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Mitochondrial F1FO-ATP synthase of chlorophycean algae is a complex partially embedded in the innermitochon-
drial membrane that is isolated as a highly stable dimer of 1600 kDa. It comprises 17 polypeptides, nine of which
(subunits Asa1 to 9) are not present in classical mitochondrial ATP synthases and appear to be exclusive of the
chlorophycean lineage. In particular, subunits Asa2, Asa4 and Asa7 seem to constitute a section of the peripheral
stalk of the enzyme. Here, we over-expressed and purified subunits Asa2, Asa4 and Asa7 and the corresponding
amino-terminal and carboxy-terminal halves of Asa4 and Asa7 in order to explore their interactions in vitro,
using immunochemical techniques, blue native electrophoresis and affinity chromatography. Asa4 and Asa7 in-
teract strongly, mainly through their carboxy-terminal halves. Asa2 interacts with both Asa7 and Asa4, and also
with subunitα in the F1 sector. The three Asa proteins form an Asa2/Asa4/Asa7 subcomplex. The entire Asa7 and
the carboxy-terminal half of Asa4 seem to be instrumental in the interaction with Asa2. Based on these results
and on computer-generated structural models of the three subunits, we propose a model for the Asa2/Asa4/
Asa7 subcomplex and for its disposition in the peripheral stalk of the algal ATP synthase.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mitochondrial F1FO-ATP synthase (complex V) is the main ATP pro-
ducing enzyme in non-photosynthetic eukaryotes. The complex works
as a rotary motor driven by an electrochemical proton gradient [1,2].
Proton translocation through the Fo sector drives rotation of the central
stalk (the gamma subunit) that extends from the membrane-embedded
c-ring into the center of the F1 sector. The conformational changes
induced by the gamma subunit in F1 allow the synthesis of ATP in
the catalytic sites of the beta subunits [3]. Chlorophycean algae like
Chlamydomonas reinhardtii and Polytomella sp. exhibit a highly stable, di-
mericmitochondrial F1FO-ATP synthasewith an apparentmolecularmass
of 1600 kDa [4]. This dimeric complex also has a unique overall architec-
ture exhibiting two stout peripheral stalks as judged by electron micros-
copy analyses [5–8]. The functional core of the algal enzyme is formed
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by the eight classic subunits α, β, γ, δ, ε, a (ATP6), c (ATP9), and OSCP
[9]. In addition, the complex contains nine atypical subunits (Asa1 to
Asa9) that constitute the robust peripheral stalk and that seem to partic-
ipate also in the dimerization of the complex [10–13]. The presence of
these atypical subunits was originally suggested based on N-terminal se-
quences of the polypeptide components of the mitochondrial ATP
synthase of C. reinhardtii [14] and mining of the green algal genome
[15]. To date, genes encoding homologs of Asa subunits seem to be
present exclusively in chlorophycean algae [13].

The subsequent biochemical characterization of the algal enzyme
was carried out with Polytomella sp. [7], since this colorless alga, closely
related to C. reinhardtii, lacks both chloroplasts and cell wall, therefore
allowing an easy isolation of mitochondria and purification of its oxida-
tive phosphorylation components [16,17]. Work carried out with the
Polytomella ATP synthase established neighboring interactions between
Asa subunits,mainly through the identification of subcomplexes formed
by heat dissociation and by using cross-linking agents [10,12]. In partic-
ular, two cross-link products were consistently obtained, with more
than one bi-functional reagent: Asa2 + Asa4 and Asa2 + Asa7 [7].
These experiments and others led to the proposal ofmodels of the topo-
logical disposition of the Asa polypeptides [7,10,11]. In order to gain
more insights on how Asa proteins interact, in this work we over-
expressed and purified the recombinant Asa2, Asa4 and Asa7 subunits
and explored their interactions in vitro using different experimental
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approaches. Based on the obtained data, we propose a refinedmodel for
the disposition of these three subunits in the peripheral stalk of the
algal, mitochondrial ATP synthase.

2. Materials and methods

2.1. Algal strains and growth conditions

Polytomella spec. (Strain number 198.80, isolated by E.G. Pringsheim)
was obtained from the Culture Collection of Algae at the University of
Göttingen and grown as previously described [18].

2.2. Polytomella mitochondrial ATP synthase purification

The algal ATP synthase was purified following the described proce-
dure [10].

2.3. Protein analysis

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was car-
ried out as described [19] and denaturing gel electrophoresiswas carried
out in a Tricine-SDS-PAGE system [20]. When indicated, 1D-BN-PAGE
was followed by 2D-Tricine-SDS-PAGE [20]. Protein concentrations
were estimated according to Markwell et al. [21].

2.4. Dissociation of the ATP synthase into subcomplexes

The purified algal ATP synthase (120 μg of protein) was incubated
for 30 min on ice in the presence of 0.04% lithium dodecyl sulfate
(LiDS) and the resulting sample subjected to BN-PAGE in 4–12% gradi-
ent acrylamide gels. The lane of interest was excised and incubated in
the presence of 1% SDS and 1% β-mercaptoethanol for 15 min and
then subjected to 2D Tricine-SDS-PAGE in 14% acrylamide gels.

2.5. Cloning of the cDNAs encoding subunits of the ATP synthase of
Polytomella sp. in expression vectors

The cDNAs of Asa2, Asa4-n, Asa4-c, Asa7, Asa7-n, Asa7-c were PCR-
amplified from a Polytomella sp. cDNA library cloned in λ-ZapII phages
using specific oligonucleotide primers: for Asa2, forward 5′-GAC GCT
GCC GT(C/G/T) GC(C/G/T) CT(C/T) AC(C/T) TAC-3′ and reverse 5′-TCA
(G/A/C)AC (G/A)GC GTA (G/A)CC CTG (G/A/C)GC CTC-3′; for Asa4, for-
ward 5′-GCT ACC GAG CCT GCT GTT TC-3′ and reverse 5′-TTA AGC AGC
GAC CTT AGG GC-3′; for Asa4-N, forward 5′-GCT ACC GAG CCT GCT GTT
TC-3′ and reverse 5′-TTA CTTGGC CTT AGC CGC AAA-3′; for Asa4-C, for-
ward 5′-AAG TTT GGC CAG GAG ACC-3′ and reverse 5′-TTA AGC AGC
GAC CTT AGG GC-3′; for Asa7 forward 5′-CTT ACC ACT TTT ACC TTC-3′
and reverse 5′-CTA TGC TTGGAG AGG AGG AAG-3′; for Asa7-N forward
5′-CTT ACC ACT TTT ACC TTC-3′ and reverse 5′-TTA GTT CTG GAT AGA
AGA GTG GAG-3′; for Asa7-C forward 5′-ATC CAG AAC TAC CTC CTT
TCT-3′ and reverse 5′-CTATGC TTGGAGAGGAGGAAG-3′. The resulting
ampliconswere cloned in a pET28a vector that adds a hexa-histidine tag
(6His-tag) in the N-terminus of the corresponding proteins using the
following restriction sites: for Asa2 NheI and SalI; for Asa4-N and Asa4-
C, NdeI and BamHI; and for Asa7, Asa7-N and Asa7-C, NdeI and SalI.
The cDNAs of Asa2, Asa4, Asa4-n, and Asa4-cwere cloned in a pET3a vec-
tor (no 6His-tag) using the restriction sites NdeI and BamHI.

2.6. Overexpression of recombinant proteins

All overexpression conditions were similar for the seven proteins.
Escherichia coli BL21-CodonPlus competent cells were transformed
with their corresponding vector by heat shock at 42 °C for 2 min. Bacte-
rial cells were grown in LB medium containing 64 μg/mL chloramphen-
icol supplemented with 50 μg/mL kanamycin for those expressing the
pET28a vector and 100 μg/mL ampicillin for those expressing the
pET3a vector. The overexpressed polypeptides were: Asa2 (GenBank
GU014474) lacking around 25 residues in the N-terminus and 39
residues in the C-terminus; the complete Asa4 subunit (GenBank
GQ168485); the complete Asa7 subunit (GenBank GQ427067), the
Asa4-N fragment (16.4 kDa comprising residues 1 to 154 of Asa4), the
Asa4-C fragment (14.9 kDa comprising residues 107 to 194 of Asa4),
the Asa7-N fragment (7.6 kDa, comprising residues 1 to 77 of Asa7)
and the Asa7-C fragment (11.9 kDa, comprising residues 74 to 176 of
Asa7).

2.7. Isolation of inclusion bodies

Two liters of culture media was inoculated with bacteria and incu-
bated at 37 °C until an absorbance value of 0.6 at 600 nmwas obtained.
Then, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a
0.1 mM final concentration and the culture was incubated for 16 addi-
tional hours. The culture was then centrifuged at 6000 g for 15 min,
and the resulting pellet resuspended in lysis buffer (50 mM NaH2PO4,
500 mM NaCl, 1% Triton X-100, pH 7.8) and sonicated with 8 pulses
(setting 5 W, 50% output) of 5 min each using a Branson-450 sonifier.
Inclusion bodies (ICBs) were recovered by centrifugation at 12,000 g
for 10 min. ICBs were then washed as described [22] with slight modi-
fications. ICBs were resuspended in PBS (50 mM NaH2PO4, 500 mM
NaCl, pH 7.8) containing 5% Triton and immediately after recovered
by centrifugation at 12,000 g for 10 min. The resulting pellet was
resuspended in distilled water and centrifuged in the same conditions.
These washes were repeated once again with PBS containing 5% Triton
X-100 and three times with distilled water. ICBs were then refrigerated
and stored at−80 °C until used.

2.8. Purification of recombinant proteins

All steps were carried out at 4 °C except when indicated. The ICBs
were thawed and dissolved in PBS buffer containing 8.0 M urea for
12 h. The solution was centrifuged at 17,500 g for 10 min. The recombi-
nant Asa4 polypeptide was dialyzed against 2 L of refolding buffer
[30 mM CAPS pH 10.0, 0.5 mM sodium EDTA, 1 mM DTT, and 2% (v/v)
glycerol] for 12 h and then centrifuged at 17,500 g for 10 min. The
resulting supernatant was loaded on a DEAE-Sepharose FF 10/300 col-
umn (20 mL) and eluted with a gradient of 0 to 500 mM NaCl in the
same refolding buffer. The Asa2, Asa4-N, Asa4-C, Asa7, Asa7-N and
Asa7-C proteins were purified in denaturing conditions using affinity
chromatography. The samples were diluted with PBS to obtain a final
concentration of 4.0 M urea and then, a 1 M imidazole solution in the
same buffer was added to reach a final concentration of 10 mM in the
sample. Then, the samplewas loaded on a 5 mLHisTrap FF crude column
(GE Healthcare Life Sciences), equilibrated with PBS containing 4 M
urea. The column was washed with the same buffer in the presence of
30 mM imidazole and then, the proteins of interest were eluted with a
30 to 500 mM imidazole gradient. The fractions obtained from the col-
umn were analyzed by Tricine-SDS-PAGE, and those enriched with the
recombinant protein of interest were collected, mixed, concentrated,
and stored at−70 °C until used.

2.9. Antibody production and immunoblotting

Antibodies were generated against subunit Asa4, against the recom-
binant proteins Asa2 and Asa7-C. Either the entire Polytomella ATP
synthase (20 to 50 μg of protein per lane) or 20 μg of the recombinant,
isolated proteins was resolved by Tricine-SDS-PAGE (14% acrylamide)
in the presence of 25 mg/L of Serva Blue G in the upper buffer as de-
scribed [23]. The ATP synthase Asa4 subunit and the recombinant pro-
teins Asa2 and Asa7-C were excised from the gel, grinded in the
presence of 20 mM Tris (pH 7.0), mixed with Freund's complete adju-
vant and injected into rabbits for antibody production. Western blot
analysis was carried out as described [24] with modifications [25].
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Colorimetric detectionwas carried out using a goat anti-rabbit IgG conju-
gatedwith alkaline phosphatase (1:3000 for 2 h) in the presence of nitro-
blue tetrazolium chloride and 5-bromo-4-chloro-3′-indolyphosphate p-
toluidine salt. The images of the polypeptide bands decorated with the
insoluble black-purple precipitates were captured in a HP Scanjet G4050.

2.10. Protein–protein interactions assayed by Far-Western analysis

Far-Western analysis was carried out according to [26]. The isolated
ATP synthase of Polytomella sp. was subjected to Tricine-SDS-PAGE in
12% acrylamide gels and then transferred to nitrocellulose membranes.
The lanes containing the denatured enzyme were incubated in TTBS
buffer (20 mM Tris–HCl pH 8.0, 500 mM NaCl, and 0.05% Tween-20),
in the presence of increasing concentrations of externally-added, puri-
fied Asa2, Asa4, Asa4-N or Asa4-C polypeptides for 4 h. In the case of
the Asa7 polypeptide, which tended to aggregate easily, a different buff-
er was used: 50 mM Tris–HCl pH 8.0, 200 mM sodium EDTA, 2.0 %
glycerol, 200 mMNaCl, and 0.5% sodium cholate. Themembranes incu-
bated with the externally-added protein were washed 2 times with the
corresponding buffer. Then, the antibody against the recombinant pro-
teinwas added, followed by the secondary antibody, and themembrane
stained as described for Western blot analyses [25].

2.11. Protein–protein interactions assayed by affinity chromatography

These experiments were carried out using crude bacterial extracts
containing the overexpressed, recombinant subunits Asa7, Asa7-N,
Asa7-C and Asa2 (containing a 6His-tag), and the recombinant subunits
Asa-4, Asa4-N andAsa4-C (lacking a 6His-tag). ICBswere prepared from
100 mL of bacterial culture, washed and solubilizedwith 6 M guanidine
in PBS buffer (50 mM NaH2PO4, 100 mM NaCl, pH 7.8). The insoluble
material was removed by centrifugation at 17,500 g for 10 min. Each
resulting crude extract supernatant containing the corresponding
6His-tagged subunitwas loadedonto a 1 mLHisTrap columnequilibrat-
ed with PBS buffer. Then the column was washed with PBS containing
30 mM imidazole, 0.01% Tween-20 and 3 M guanidine, followed by a
second wash with the same buffer in the presence of 1 M guanidine
and a third and final washwith the same buffer containing 0.5 M guani-
dine. Also, 0.01% of Tween-20was added to the supernatants containing
the recombinant proteins lacking a 6His-tag, followed by dialysis
against PBS buffer. Each dialyzed crude extract sample was loaded
onto the HisTrap column where one of the proteins with 6His-tag was
previously bound. The columns were washed with PBS buffer contain-
ing 0.01% Tween-20 and 30 mM imidazole. Then, an imidazole gradient
from 30 to 500 mM was applied in order to elute the proteins that
remained bound to the column. Whenever the 6His-tagged protein
coeluted with the non 6His-tagged protein, both proteins were consid-
ered to have interacted inside the column. The absorbance at 280 nmof
the eluted fractions was monitored and selected fractions were
subjected to Tricine-SDS-PAGE (12% acrylamide) and then transferred
to a nitrocellulose membrane. Proteins were analyzed by Western blot
using specific antibodies.

In order to assess any possible unspecific binding the recombinant
subunit of interest, lacking a 6His-tag, was loaded onto a 1 mL HisTrap
column with no bound protein.

2.12. Protein–protein interactions assayed by Blue Native Electrophoresis

One nanomole of each subunit was mixed in a denaturing solution
containing 50 mM Bis–Tris pH 7.0, 4 mM DTT, 750 mM ε-amino
caproic acid, 0.15% SDS and 0.1% Coomassie Brilliant BlueG. Themixture
was incubated at 94 °C during 10 min and subjected to BN-PAGE in 12%
acrylamide gels [20] at 4 °C. Proteins were expected to renature in the
BN-gel and establish specific interactions. Gels were run at 80 V for
1.5 h and then at 200 V, until the desired separation of polypeptides
was achieved. For interaction assays in the presence of Asa7, gels
containing 14% acrylamide were used. Selected lanes of the BN-gels
were then subjected to 2D-Tricine-SDS-PAGE.

2.13. Protein stability at different pHs

Samples containing two nanomoles of the proteins of interest or the
mixture of two proteins, were dialyzed at 4 °C against 500 mM NaCl
and 20 mM of each one of the following buffers: phosphates (pH 2.0),
acetate (pH 4.0), Mes (pH 6.0), MOPS (pH 7.0), Tris (pH 8.0) or CAPS
(pH 10.0). Then, sampleswere centrifuged at 17,500 g and both thepel-
let and a fraction of the supernatant were analyzed by Tricine-SDS-
PAGE.

2.14. Formation of an Asa2/Asa4/Asa7 subcomplex

All steps were performed at 4 °C unless otherwise stated. The Asa4
subunit was purified as described in Section 2.8 except that 0.01%
Tween 20 was added to the buffer. The enriched fractions identified
by Tricine-SDS-PAGE were mixed and stored at −70 °C until used.
The 6His-tagged Asa7 subunit was purified as mentioned in
Section 2.8 except that three HisTrap FF columns (GE Healthcare Life
Sciences) joined in tandem were used and 0.05% Tween 20 was added
to the buffer. The enriched fractions were mixed and concentrated up
to 0.4 mg/mL in an Amicon Ultra-15 centrifugal filter unit (Millipore).
For Asa2 subunit, the sample of solubilized ICBs obtained as described
in Section 2.8 was diluted to 400 mL with a buffer containing 30 mM
CAPS, 0.5 mM EDTA, 0.5 mM DTT, 2% glycerol pH 10.0 and then loaded
onto aDEAE Sepharose FF 10/300 column(20 mL) equilibratedwith the
same buffer. The protein was eluted with a linear NaCl gradient from 0
to 500 mM in the same buffer (10 column volumes). The eluted frac-
tions were analyzed in Tricine-SDS-PAGE and the enriched fractions
were mixed and stored at−70 °C until used.

Purified Asa4 (untagged) and Asa7 (6His-tagged) subunits (10 mg of
each protein) were mixed and dialyzed together against 3 L of a buffer
containing 50 mM NaH2PO4, 500 mM NaCl, 0.05% and Tween 20
pH 7.8 for 12 h. The sample was centrifuged at 17,500 g for 10 min, im-
idazole was added to a final concentration of 30 mM, and 750 μL of Ni
Sepharose 6 FF resin (Amersham Biosciences) was added to themixture.
The sample was incubated under continuous shaking for 8 h and then
washed ten times by centrifugation at 500 g for 5 min with 7 mL of the
same buffer containing imidazole 30 mM. The Asa4/Asa7 subcomplex
was recovered with two 7 mL volumes containing 500 mM imidazole
in the same buffer.

The purified Asa4/Asa7 subcomplex was mixed with 38 mg of puri-
fied Asa2 subunit (untagged) and dialyzed against 3 L of a buffer con-
taining 50 mM NaH2PO4, 200 mM NaCl, 0.05% Tween 20 pH 7.8 and
incubated under continuous shaking for 8 h. The sample was then cen-
trifuged at 17,500 g for 10 min, loaded on a 1 mL HisTrap FF column
(GE Healthcare Life Sciences) and recirculated for 8 h using a LKB-
Peristaltic-Pump P-1 (Pharmacia) at a flow of 0.5 mL min−1. Then, the
column was attached to an ÄKTA monitor UPC-900 Workstation (GE
Healthcare Life Sciences) washed with the same buffer containing
30 mM imidazole until a base line was obtained (30 column volumes)
and the subcomplex was eluted when a linear imidazole gradient
from 30 to 500 mM was applied. The eluted fractions were analyzed
by Tricine-SDS-PAGE to identify those that corresponded to the Asa2/
Asa4/Asa7 subcomplex.

2.15. Stoichiometry of subunits in the Asa2/Asa4/Asa7 subcomplex

Purified ATP synthase from Polytomella sp. and the isolated, recom-
binant ASA7 subunit (6His-tagged) were separated in a Tricine-SDS-
PAGE at increasing known protein concentrations. The resulting gels
were stained with Coomassie Blue. Gel images were captured in a Gel-
ChemiDoc Scanner System (Bio-Rad) and the densitometric analysis
was performed with the program GelAnalyzer 2010a (http://www.
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Fig. 1. Polytomella ATP synthase and the recombinant Asa subunits used in this work.
Tricine-SDS polyacrylamide gel showing the polypeptide pattern of the Polytomella ATP
synthase complex (25 μg of protein, lane 1). The identity of its 16 subunits is indicated.
Three micrograms of each recombinant Asa subunits overexpressed and purified in this
workwas loaded in lanes 2 to 8. Some of the recombinant proteins, like Asa7, exhibit slight-
ly higher apparent molecular masses than the original subunits due to the presence of the
6His-tag. In contrast, Asa2 exhibits a lower molecular mass, due to the absence of several
residues in its N- and C-termini. Molecular masses are 38.6 kDa for Asa2 (lane 2),
31.2 kDa for Asa4 (lane 3), 16.4 kDa for Asa4-N (lane 4), 14.9 kDa for Asa4-C (lane 5),
20.5 kDa for Asa7 (lane 6), 7.6 kDa for ASA7-N (lane 7), and 11.9 kDa for Asa7-C (lane 8).
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gelanalyzer.com/index.html). A graph of peak area of the polypeptide
bands versus protein quantities (in picomoles)was constructed and ad-
justed to a linear function. Each fraction corresponding to the obtained
Asa2/Asa4/Asa7 subcomplex elution was also separated in a Tricine-
SDS-PAGE and the densitometry data from each band was interpolated
to the corresponding linear function obtained from the Asa2 and Asa4
subunits of the ATPase and from the recombinant, isolated 6His-
tagged Asa7 protein. Thus, we estimated the stoichiometry of subunits
Asa2:Asa4:Asa7 in the Asa2/Asa4/Asa7 subcomplex.

2.16. Protein structure prediction and protein–protein docking

Isoelectric points were calculated using “Compute pI/Mw” at EXPASY
(http://web.expasy.org/cgi-bin/compute_pi/pi_tool). The model of sub-
units Asa2 (lacking the first 7 residues of the N-terminal region and the
last 43 residues of the C-terminal region) and the full-length Asa4 were
made in Robetta server (http://robetta.bakerlab.org) of the University
of Washington [27]. In both cases, a set of 5 possible models was
obtained. The model of subunit Asa7 was made with the Quark program
at the Zhang Lab server of the University of Michigan (http://zhanglab.
ccmb.umich.edu/Quark/) [28]. A set of ten possible models were
obtained. The model number 2 of every subunit was chosen because of
its solvent exposed residues and because it exhibited an elongated struc-
ture, as expected of a component of the peripheral stalk. Hydrogen atoms
and charges were added to the Asa2, Asa4 y Asa7models and 1000 steps
(steepest descent set at 0.02 Ǻ per step) of energy minimization were
carried out using the ff99SB forcefield of UCSF Chimera software
(http://www.cgl.ucsf.edu/chimera/) [29]. Protein–protein docking pre-
dictionwas carried out in the Vakser Lab server of the University of Kan-
sas (http://Vakser.bioinformatics.Ku.edu/resources/gramm/grammx/)
[30]. The docking prediction between Asa4 and Asa7 subunits was car-
ried out first. A set of 50 possible models were obtained. All the models
that did not exhibit an interaction in accordance with the data obtained
in this workwere discarded. Themodel that predicted an interaction be-
tween the carboxy-terminal half of Asa4 and the carboxy-terminal half of
Asa7 was selected. The in silico Asa4/Asa7 subcomplex was then used to
dock the Asa2 subunit. A new set of 50 possible models were obtained,
where the final model was chosen in accordance with the obtained ex-
perimental results. The interfaces of the subcomplex obtained were ana-
lyzed by Dimplot [31] and the surface calculations for cavities as
implemented in PyMol (http://www.pymol.org/, The PyMOL Molecular
Graphics System, Version 1.5.0.4 Schrödinger, LLC) in order to assess
their packing quality.

3. Results

3.1. Over-expression and purification of recombinant Asa subunits

In order to address the study of the interaction of some of the sub-
units that constitute the peripheral stalk of the ATP synthase of
Polytomella sp., the corresponding polypeptides were over-expressed
and purified as described in Sections 2.6, 2.7 and 2.8, and compared to
the polypeptide pattern of the isolated ATP synthase. The purified
recombinant subunits Asa2, Asa4 and Asa7, and their corresponding
fragments Asa4-N, Asa4-C, Asa7-N and Asa7-C were loaded on a
Tricine-SDS-gel (Fig. 1). All recombinant subunits exhibit a single,
Fig. 2. Interaction of Asa4 with Asa7. A, B) Far-Western analyses of Polytomella ATP synthase (2
combinant Asa4 (A) and Asa7 (B) polypeptides as indicated (in a 5 mL final volume), and then
Asa7 assayed by affinity chromatography. The crude extract containing expressed Asa4 subuni
which the Asa7 subunit, containing a 6His-tag, was previously bound (lower panel). Western b
umn upon application of a 30 to 500 mM imidazole gradient. Lane 1, crude extract loaded on th
the column afterwashingwith 30 mM imidazole. D) Identification of Asa4–Asa7 subcomplexes
ed onto 1D-BN-PAGE followedby2D-Tricine-SDS-PAGE. A putative Asa4–Asa7 subcomplex is in
(31.2 kDa), Asa4-C (14.9 kDa) and Asa7 (20.5 kDa) was loaded on the gel on its left-hand sid
nanomoles of Asa4 (upper panel), Asa7 (middle panel) and a mixture of Asa4 and Asa7 (lowe
centrifuged. Then, 30 μL of each pellet and supernatant was loaded on the gel.
main polypeptide, although discrete bands that may represent dimeric
forms were observed in some preparations (Fig. 1, lanes 4 and 5). Anti-
bodies raised against subunits Asa2, Asa4 and Asa7 of the Polytomella
ATP synthase also recognized the corresponding purified recombinant
subunits, and the anti-Asa4 antibody recognized the Asa4-N and Asa4-
C fragments, albeit the Asa4-N fragment more poorly (Suppl. Fig. 1).
This suggests that the main immunogenic epitopes of Asa4 are found
in its carboxy-terminal region.

3.2. On the interaction of Asa4 and Asa7

Far-Western blotting is one of the techniques employed to detect
protein–protein interactions. We first assayed a possible interaction be-
tween the purified, recombinant Asa4 subunit and the entire ATP
synthase, exploring the possibility that the recombinant polypeptide
could bind to some of the subunits of the complex. Several lanes of ni-
trocellulose membrane containing the same concentration of ATP
synthase were incubated with increasing concentrations of the isolated,
recombinant Asa4 subunit and then decorated with the anti-Asa4 anti-
body mentioned above (Fig. 2A). As expected, the anti-Asa4 antibody
strongly recognized the original Asa4 polypeptide of the ATP synthase
in all lanes. Nevertheless, at increasing concentrations of the externally
added, recombinant Asa4, the antibody started to recognize a second
band, which was identified as Asa7, based on its molecular mass
(Fig. 2A, lanes 4 to 7). This indicated that the externally added, recombi-
nant Asa4 subunit interacted with the Asa7 polypeptide bound to the
nitrocellulose membrane, and was therefore also recognized by the
5 μg of protein per lane) incubated for 4 h with increasing nanomoles of the isolated, re-
decorated with an anti-Asa4 (A) or an anti-Asa7 (B) antibody. C) Interaction of Asa4 and
t was loaded on a 1 mL HisTrap column containing no bound protein (upper panel) or to
lot decorated with anti-Asa4 and anti-Asa7 antibodies of the fractions eluted from the col-
e column; lane 2, protein excluded from the column; lanes 3 and 4, proteins excluded from
. One nanomole of each proteinwas incubated together in a final volume of 50 μL and load-
dicatedwith awhite arrow. Threemicrograms of eachof themolecularmassmarkers, Asa4
e. E) Stability of the isolated, recombinant Asa4 and Asa7 subunits at different pHs. Two
r panel) in 100 μL final volume were dialyzed against buffers with the indicated pHs and

http://www.gelanalyzer.com/index.html
http://web.expasy.org/cgi-bin/compute_pi/pi_tool
http://robetta.bakerlab.org
http://zhanglab.ccmb.umich.edu/Quark/
http://zhanglab.ccmb.umich.edu/Quark/
http://www.cgl.ucsf.edu/chimera/
http://Vakser.bioinformatics.Ku.edu/resources/gramm/grammx/
http://www.pymol.org/
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anti-Asa4 antibody. At relatively high concentrations of externally-
added Asa4, the anti-Asa4 antibody also recognized Asa1 (Fig. 2A,
lanes 6 and 7). We interpret this signal as a weak interaction of Asa4
Asa7
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with Asa1. In all the Far-Western experiments, the bands that appeared
at high concentration of the recombinant, isolated protein were
interpreted with caution, since unspecific interactions may occur.
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Wepredicted that the complementary Far-Western experiment, now
using the isolated, recombinant Asa7, should recognize the original Asa4
subunit of the ATP synthase complex. Lanes containing the same concen-
tration of ATP synthase were incubated with increasing concentrations
of the isolated, recombinant Asa7 subunit and decorated with an anti-
Asa7 antibody (Fig. 2B). As expected, the anti-Asa7 antibody recognized
the Asa7 subunit of ATP synthase in all lanes. At increasing concentra-
tions of externally-added recombinant Asa7, the antibody also recog-
nized additional bands, corresponding to Asa1, Asa4 and OSCP (Fig. 2B,
lanes 3 to 6). This suggested that Asa7 may interact with these three
subunits.

In order to further explore the interaction of Asa4 and Asa7 with a
different experimental approach, the isolated, recombinant Asa7 con-
taining a 6His-tag, was bound to a HisTrap nickel column. Then, the re-
combinant Asa4 (lacking a 6His-tag) was loaded on the column and
washed with 30 mM imidazole. A second identical column, containing
only the nickel matrix with no protein bound to it, was loaded with
Asa4 (lacking the 6His-tag) and run in parallel. This second column
served as a control to assay a possible adventitious interaction of Asa4
with the nickel matrix. While Asa4 readily eluted in the first fractions
of the column lacking bound Asa7 (Fig. 2C, upper panel), Asa4 was
retained in the column containing the 6His-tagged Asa7. In order to re-
cover both proteins, the column was eluted in the presence of a 30 to
500 mM imidazole gradient, that released Asa7 along with its bound
Asa4 (Fig. 2C, lower panel).

The interaction of Asa4 and Asa7was also assayed using an addition-
al approach. A mixture of isolated, denatured, recombinant Asa4 and
Asa7 was subjected to BN-PAGE, expecting that during the non-
denaturing electrophoretic technique both proteins would renature
and interact, forming an Asa4/Asa7 subcomplex. To analyze these
non-denaturing gels, the lanes obtained from BN-PAGE were subjected
to 2D-Tricine-SDS-PAGE. Although a large amount of free Asa4 andAsa7
migrated to the front of the 1D-BN gel, discrete bandswith a highermo-
lecular mass were observed, suggesting the formation of an Asa4/Asa7
subcomplex (Fig. 2D, bands indicated with a white arrow).

The interaction of Asa4 and Asa7 was finally explored using a fourth
different technique. The stability of the two isolated, recombinant Asa4
and Asa7 proteins was assayed by incubation at different pHs followed
by centrifugation. If the protein was not soluble at a certain pH, it
would precipitate and would be recovered in the corresponding pellet
after centrifugation. Asa4 (pI = 5.19) was highly soluble, since it was
recovered in the supernatants at almost all the pHs explored (from 2.0
to 10.0), while only small amounts precipitated at pH 4.0 and 10.0
(Fig. 2E, upper panels). In contrast, Asa7 (pI = 9.03) was less soluble,
and tended to precipitate easily, so it was mainly recovered in the pel-
lets (Fig. 2E, middle panels). A mixture of Asa4 and Asa7 recombinant
proteins was also incubated at different pHs and then subjected to dif-
ferential centrifugation. When Asa7 was in the presence of Asa4, both
proteins remained in the soluble fraction, except at pH 2.0, where
they both partially precipitated (Fig. 2E, lower panels). Thus, these ex-
periments suggest that Asa4 tends to stabilize Asa7 and maintain it in
solution, probably preventing its aggregation by protein–protein
interactions.

3.3. On the interaction of Asa4 fragments and Asa7

In order to determine which domains of Asa4 and Asa7 are critical
for interaction, lanes containing the same concentration of ATP synthase
were transferred to a nitrocellulose membrane and incubated with in-
creasing concentrations of the recombinant Asa4-C fragment. Then,
the membranes were decorated with the anti-Asa4 antibody (Fig. 3A).
As in previous experiments, the anti-Asa4 antibody recognized the
Asa4 subunit of ATP synthase in all lanes. Nevertheless, at increasing
concentrations of externally-added Asa4-C fragment, the antibody rec-
ognized additional bands, corresponding to Asa1 and Asa7, and more
faintly, OSCP (Fig. 3A, lanes 3 to 5). This indicated that the externally
added recombinant Asa4-C fragment may interact with these subunits.
In contrast, when the same experimentwas carried outwith the Asa4-N
fragment, the anti-Asa4 gave a much weaker signal on subunits Asa1,
OSCP and Asa7 (Suppl. Fig. 2).We conclude that Asa4-N interacts loose-
ly with these subunits, although the low signals observed may also be
due to the poor recognition of the Asa4-N fragment by the anti-Asa4 an-
tibody (Suppl. Fig. 1, lane 3).

In order to further assess the interaction of Asa4-N and Asa4-C with
Asa7, the isolated, recombinant Asa7 containing a 6His-tag, was bound
to a nickel column. Then, the recombinant Asa4-N (lacking the 6His-
tag) was loaded into the column and washed with 30 mM imidazole.
As expected, Asa4-N did not bind to the nickel control column lacking
Asa7 (Suppl. Fig. 3, upper panel). Asa4-N also did not bind to the column
to which Asa7 was attached (Suppl. Fig. 3, lower panel). This suggests a
poor interaction of the Asa4-N fragment with Asa7. In contrast, when
Asa4-C was loaded into a column containing Asa7, it was readily
retained. Subsequently, in the presence of a 30–500 mM imidazole gra-
dient, Asa4-C andAsa7 co-eluted (Fig. 3B). Since Asa4-C andAsa7have a
similar molecular mass, and therefore migrate together in Tricine-SDS-
PAGE, separateWestern blot analyses of the column fractions were car-
ried out in order to follow the fate of each protein. Fractions from the
column containing Asa4-C were decorated with an anti-Asa4 antibody
(Fig. 3B, middle panel), while another aliquot of the same fractions
was used to decorate Asa7 elution pattern with an anti-Asa7 antibody
(Fig. 3B, lower panel). Some of the Asa7 subunit was partially degraded
in the column (the degradation products are indicated by an asterisk in
Fig. 3B). The obtained results led us to conclude that Asa4-C interacts
with Asa7.

In order to assay the possible formation of a subcomplex between
Asa4-C and Asa7, a mixture of the isolated, recombinant Asa4-C and
Asa7 proteins was subjected to BN-PAGE followed by 2D-Tricine-SDS-
PAGE. Besides the free Asa4-C and Asa7 subunits that migrated to the
front of the 1D-BNgel, highermolecularmass bands indicating the pres-
ence of an Asa4-C/Asa7 subcomplex were observed (Fig. 3C, lower
panel). In contrast, only a small amount of an Asa4-N/Asa7 subcomplex
was presentwhen themixture of Asa4-N and Asa7was subjected to BN-
PAGE and 2D-Tricine-SDS-PAGE, suggesting a more loose interaction of
these proteins (Fig. 3C, upper panel).

3.4. On the interaction of Asa7 fragments and Asa4

Two protein fragments of Asa7were also overexpressed, Asa7-N and
Asa7-C (the N-terminal and C-terminal halves of Asa7 respectively). To
explore the interaction of Asa7 fragments with Asa4, the isolated, re-
combinant Asa7 fragments, containing a 6His-tag, were independently
bound to nickel columns. Then, the recombinant Asa4 (lacking the
6His-tag) was loaded to the columns and washed with 30 mM imidaz-
ole. Asa4 did not bind to the nickel column containing Asa7-N (Suppl.
Fig. 4) but it was retained in the column to which Asa7-C was attached
(Fig. 4A). Furthermore, the interactions of Asa7 fragments with Asa4
fragments were also explored. Both recombinant Asa7-N and Asa7-C
were independently bound to nickel columns. The recombinant Asa4-
N fragment (lacking the 6His-tag) was loaded to the column containing
Asa7-N and washed with 30 mM imidazole. All the Asa4-N eluted from
the column, suggesting a poor interaction of Asa4-N with Asa7-N
(Suppl. Fig. 5). In contrast, when Asa4-C was loaded to the column
that contained bound Asa7-C, the fragment was retained in the column,
and when a 30 to 500 mM imidazole gradient was applied, both pro-
teins were recovered (Fig. 4B).

A mixture of isolated, recombinant Asa4 and the Asa7-N and Asa7-C
fragments was also subjected to BN-PAGE followed by 2D-Tricine-SDS-
PAGE. The resulting electrophoretic pattern of Asa4 and Asa7-N yielded
no subcomplex that would suggest an interaction between these poly-
peptides (Fig. 4C, upper panel). In contrast, the formation of an Asa4/
Asa7-C subcomplex was observed in the corresponding 2D-Tricine-
SDS-PAGE polypeptide pattern (Fig. 4C, lower panel, white arrow).
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Fig. 3. Interaction of Asa4 fragmentswith Asa7. A) Far-Western analysis of PolytomellaATP synthase (25 μg of protein per lane) incubated for 4 hwith increasing nanomoles of the isolated,
recombinant Asa4-C fragment as indicated (in a 5 mL final volume), and then decorated with an anti-Asa4 antibody. B) Interaction of the Asa4-C fragment and Asa7 assayed by affinity
chromatography. The crude extract containing the expressed Asa4-C fragment was loaded on a 1 mL HisTrap column containing no bound proteins (upper panel) or to which the Asa7
subunit, containing a 6His-tag, was previously bound (middle and lower panels).Western blot decoratedwith anti-Asa7 (lower panel) or anti-Asa4 (upper andmiddle panels) of the col-
umn fractions collected upon application of a 30 to 500 mM imidazole gradient. Lane 1, crude extract loaded on the column; lane 2, protein excluded from the column; lanes 3 and 4,
proteins excluded from the column after washingwith 30 mM imidazole. C) Identification of subcomplexes Asa4-N/Asa7 and Asa4-C/Asa7. One nanomole of each polypeptide was incu-
bated together in a final volume of 50 μL and loaded onto 1D-BN-PAGE followed by 2D-Tricine-SDS-PAGE. Upper panel: a small amount of Asa7–Asa4-N subcomplex was formed in these
conditions. Lower panel: A putative Asa4-C/Asa7 subcomplex is indicated with a white arrow. Three micrograms of each of the molecular mass markers, Asa4 (31.2 kDa), Asa4-C
(14.9 kDa) and Asa7 (20.5 kDa) was loaded on the left-hand side of the gels.
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Altogether, the data strongly suggest that Asa7 and ASA4 interact
through their C-terminal halves.

3.5. On the interaction of Asa2 and Asa4

We also explored the interaction of Asa2 with Asa4 by Far-Western
blot analysis. For this purpose, several lanes containing equivalent
amounts of ATP synthase were incubated in the presence of increasing
concentrations of the recombinant Asa2 polypeptide and decorated
with an anti-Asa2 antibody (Fig. 5A). As expected, the anti-Asa2 recog-
nized the natural Asa2 polypeptide in all lanes, but at increasing concen-
trations of Asa2 the antibody recognized additional bands, mainly Asa1
andAsa4, andmore faintly, OSCP and Asa7 (Fig. 5A). This result suggests
the interaction of Asa2 with all the four above-mentioned subunits. It is
important to note, however, that while externally-added Asa2 seems to
recognize subunits Asa4 andAsa7 embedded in the nitrocellulosemem-
brane, neither the externally-added Asa4 nor Asa7 recognized the Asa2
subunit blotted on the membrane (Fig. 2A and 2B).
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In order to assess the interaction of Asa2with Asa4 using an alterna-
tive method, the isolated, recombinant Asa2 containing a 6His-tag, was
bound to a nickel column. Then, the recombinant Asa4 subunit (lacking
the 6His-tag) was loaded to the column andwashed with 30 mM imid-
azole. Asa4 was readily retained by the Asa2 containing column, and
both proteins co-eluted in the presence of a 30 to 500 mM imidazole
gradient (Fig. 5B). In contrast, the Asa4-N fragment was not retained
by the column containing Asa2 (Suppl. Fig. 6). When the Asa4-C frag-
ment was loaded onto the column containing Asa2, it was also readily
retained (Fig. 5C), and both proteins co-eluted in thepresence of the im-
idazole gradient. Altogether, the data suggest that Asa2 interacts with
Asa4 mainly through the C-terminal half of Asa4.



10 H. Miranda-Astudillo et al. / Biochimica et Biophysica Acta 1837 (2014) 1–13
3.6. On the interaction of Asa2 and Asa7

To explore the interaction of Asa2 and Asa7, the isolated, recombi-
nant Asa7 containing a 6His-tag, was bound to a nickel column. Then,
the recombinant Asa2 (lacking the 6His-tag) was loaded on the column
and washed. Asa2 was readily retained by the Asa7 containing column,
and both proteins co-eluted in the presence of the imidazole gradient
(Fig. 6). In this experiment, some degradation products were also ob-
served (see asterisks).

In order to assess which portion of the Asa7 subunit interacts with
Asa2, Asa7-N containing a 6His-tag was now bound to a HisTrap nickel
column and subsequently Asa2 (lacking the 6His-tag) was loaded. Asa2
was retained in the column to which Asa7-N was attached (Suppl.
Fig. 7A). Both Asa2 and Asa7-N polypeptides were recovered upon elu-
tionwith a 30–500 mM imidazole gradient, nevertheless Asa2 seems to
elute before Asa7-N. Elution of a 6His-tagged protein at different con-
centrations of imidazole suggests the presence of distinct monomeric
and oligomeric forms, with multiple 6His-tags on an oligomer. Thus,
the Asa7-N fragment could have strongly self-dimerized and so eluted
only at higher imidazole concentrations. A similar effect was observed
when Asa2 was loaded onto a column with the Asa7-C fragment
bound to the nickel matrix. Asa2 was retained in the column to which
Asa7-C was attached (Suppl. Fig. 7B), and both proteins were recovered
when the imidazole gradient was applied to the column. The data sug-
gest that both halves of the Asa7 subunit (Asa7-N and Asa7-C) seem
to be important in the interaction of Asa2 and Asa7.

3.7. Subunits Asa2, Asa4 and Asa7 associate to form a stable subcomplex

In order to corroborate the interactions described above, we
reconstituted a subcomplex containing the three recombinant subunits.
The isolated recombinant Asa4 (untagged) andAsa7 (6His-tagged) sub-
units were dialyzed together and co-purified in batch by affinity chro-
matography. The presence of the Asa4 subunit allows the proper
refolding and interaction with the subunit Asa7 as described above
(Fig. 2E, Lower panel). The purifiedAsa4/Asa7 subcomplexwas incubat-
ed with the isolated Asa2 subunit (untagged). The reconstituted Asa2/
Asa4/Asa7 subcomplex was purified by affinity chromatography in col-
umn and the three subunits co-eluted with a linear imidazole gradient.
The obtained fractions were subjected to Tricine-SDS-PAGE, and the
Coomassie Blue-stained showed the presence of excess free Asa4
subunit in the wash fractions of the column and the presence of the
three subunits in a stable complex (Fig. 7). The Coomassie Blue-
stained bands were analyzed by densitometry and compared to those
of the complete Polytomella sp. ATP synthase (Asa2 and Asa4) and iso-
lated ASA7 subunit. We conclude that the isolated, recombinant Asa2,
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Fig. 6. The interaction of Asa2 with Asa7. A) Interaction of Asa2 and Asa7 assayed by affinity chr
1 mLHisTrap column containing nobound protein (upper panel) or towhichAsa7, containing a
Asa7 antibody of the column fractions collected upon application of a 30–500 mM imidazole gr
umn; lanes 3 and 4, proteins excluded from the column after washing with 30 mM imidazole.
Asa4 and Asa7 subunits may interact to form a stable subcomplex
with a 1:1:1 stoichiometry. This is in accordancewith an earlier propos-
al that all Asa subunits may have a 1:1 stoichiometry relative to the
gamma subunit [7].

3.8. Generation of subcomplexes of the mitochondrial ATP synthase of
Polytomella sp. by detergent treatment

Partial dissociation of the ATP synthase by different methods gener-
ates subcomplexes which are assumed to keep the original subunit–
subunit interactions that exist in the intact enzyme [7]. Here, the
Polytomella sp. ATP synthase was dissociated in ice in the presence of
0.04% LiDS and subjected to BN-PAGE followed by Tricine-SDS-PAGE.
A 100 kDa subcomplex formed by ASA2 and subunit alfa was observed
(Fig. 8), suggesting the close proximity of ASA2 to the F1 catalytic sector
of the enzyme.

3.9. Model for the interaction between subunits Asa2, Asa4 and Asa7

We integrated the results obtained in this work in themodel shown
in Fig. 9. Themodels of subunits Asa2, Asa4 and Asa7were generated in-
dependently and then protein–protein docking predictions were car-
ried out. The model that predicted an interaction between the
carboxy-terminal half of Asa4 and the carboxy-terminal half of Asa7
was selected. Then, the model of the Asa2 subunit was docked on this
subcomplex. The resulting model is shown in Fig. 9A. This model was
then fitted on the 3D-model of the dimeric Polytomella ATP synthase
generated by EM analysis (Fig. 9B) [7].

4. Discussion

The Asa subunits, which have been identified to date only in mito-
chondrial ATP synthases of chlorophycean algae, seem to be unique to
this lineage [13]. As judged by single particle electron microscopy stud-
ies, the Asa subunits form a robust, peripheral stalk in the ATP synthase
of Polytomella sp. that allows the enzymatic complex to function as a ro-
tary motor [6]. Nevertheless, a more detailed picture of how these sub-
units interact was lacking. Here, we addressed the study of protein–
protein interactions using the isolated, recombinant proteins of Asa2,
Asa4 and Asa7 as well as some recombinant protein fragments, includ-
ing the N-terminal and C-terminal halves of Asa4 (Asa4-N and Asa4-C
respectively), as well as the corresponding fragments of Asa7 (Asa7-N
and Asa7-C). The data obtained suggests that Asa2, Asa4 and Asa7 inter-
act, and that there is a special strong interaction of Asa4 with Asa7,
probably mediated by the C-terminal halves of both proteins. In addi-
tion, the data indicates that subunits Asa2, Asa4 and Asa7 may also
Asa2

Asa2Asa7

omatography. The crude extract containing the recombinant Asa2 subunit was loaded on a
6His-tag,was bound (lower panel).Western blot decoratedwith an anti-Asa2 and an anti-
adient. Lane 1, crude extract loaded on the column; lane 2, protein excluded from the col-
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Fig. 7. Formation of an Asa2/Asa4/Asa7 subcomplex. The recombinant, isolated Asa2 (untagged), Asa4 (untagged) and Asa7 (6His-tagged) proteins form a stable subcomplex that can be
recovered after affinity chromatography. The generated Asa2/Asa4/Asa7 subcomplex elutes when a linear imidazole gradient (30 to 500 mM) is applied. Lane M shows a mixture of the
three recombinant proteins. Lanes 19 to 61 show the polypeptide composition of the 1 mL fractions collected from the column afterwashingwith 30 mM imidazole (lanes 19 to 31); after
applying the linear imidazole gradient (lanes 32–47); and after washing with 500 mM imidazole (lanes 31 to 61).
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interact with Asa1 and with OSCP, suggesting their participation as
structural components of the peripheral stalk. Also, we show that Asa2
may interact with an α subunit, and thus must be in close proximity
to the F1 sector. In addition, a mixture of Asa2, Asa4 and Asa7 seems
to form a subcomplex in a 1:1:1 stoichiometry.

All the Asa subunits studied here were isolated in a denatured form
and then solubilized and renatured. These renatured polypeptides clear-
ly exhibited specific interactions, indicating that they did refold – either
partially or fully– into their native conformations. In addition, circular di-
chroism spectral analysis of Asa2, Asa4, Asa4-N and Asa4-C indicated the
presence of secondary structure in these polypeptides (data not shown).

RNA-mediated expression silencing of the Asa7 subunit in the green
algae C. reinhardtii, a close relative of Polytomella sp., showed that the
absence of this polypeptide neither affected growth nor the oxidative-
phosphorylation properties of the alga [13]. Nevertheless, the intact, di-
meric ATP synthase could not be purified from the Asa7-silenced mu-
tant, because the complex invariably dissociated, releasing the F1
sector. Therefore, Asa7 seems to be instrumental in stabilizing the pe-
ripheral stalk of the mitochondrial ATP synthase of chlorophycean
algae. As suggested by the results obtained in this work, Asa7 interacts
both with Asa2 and Asa4, and thus could be important in maintaining
these subunits together, and thus helping stabilize the architecture of
the peripheral stalk [7,10,11]. When heat dissociation of the intact ATP
synthase of Polytomella sp. was followed in a time course, it was ob-
served that several subunits, including Asa2, Asa4 and Asa7, readily
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Fig. 8.AnAsa2-alfa subunit subcomplex of the algal ATP synthase is generated by LiDS treatmen
presence of 0.04% LiDS and then resolved by BN-PAGE in a 1D gradient gel of 4–12% acrylamide.
Coomassie Brilliant Blue. Fifty micrograms of purified algal ATP synthase was added as a contr
dissociate from the complex [10]. Thus, these subunits seem to be in
close contact in a region of the peripheral stalk that is highly susceptible
to dissociation.We hypothesize that these three subunits are important
architectural elements of the robust peripheral stalks of the algal en-
zyme as observed in EM. Subunit Asa1, although not addressed in this
study, may be an important additional constituent of this stalk.

The model of the subcomplex Asa2/Asa4/Asa7 was fitted on the 3D
model of the Polytomellamitochondrial ATP synthase complex obtained
by a previous EM reconstruction [7]. Three considerations were taken
into account to fit the subcomplex in this region of the peripheral stalk:
i) the hydrophilic character of the Asa2, Asa4 and Asa7 subunits, which
must be placed in a region relatively far away from the membrane re-
gion; ii) the proposed proximity of Asa2 to OSCP [7]; and iii) the proxim-
ity of Asa2 to subunit α. The model partially explains the important
electron density of the peripheral stalks observed in the algal enzyme
by EM. Nevertheless, these kinds of models have inherent limitations
due to the multiple assumptions made at various steps of its in silico de-
velopment: the 3D-modeling of polypeptides with all its variants, the
modeling of their possible interactions by protein–protein docking, and
the fitting of the generated subcomplex into the 3D structure derived
from EM studies. It is therefore feasible that the Asa subunits may inter-
act more closely with each other through helix–helix contacts, as the
other constituents of the peripheral stalks of several eukaryotic
[32–34], bacterial [35–37], and archaeal enzymes [38]. Prediction of
coiled-coil segments [39] of the Asa subunits indicates a high propensity
Alfa

Asa2

t. The purified algal ATP synthase (120 μg of protein)was incubated for 30 minon ice in the
The 1D gel was then subjected to 2D Tricine-SDS-PAGE (14% acrylamide) and stainedwith
ol (lane C). The name of each subunit of the complex is indicated.



C

N

C

C

N

N

Asa2

Asa4

Asa7

A B

135 Å

F1

Fo

Asa2

Asa7

Asa4

Fig. 9.Model of the Asa2/Asa4/Asa7 subcomplex. A)Model of the in silico generated Asa2/Asa4/Asa7 subcomplex. Subunit Asa2 is colored inmagenta, Asa4 in cyan, and Asa7 in blue. The
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of some of these proteins to form this structural motif (30% of coiled-coil
regions predicted for Asa1, 19% for Asa2, 35% for Asa4, and 32% for Asa7).
Thus, these Asa subunits may intertwine in several regions to give rise to
the stout peripheral arms that have been observed in Polytomella ATP
synthase examined both by single-particle analysis [5–7] and dual-axis
cryo-electron tomography [8].

The main function of the peripheral stalk is to hold the F1 sector
against the movement of the rotor stalk [40]. In the last years, it has be-
come increasingly clear that this function may be achieved with periph-
eral stalks exhibiting different structures. For example, the peripheral
stalk of bacteria is composed of two identical b subunits that extend as
coiled-coilα helices from the bilayer to the delta subunit in the F1 sector
[41]. In contrast, the A-type ATP synthases of Archaea are structurally
more closely related to vacuolar ATPases and exhibit two peripheral
stalks composed by subunits E, H, and a. The two lateral stalks connect
through a collar that surrounds the central stalk at a level above the A0

sector and run upwards up to prominent knobs on the A1 sector [42].
In eukaryotes like yeast, the peripheral stalk is composed of subunits b,
d and h (also known as F6 in the bovine enzyme). The primary structure
of the eukaryotic subunit b differs from the bacterial one, although it also
extends as an alpha-helix, from the membrane region up to OSCP in the
F1 sector [43]. In contrast, other eukaryotic ATP synthases exhibit a poly-
peptide composition very different from the ones present in classical sys-
tems as yeast or bovine, especially in the region of the peripheral stalk.
Such is the case of the ATP synthase of Tetrahymena thermophila, that ex-
hibits a dramatically different architecture as observed by single particle
electron microscopy projections and that contains at least 13 novel sub-
units apparently limited to the ciliate lineage [44]. Remarkably, besides
lacking subunit b, this enzyme also lacks a classical subunit a. Neverthe-
less, a particularly robust peripheral arm is not observed in the ciliate en-
zyme. The additional protein mass seems to be distributed towards
the membrane-embedded region and exposed to the mitochondrial
intermembrane space. Proteomic analysis of Trypanosoma brucei has
suggested that its ATP synthase is also highly divergent and exhibits 14
subunits which show no similarity to proteins outside the kinetoplastid
lineage [45].

The presence of such robust peripheral stalks in the ATP synthase of
chlorophycean algae raises questions about its flexibility. It has been
argued that the peripheral stalk may store transient elastic energy dur-
ing the rotary motion of the enzyme, functioning as an elastic buffer
[46,47]. We speculate that a stout peripheral stalk as the one of
Polytomella ATP synthase will have more than the necessary stiffness
to counteract rotation of the central stalk, but will make less twisting
motions, and thus will store less transient elastic energy.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2013.08.001.
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