a temperature range
from 5-40°C (Fig. 2). A single-species model was used to
estimate the single molecular weight that best fit the con-
centration gradient observed in the ultracentrifuge cell after
equilibration at each temperature. The molecular weight
value calculated in this manner reflected the average mo-
lecular weight of the solution species (M,,,). The observed
molecular weights of all truncations of the b subunit studied
were close to values expected for dimers (M, / M, = 2)
over the 5-25°C range and then showed a sharp decline in
the 30-40°C range reflecting an increase in the monomeric
species. Full conversion to the monomeric state could not be
observed by ultracentrifugation because of an upper oper-
ating limit (40°C) of the instrument. The dissociation con-
stants (K) of this transition were determined by the fitting
of multiple data sets to a monomer-dimer equilibrium at
each temperature. The resulting K, values at 5°C ranged
from 1-4 pM for all of the constructs studied (Table 1)
indicating that at low temperatures and at concentrations
>~10-40 pM the dimer is the predominant species. At
higher temperatures, calculation of the K; was complicated
by thermal unfolding of the proteins (vide infra).
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Fig. 2. Sedimentation equilibrium analysis of the conversion of b,, ;s (H)
and the dimerization domain construct bs;_;,, ((J) from dimer to monomer
over the temperature range of 5-40°C. The ratio of the average molecular
weight observed by equilibrium sedimentation (M,,,) divided by the mo-
lecular weight of the monomer (M,) calculated from the amino-acid se-
quence is plotted as a function of temperature. Error bars indicate the 95%
confidence interval from the simultaneous fit of three data sets. Values for
K, were calculated at each data point as described in Materials and Meth-
ods. The reported T,, was the temperature at which the K, was equal to the
protein concentration (P,) used in that experiment. Linear interpolation of
the two nearest K; values was used to estimate the reported T,, values
(Table 1).

Characterization of the b
subunits by circular dichroism

CD spectra of the b protein and its truncation mutants (Fig.
3) revealed large negative ellipticities at 0,y and 0,,,, in-
dicative of significant a-helical content in the proteins. The
spectrum of b,, s¢ exhibited the most intense profile and
was very similar in magnitude to previous spectra of the
soluble region of b (Dunn 1992; Greie et al. 2000). The CD
spectra of the truncated b proteins exhibited intensity dif-
ferences from this parent protein at both 208 and 222 nm.
Because these mutant proteins comprised truncations at
both the N and C termini that retained a dimeric structure,
it was expected that the CD spectra might provide evidence
for regions of greater helical content or the nature of helical
interactions at the dimer interface.

Comparison of the CD spectra for b,y 155, Doy 134, and
by, 156 in Figure 3A showed the structural effects of delet-
ing portions of the 8-binding region of the proteins. Re-
moval of the four C-terminal residues of b,, s, to produce
b, 15, resulted in a 32% decrease in mean residue elliptic-
ity at 222 nm (0,,,), suggesting a large decrease of the
fraction of residues in helical conformation. Removal of a
further 18 residues from b,, 5, to give b,, 3, resulted in a
more negative 0,,, value and a 0,5 value almost identical
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Table 1. Thermodynamic parameters derived from sedimentation equilibrium ultracentifugation and circular dichroic analysis of the

thermal denaturation of the b subunit truncations

Sedimentation analysis

Circular dichroism analysis

T, (UC) Kd(5°) T,..(CD) AG,(20°C) AH(T,,) ACP(Tm)
Construct (°C) (_M) (°C) (kcal mol™") (kcal mol™) (kcal mol™! K1)
Doy 156 37+3 1.0+0.6 394+15 1.7 51.2+8.7 24+ 3
bas 156 37+3 1.6 £0.7 40.7x1.3 1.8 49.6 £ 6.4 212
by 150 —* 35+1.1 405+1.6 1.8 49.6 £8.3 22+.2
by 134 363 1.6 £0.5 405+ 1.5 1.8 49374 212
bes 12 323 1612 30217 1.0 30.9 + 3.4 041

# Not available because of degradation of sample during extended high-temperature sedimentation equilibrium runs.
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Fig. 3. CD spectra of the b subunit proteins in 25 mM Na,HPO,, pH 7.5
at 20°C. (A) Comparison of the C-terminal truncations, b,, s, (O) and
b,y 134 (@) with the full-length cytoplasmic region, b,, s, (H). (B) The
N-terminal truncation b, s, (<), and the dimerization domain, bs; 5,
(O), plotted with the parental b,, s, (H).
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to that of the b,, ,s, construct, although both minima were
still substantially less intense than those of the b,, 54 con-
struct. These spectral changes suggest that removal of the
C-terminal four residues caused a loss of helical structure in
a considerable portion of the C-terminal region and that
further truncation back to residue 134 removed some of
these nonhelical residues. The ratio of the magnitudes of the
222 and 208 nm minima (0,,,/0,g) for b,y 56, and b,y s
were near 0.88, which is intermediate for that commonly
observed for regular a-helix (= 0.83) and coiled-coil struc-
tures (=1.0) (Lau et al. 1984), while the value for b, 34,
was 0.97. A comparison of the 0,,,/0,05 values for b,, s,
b4 155 and b,, 3, indicate that the helical structure present
in the 24—134 region is largely in a coiled-coil conformation
while the remaining C-terminal region (residues 134-156)
is a mix of a-helical and nonhelical structure.

Figure 3B shows that the CD spectrum of the N-terminal
truncation protein, by, s, Was almost identical to that of
the full-length soluble region of the b subunit (b, s¢),
suggesting that the shortened protein retained a near iden-
tical fraction of helical structure as the parent. The dimer-
ization domain construct, bs; ;5,, had a 6,,, value 10%
greater and a 0,,,/0,5 ratio 14% higher (0.99) than the full
soluble domain, signifying that the removed regions were of
less helical character. The large increases in 0,45 and 6,,, of
bs3_12» Over by, (34 (Fig. 3A) suggest that most of the he-
lical content in the latter construct was in the dimerization
sequence and that the tether region, residues 2453, adopts
a less helical structure. The observation that bs; ;,, had a
0,,,/0505 ~1.0 and had a red-shifted minimum compared to
the full-length protein is consistent with this region forming
a coiled-coil structure (Lau et al. 1984).

Interactions within the b dimerization domain

The dimerization region, bs; ;,,, was further characterized
by CD spectroscopy to probe the nature of hydrophobic and
ionic interactions within this region of the b protein. Figure
4A shows the CD spectrum of the bs;_;,, protein in aqueous
buffer and in the presence of 50% trifluoroethanol (TFE).
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Fig. 4. Effect of trifluoroethanol and NaCl on the structure of the bss 5,
protein. (A) CD spectra of bs;_,,, protein recorded in 25 mM Na,HPO,, pH
7.5 (@) and with the addition of 50% trifluoroethanol (O) at 5°C. (B)
Dependance of 6,,, on increasing NaCl concentration for spectra of bs3 5,
protein in 25 mM Na,HPO,, pH 7.5 at 5°C and at the NaCl concentrations
indicated.

This latter solvent has been used as a successful probe for
helix interactions observed in coiled-coil proteins. In aque-
ous buffer the CD spectrum of bs;_;,, was similar to that
obtained in Figure 3 having 0,,,/0,95 = 0.99 and indicative
of a coiled-coil structure. In the presence of 50% TFE the
CD spectrum of bs;_;,, had an increased magnitude for 6,
and a negligible change at 6,,, resulting in a decrease in
0, /6505 to 0.92. This observation indicated that TFE inter-
rupted the interactions between helical segments in bss ;5.
Similar observations have been noted for the disruption of
the synthetic coiled-coil proteins c-Myc and Max (Lavigne
et al. 1995) and a series of hybrid coiled-coils from cor-
texillin and GCN4 (Lee et al 2001).

Helical proteins are stabilized by i+3 and i+4 ionic inter-
actions between arginine/lysine and aspartate/glutamate
side-chain pairs. In the case of coiled-coil proteins, further
interactions may occur between the helices. To determine
whether ionic interactions were important for the stability of
bss_155, CD spectra were recorded as a function of increas-
ing ionic strength. Figure 4B shows a graph of 6,,, at NaCl
concentrations ranging from 0-3 M. The graph shows there
was a steady decrease in the magnitude of 6,,, as the salt
concentration increased to 500 mM. This observation is
consistent with the disruption of ionic interactions that sta-
bilize helical structure. At NaCl concentrations >500 mM
this trend was reversed and an increase in magnitude for
0,,, was observed. This result is typical of a greater hydro-
phobic interaction at higher ionic strength. This pattern was
nearly identical to that observed for the coiled-coil protein
GCN4 (Kenar et al. 1995).

Mechanism of unfolding for the dimeric b subunit

Analytical ultracentrifugation experiments in this work and
previous studies (McLachlin et al. 1998; Revington et al.
1999) show that the truncated b proteins that include the
53-122 sequence exist in temperature-sensitive, reversible
dimer-monomer equilibria. However, these experiments did
not give an indication of the structural changes that occurred
in this transition or whether the monomer retained a folded
state. It was further recognized that the broad range of trun-
cated constructs here could provide important information
regarding region-specific contributions towards overall sta-
bility of the proteins and details about the cooperativity of
folding of the b subunit. These details were probed by a
series of dilution and thermal unfolding experiments.

For dimeric proteins the generally accepted folding/un-
folding pathway can be described as

Ka Km

F, 2 2F 22U (1)

where F, is the folded dimer, F is a folded monomer, U is
unfolded monomer, and K; and K, are the equilibrium
constants for dimer dissociation and monomer unfolding,
respectively. The first portion of this pathway is bimolecu-
lar. Under conditions such as low temperature, where the
folded monomer (F) is sufficiently stable, K, can be mea-
sured by examining concentration-dependent spectral
changes reflective of the dimer to monomer transition. At
higher temperatures, the unfolded species is favored such
that a concentration-dependent spectral change is a product
of K, and the second unimolecular equilibrium (K,). To
probe the dimer to monomer equilibrium (K,) for bs; 5,
CD spectra were collected for a range of concentrations at
5°C (Fig. 5). This temperature was chosen because sedi-

mentation equilibrium indicated a M, /M, = 2 (dimer) and
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Fig. 5. Concentration dependence of the ellipticity for the bs;_;,, protein.
The plot shows the mean residue ellipticity at 222 nm (6,,,) vs the protein
concentration. The concentrations ranged from 0.5-50 pM in 25 mM
Na,HPO,, pH 7.5 and 5°C. The curve shown is the best fit line according
to equation 2 for a folded dimer (F,) to folded monomer (F) equilibrium
yielding a K; = 0.6 + 0.2 uM.

maximum 6, and 0,,, values (see Fig. 6). The plot shown
in Figure 5 shows the change in 0,,, of bs;_;,, as the con-
centration was decreased from about 50 to 0.5 uM at 5°C.
The data shows that 0,,, leveled off near —43,000 deg cm®
dmol™" at the highest concentrations studied and decreased
to about —20,000 deg cm? dmol™" although this lower pla-
teau could not be clearly determined because of instrument
sensitivity. The magnitude of these spectral changes and
their concentration-dependent nature are in excellent agree-
ment with other studies showing the concentration-depen-
dent dissociation of oligomeric a-helical proteins (Ho and
DeGrado 1987; Donaldson et al. 1995; Lee et al. 2001). The
decrease in magnitude of 0,,, with decreasing concentration
likely arose from a combination of a decrease in helical
structure and removal of helix-helix interactions at the sub-
unit interface as the dimer (F,) dissociated to form mono-
mer (F). The dilutions of bs;_,,, covered a range where the
protein was >90% dimer to concentrations where the popu-
lation had shifted to 30% dimer, based on dissociation con-
stants derived from sedimentation equilibrium analysis.
Analysis of the data in Figure 5 was done using equation 2
for a dimer to monomer equilibrium having a dissociation
constant K.

(eobs - eF) * Kd
n % (O, — 0g) (1 = (B — 0p)/ (0, — 0r))*

[P]= 2)

In this equation, the mean residue ellipticities of the
folded dimer and folded monomer are expressed as 0, and
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0, respectively, and 6, was the experimental ellipticity at
a given total protein concentration, P,. An acceptable fit
was found for Op, = —43,700 deg cm® dmol™' and
B = —15,000 = 5000 deg cm?* dmol™" yielding a K, of 0.6
+ 0.2 M, in good agreement with that observed in analyti-
cal ultracentrifugation studies (1.6 M, Table 1). The mag-
nitude of the ellipticity for the monomer (-15,000 deg cm?
dmol™") indicated that it had a significant amount of residual
a-helical secondary structure.

Thermal unfolding

To assess the unfolding process, a series of CD spectra of
the truncated b proteins were collected as a function of
increasing temperature. Figure 6A shows a comparison of
CD spectra for 100 uM bs3_;,, acquired at 5 and 70°C. The
spectrum at 5°C represented the folded dimeric protein (F,)
comprised largely of a-helical structure. Based on the re-
sults of Figure 5, the population of folded monomeric (F)
protein should be negligible at this temperature and high
concentration. At 70°C, the magnitude of the CD signals at
222 and 208 nm were significantly reduced, consistent with
the loss of most secondary structure. The magnitude of the
residual ellipticity at 222 nm and 70°C was similar to that
observed for other thermal denaturation studies where a
substantial negative ellipticity often is observed (Hackel et
al. 2000). The spectrum at 70°C also contained a minimum
near 200 nm and a positive slope between 200 and 250 nm
indicative of the unfolded form of bs;_;,, (U) and was simi-
lar to spectra obtained for the unfolded forms of other he-
lical proteins at high temperature (O’Shea et al. 1989; De
Francesco et al. 1991). Spectra of bs5_;,, collected at 5, 20,
40, and 70°C (data not shown) also revealed an isodichroic
point at 203 nm, consistent with a two-state helix-to-random
coil transition (Greenfield et al. 1967). These observations
indicated that at protein concentrations significantly higher
than K and temperatures higher than 5°C, the folded mono-
mer species (F) is not significantly populated. Therefore,
unfolding of bs;_;,, could be modeled as a single coopera-
tive transition from the folded, dimeric state (F,) to the
unfolded monomer (U). This type of transition, which has
been observed for a variety of other dimeric, helical proteins
including coiled-coils can be analyzed to determine the ther-
modynamics of the unfolding process (De Francesco et al.
1991; Lee et al. 2001).

The thermal unfolding of the complete series of truncated
b proteins was examined by measuring the change in ellip-
ticity as a function of temperature (Fig. 6B). Each protein
showed a smooth sigmoidal curve suggestive of a coopera-
tive unfolding transition from folded dimer (F,) at low tem-
peratures to U at higher temperatures. The unfolding data
for each b protein was fit using the approach of Lavigne et
al. (1998) according to equation 3.
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Fig. 6. CD analysis of the temperature-dependent denaturation of bs;_5,.
(A) Spectra of the folded dimeric and unfolded monomeric forms of bs;_
122. The spectra show 100 uM bs5 15, at 5°C () and after thermal un-
folding at 70°C (@). (B) Thermal unfolding profiles of » subunit proteins
monitored by CD spectroscopy. The mean residue ellipticity at 222 nm
(0,5,) for bss 15, (OJ) and b,, 5, (M) were monitored as a function of
temperature. The 6,,, values were acquired at 1°C intervals using a 1-min
equilibrium time at each temperature. The curves drawn through the data
indicate the best fit lines for the thermal unfolding based on equation 3.

AGB(T) = AHS(Tm) : (1 - T/Tm) + ACp,u (T_ Tm)
“T(R-Wn332[P]+AC,, In(I/T,) (3)

The results of the curve fitting yielded thermodynamic
parameters for the enthalpy of unfolding at the transition
midpoint [AH,(T,,)], the heat capacity (AC,) and the un-
folding energy (AG,). Examination of the unfolding mid-
points (T,,) showed a surprisingly narrow range of tempera-
tures (Table 1). As all experiments were done at similar
concentrations (16-27 wM), these measured values for T,

were used as an indicator of overall protein stability. The
results show that all the b proteins except bs;_;,, have a
midpoint near 40°C. The latter had a depressed T, indicat-
ing it was the least stable of the proteins. However, the
range observed here was much smaller than that typically
observed for other proteins. Jelesarov and Bosshard (1996)
observed that a series of alanine substitutions for leucines at
the interface of model coiled-coil peptides varied the T,
over a range of 27°C while changing the AG, of the dena-
turation process by only 2.7 kcal mol™'. Therefore, rela-
tively minor differences in stability of the b proteins studied
here could result in significantly different T,,. The mid-
points of the melting curves were comparable to the mid-
points of melting determined from the sedimentation analy-
sis (Table 1), supporting the idea that the temperature-de-
pendent changes observed in the CD reflected a dimer to
monomer transition.

The enthalpies of unfolding [AH,(T,,)] and heat capaci-
ties (AC,) also are shown in Table 1. Comparison of AH,
for all protein constructs revealed there was little change
between the parent protein (51.2 kcal mol™), mutants (b, ;s
b,4 134) where residues were deleted at the C terminus
(49.6; 49.3 kcal mol™") and the mutant (b5, ,s) Where resi-
dues were removed from the N terminus (49.6 kcal mol™")
of the protein. However, a decrease of about 20 kcal mol ™
was noted when residues from both N and C termini were
deleted (bs3_j5,). The magnitude of heat capacity, AC,, is
proportional to the change in exposed hydrophobic surface
area between the folded and unfolded states (Makhatadze
and Privalov 1995). Therefore, a larger value of AC, usually
is attributed to the exposure of more nonpolar side chains
during the unfolding process. Although the errors on the
values for ACp average 15%, some important trends were
observed with respect to the primary sequence of the b
proteins. Comparison of the proteins b,, ;56 and b,y 5,
indicated a 10% decrease in ACP, while a further truncation
back to position V134 made little if any difference. These
changes are consistent with the effects of these truncations
previously observed in hydrodynamic analyses and will be
dealt with in detail in the Discussion. Removal of residues
at the N terminus of the protein (b3, 5¢) resulted in a simi-
lar decrease in ACP, likely a result of the removal of a
stretch of hydrophobic residues (VWPPLMAAI) just C-ter-
minal to the membrane spanning region. While these
changes were relatively small a much larger change was
noted when further truncations were done to both the N and
C termini. The heat capacity for bs; ;5,, (0.39 kcal mol™
K™') was nearly fivefold smaller than those of the longer b
proteins, which averaged 2.19 kcal mol™" K™'. Most of the
decrease in AC,, in this construct was likely the result of
removal of the hydrophobic sequence between residues 124
and 132, which is the only significant hydrophobic stretch in
the soluble domain and which must have sizable buried
nonpolar surface area in the folded form of the protein.
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Discussion

In the rotary mechanism of ATP synthase, the function of
the second stalk is to maintain an essentially static relation-
ship between the a subunit of F,, and the o;3; hexamer of
F,. As a result of this stator function, rotation of the asym-
metric antiparallel coiled-coil section of vy within osf3;
drives conformational changes in those subunits, resulting
in catalysis. In addition, the second stalk may serve to store
energy through elastic deformation. Understanding how the
b subunit dimer, which makes up most of the second stalk,
fulfills its function will require detailed knowledge of its
structure and of any conformational changes that it under-
goes. In the absence of a high-resolution structure of the b
subunit, we have used a spectroscopic and thermodynamic
approach toward understanding the structure and stability of
the b subunit dimer and its constituent domains.

Domain model of the b subunit

The CD spectrum of the cytoplasmic region of the b subunit,
b4 156, shows a predominantly helical character in agree-
ment with previously published spectra of b constructs con-
taining essentially the entire cytoplasmic region (Dunn
1992; Rodgers et al. 1997; Greie et al. 2000). The thermo-
dynamic values of ACp (2.4 kcal mol™" K™') measured for
b, 156 are consistent with literature values observed for
elongated proteins such as tropomyosin fragments in the
same size range (1.5-2.6 kcal mol™' K™") (Privalov 1982)
that have limited hydrophobic interfaces rather than those of
globular proteins such as myoglobin (3.4 kcal mol™' K™).
These observations support the highly extended nature of
the b subunit as judged from electron microscopy images
(Wilkens et al. 2000) and hydrodynamic data (Revington et
al. 1999).

The truncated versions of the b subunit produced CD
spectra indicative of highly helical, folded proteins support-
ing their use for studies of the putative domains (Fig. 1), as
in the absence of a globular fold those domains should be
effectively independent. In particular, the shortest construct,
bss 155, retained a highly helical structure even though a
total of 63 residues had been removed from the N and C
termini of the soluble region. This indicates the deleted
regions (24-52, 123-156) are not essential for the folding of
the 53—122 domain in the b subunit. Examination of the
spectra of the C-terminal truncations (b,4 155, byy 134) TE-
vealed significant differences compared to b,, ;s4. At first
glance, the 32% decrease in ellipticity in b,, s, compared
to b,4 156 appears too large for a simple deletion of the four
C-terminal residues. However, this change is consistent
with ultracentrifugation data showing a significant change
in shape and hydrodynamic properties when the four C-
terminal residues were removed (McLachlin et al. 1998).
The centrifugation data support a model where the extreme
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C terminus of the 8-binding region, which had been sug-
gested to form an amphipathic helix, folds back and inter-
acts with another section between residues 122 and 152.
Comparison of the CD spectra suggests that this folded
C-terminal conformation in b,, ;5 stabilizes «-helical
structure in the remainder of the 8-binding region resulting
in the significantly higher 6,,, observed for b,, ;5 relative
to b,y 5o The disruption of this C-terminal structure,
whether by truncation (McLachlin et al. 1998), mutation
(Dunn et al. 2000), or temperature (M. Revington and S.
Dunn, unpubl.) eliminates the b,—8 interaction that is criti-
cal to formation of the second stalk. The similarity of the
values for T,,,, AG, and AH,, indicate the C-terminal region
contributes little towards the overall stability of the b sub-
unit.

The CD spectra of the N-terminal truncations imply that
the tether domain (residues 24—53) has little helical charac-
ter. While the current studies do not allow a complete ther-
modynamic characterization for this entire region, compari-
son of the proteins b,, 54 and b3, |5 shows only a mod-
erate decrease in AC,, (0.32 kcal mol™' K™') is noted upon
deletion of the first 10 residues. Although this deleted se-
quence contains several nonpolar side chains (VWPPL
MAAI), the small difference in AC,, indicates these must be
significantly exposed to solvent in the folded form and
likely contribute little to the stability of the b subunit. This
is further reflected in the small difference in stability be-
tween by, 56 and by, s (AAG, 0.12 kcal mol™") and their
similar hydrodynamic properties (Revington et al. 1999).
The limited structure in the tether domain also is supported
by mutational studies where insertion or deletion of several
residues in this domain, or near its boundary with the dimer-
ization domain, does not disrupt ATP synthase function in
vivo (Sorgen et al. 1998, 1999).

Evidence for a coiled-coil dimerization domain

The AC, data for the cytoplasmic region of the b subunit
support an elongated structure for this protein. This conclu-
sion is supported by previous hydrodynamic and NMR ex-
periments (Revington et al. 1999) that both showed the
bs5_;,, protein adopts a highly extended shape. One tertiary
structure consistent with this observation would place a par-
allel coiled-coil in the dimerization domain (residues 53—
122) of the b subunit. This structure has been suggested
previously based on a weak heptad repeat found in the re-
gion (Dunn 1992; McCormick et al. 1993) and a require-
ment to span the membrane-F, sector apex (~130A). The
bs5_15, sequence from E. coli (residues 63—73 and 107-121)
and the corresponding regions from other bacteria, (Fig. 7)
display two regions predicted to have a left-handed coiled-
coil structure (Lupas et al. 1991). In general, several of the
a and d positions of the heptad repeats in bs;_;,, contain
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Heptad repeat cdefgabcdefgabecdefgabcdefga abcdefgabcdefgabed

E. coli 53 DLDLAKASATDQLKKAKAEAQVIIEQANKRRSQILDEAKAEAEQERTKIVAQAQAETEAERKRAREELRKQ 123
P. modestum 61 MAAKANGEAQGIVKSAKTEANEMLLRAEKKADERKETILKEANTQREKMLKSAEVEIEKMKEQARKELQLE 131
T, ferrooxidans 56 EMALAQKRATELVREAKDKAAEITANAERRGVELREEAQGKAREEADRITASARAETDVETNRAREVLRGQ 126
B. caldotenax 68 EAFKLLEEQRELMKQOSRODDEALTIENARKLAQEQKEQIVASARGQAERVKEAAKKEIEREKEQAMAALREQ 138
B. subtilis 63 EAQQLIEEQRVLLKEARQESQTLIENAKKLGEKQKEEIIQAARAESERLKEAARTEIVKEKEQAVSALREQ 133
E. Faecalis 64 NAAKMEQEREQQLLASRSDAADIIKNAKESGELSRQNILKETQEEVARLKSKAQTDIMLERDTALNSVKDD 134

Synechocystis b 73 KSAQILAEEEKKLAQAKAEAARIVQEAGQRAEVAKQEIATQTEADLRRMQEAAAQDLGAEQERVIAELKRR 143

Synechocystis b' 54 KAKAITQEYEQQITDARRQSQAVIADAQAEARRLAAEKIAEAQRESQRQKETAAQEIEAQRQSALSSLEQE 124
R. rubrum b 74 DAQALLAEYQRRQRDAMKEADETIIRHAKDEAARLRAKAEADLEASIRRREQQAVDRIAQAEAQALAQVRNE 144
R. rubrum b' 59 ETEAAIAAYETALAEARARAHDEIRAVTEAAAKAAEARNAEVAKALNTRIKDGEARIVQARDEALTHVREV 129

A E X A A XI A R A I A L

Fig. 7. Alignment of the dimerization region of the b subunits of Escherichia coli and other bacterial species using the Clustal W
alignment program (Thompson et al. 1994). The arrangement of the heptad repeat identified in the E. coli b subunit according to the

COILS program (Lupas 1996) is shown. The last line shows a consensus sequence for this alignment where an upper-case letter
indicates that amino acid is present in at least 70% of the 10 sequences (X = I, L, V).

alanine or larger hydrophobic residues (Fig. 7) typical of
coiled-coil sequences.

Circular dichroism experiments are most consistent with
the dimerization domain forming a coiled-coil. In the bs;_
122 protein, 0,,,/0,0¢ reached a value of 0.99, approaching
that observed for a variety of ideal coiled-coil peptide sys-
tems (Lavigne et al. 1995), where 0,,,/0,¢¢ typically ranges
from 1.0-1.05. This shows that bs;_;,, may contain a small
amount of either unstructured polypeptide or a-helical
structure which yields a lower 0,,,/6,,¢. Further, concen-
tration dependence studies show a decrease in ellipticity that
could be fitted to a dimer to monomer transition similar to
that observed for designed coiled-coil systems (Ho and De-
Grado, 1987; Lee et al. 2001). The bs;_;,, protein also
shows sensitivity to hydrophobic solvents, a characteristic
of many coiled-coils. In the presence of trifluoroethanol
0,,,/0,05 decreased from 0.99 to 0.92, a trend observed for
the c-Myc and Max coiled-coils (Lavigne et al. 1998) and
hybrid cortexillin/GCN4 coiled coils (Lee et al. 2001).

While CD spectra support a coiled-coil structure for
bss 12, Some question arises regarding the stability of this
protein. The unfolding temperature for bs;_;,, (~30°C) falls
well below that expected for stable, near-ideal coiled-coils
such as those derived from tropomyosin, GCN4, or fos/jun,
which typically display a T,, near 60°C (O’Shea et al.
1989). Further, physical characteristics typically used to
measure the stability such as the K; and AG,, of bs5_;,,, are
near 1 pM at 5°C and 1 kcal mol™' respectively, signifi-
cantly weaker than reported for these other coiled-coils (De
Francesco et al. 1991). However, one excellent measure for
protein structure is the difference in heat capacity between
the folded and unfolded structure which ranges from 0.4—
1.3 kcal mol™" K" for ideal coiled-coils to 1.3-3.0 kcal
mol~' K™' for more globular proteins ( Privalov 1979, 1982;
Lee et al. 2001). The AC, value for bs; 5, (0.39 kcal mol ™!
K™, falls on the low end of the range commonly observed
for coiled-coils and more importantly, is very distinct from
that observed for globular proteins.

Several examples of less-stable coiled-coil proteins have
been characterized recently both thermodynamically and
structurally based on the coiled-coil homo- and het-
erodimers formed by c-Myc and Max (Lavigne et al. 1998)
and a series of hybrid coiled-coils from cortexillin and
GCN4 (Lee et al 2001). In nearly all of these cases, there is
a striking similarity between AC,, AH,, AG,, and T,, for
these proteins and bs3_;,,. For example, the T, for bss |5,
(32°C) is very similar to that determined for the c-Myc-Max
heterodimer (38°C), the Max, homodimer (41°C) and sev-
eral of the cortexillin and GCN4 hybrid coiled coils which
exhibit T, values of 30—40°C. Further the heat capacity for
unfolding for b, 15, (AC, 0.39 keal mol™' K™') is close to
the range observed for these coiled-coil proteins (AC,, 0.4—
0.5 kcal mol™" K™"). Like bs; ;5, several of the hybrid
GCN4 and cortexillin coiled-coils fall below the traditional
stabilities of some synthetic, ideal coiled-coils such as those
derived from GCN4 (O’Shea et al. 1989) or the transcription
factor LFB1 (De Francesco et al. 1991). It has been sug-
gested that suboptimal residues in the a and d heptad posi-
tions of these proteins leads to decreases in their overall
stabilities. For example, the c-Myc and Max proteins utilize
several glutamate, histidine and asparagine residues at the a
and d positions (Lavigne et al. 1995). while several of the
hybrid cortexillin sequences exhibit an asparagine residue at
one a position (Lee et al. 2001). Both these positions typi-
cally are occupied with large aliphatic side-chain residues in
order to maximize stability (Zhu et al. 1993). In the bs5_;,
sequence, two a positions are occupied by unusual residues
(K58, R113) which could confer a decreased stability. In-
terestingly both these residues are positioned to allow i+3
charged interactions (D55-K58 and E110-R113) an arrange-
ment that would allow the hydrophobic methylene groups of
the a side chains to interact at the dimer interface. An ex-
tensive network of similar ionic interactions have been
noted from crystallographic studies of the rod domain of the
coiled-coil cortexillin I (Burkhard et al. 2000). A character-
istic i+5 interaction between E112-R117" across the coiled-
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coil interface of bs5_;,, would also be possible. These types
of ionic interactions in bs5_;,, are supported by a decrease
in a-helical structure with increasing ionic strength (to 500
mM NaCl) and a subsequent increase in helical structure at
higher salt concentrations. A near-identical trend in stability
has been previously observed for the coiled-coil GCN4.

Some observations point to a noncanonical, coiled-coil
structure of the b dimer. In particular, bs;_;,, contains a
high frequency of alanine residues at the d positions appar-
ent in phylogenetic analyses (Fig. 7). Similar observations
in tropomyosin (Brown et al. 2001) have been shown to give
rise to bends in a left-handed coiled-coil. Further, the pre-
dicted coiled-coil regions for the bs;_,,, protein also contain
a discontinuity between residues 80—106, perhaps indicating
a unique helical alignment of the subunits or the use of
imperfect heptads providing a less closely packed interface
(Brown et al. 1996). Both cases would still satisfy the elon-
gated structure observed in sedimentation velocity (Reving-
ton et al. 1999) or small-angle X-ray scattering experiments
(B. Shilton, M. Revington, and S. Dunn, unpubl.). Further,
a coiled-coil structure for the 53—122 region of the b subunit
would span ~105A or 75% of the required distance (130 A)
from the membrane surface to the apex of the o535 hexamer
in the F,F, ATP synthase. The instability of this dimeric
protein observed in this work would be consistent with its
role as a flexible linker that stores elastic energy and re-
sponds to the torque of rotational catalysis (Cherepanov et
al. 1999).

Materials and Methods

Protein expression, purification, and quantification

Protein constructs were expressed and purified as previously de-
scribed (Revington et al. 1999). Protein concentrations for sedi-
mentation equilibrium studies were determined from extinction
coefficients (&,5,) based on quantitative amino acid analysis using
samples of known A,g,.

Protein concentrations of circular dichroism samples were de-
termined from the isodichroic point at 203 nm using the mean
residue ellipticity (0,,,.) (Holtzer and Holtzer 1992). bs; 5, was
used as a reference protein where its concentration was determined
using quantitative amino-acid analysis, ellipticity at 203 nm was
measured, and a 0, was calculated. Because the magnitude of
0, 18 independent of secondary structure at the isodichroic point,
this was used to calculate the concentrations of the other b con-
structs using the equation [P] = 0,,5/n(0,,,..) where [P] is the pro-
tein concentration, 6,5 is the observed ellipticity at 203 nm and n
is the number of residues in the construct.

Analytical ultracentrifugation

Sedimentation equilibrium data were collected with a Beckman
Optima XL-A Analytical Ultracentrifuge using an An-60 Ti rotor
and 6-channel cells. The samples were studied in a buffer consist-
ing of 50 mM Tris- HCL, pH 7.5, 100 mM NaCl, and 1 mM EDTA.
The proteins were monitored at 280 nm and data collected in
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0.002-cm radial increments with the absorbance value at each
point being the average of 10 measurements. Samples were ini-
tially cooled to 5°C, allowed to equilibrate for ~24 h, and then
scanned. The temperature then was raised in 5°C increments to
40°C. The samples were scanned at each temperature increment
after equilibration. After the 40°C scans, the temperature was re-
turned to 10 or 20°C and allowed to reequilibrate. The samples
then were scanned to compare values to those already measured to
determine the extent of protein degradation or irreversibility of the
thermal denaturation process. Complete temperature-denaturation
studies were performed on three samples of each construct.

The data sets were analyzed by Beckman XLA software and
Beckman XLA macros used in conjunction with ORIGIN (Micro-
cal) software. The three data sets collected on each construct were
then simultaneously fitted using the Multifit macro. Initially, the
data were fit assuming a single-solution species that results in
determination of the average molecular weight of the solution
species present, M, .. The data sets also were fit for a monomer-
dimer equilibrium with the association constant, K, as the variable
with the molecular weight of the monomer inferred from the
amino-acid sequence, M, as a constant. The partial specific vol-
umes of proteins were calculated from the amino-acid sequences
by the method of Cohn and Edsall (1943). The density of the
solvent was measured using a pycnometer.

Circular dichroism spectra

Protein samples for circular dichroism analysis were prepared in
25 mM Na,HPO,, pH 7.5. Circular dichroism spectra were col-
lected on Aviv 62A DS and Jasco 810 spectropolarimeters. The
Aviv spectropolarimeter used a thermoelectric cell holder to con-
trol temperature while the Jasco instrument used jacketed cells
connected to an external water bath. Spectra were recorded in cells
of path lengths ranging from 0.1 mm to 1 cm. Far ultraviolet (UV)
wavelength scans were collected from 200-250 nm in 1 nm steps.
The readings were the average of 3 sec at each wavelength and the
reported ellipticity values were the average of three determinations
for each sample. Temperature scans were collected at 222 nm for
the range of 5-70°C in 1°C steps with 1 min equilibration time
between readings. The observed ellipticity (6,,,) was converted to
molar mean residue ellipticity (0,,.) in units of degrees cm™
decimole™" using 0, = (8,,.-MRW) / (10-1-c) where MRW is
the mean residue weight for the polypeptide in g dmol™" residue™",
one is the pathlength in centimeters and c is the polypeptide con-
centration in g mL™".

Data analysis

Calculations of T,, from the sedimentation equilibrium were cal-
culated at 5°C intervals from the determined K, values for the
monomer-dimer equilibria between 5-40°C as described above.
The T,,, was the temperature at which the K, value was equal to the
protein concentration (P,) used in that experiment. Linear interpo-
lation of the two nearest K; values was used to estimate the re-
ported T, values.

Thermal denaturation data were analyzed using the program
xcrvfit (Boyko and Sykes, University of Alberta) according to the
fitting method of Lavigne et al. (1998). Multiple iterations were
used to determine the Gibbs free energy of unfolding at tempera-
ture T [AG,(T)], the change in molar enthalpy [AH(T,,)] at the
transition midpoint (T,,), and the heat capacity AC, based on
equation 3. The fitting algorithm included corrections for the linear
dependence of 0 and 6 in the pre- and posttransition regions.
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Concentration-dependent data were fitted using the program Ka-
leidagraph according to equation 2 (Ho and DeGrado 1987).
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