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ATP synthases convert an electrochemical proton gradient into rotational movement
to produce the wubiquitous energy currency adenosine triphosphate. Tension
generated by the rotational torque is compensated by the stator. For this task, a
peripheral stalk flexibly fixes the hydrophilic catalytic part F; to the membrane
integral proton conducting part Fo of the ATP synthase. While in eubacteria a
homodimer of b subunits forms the peripheral stalk, plant chloroplasts and
cyanobacteria possess a heterodimer of subunits I and II. To better understand the
functional and structural consequences of this unique feature of photosynthetic ATP
synthases, a procedure was developed to purify subunit I from spinach chloroplasts.
The secondary structure of subunit I, which is not homologous to bacterial b
subunits, was compared to heterologously expressed subunit II using CD and FTIR
spectroscopy. The content of a-helix was determined by CD spectroscopy to 67% for
subunit I and 41% for subunit II. In addition, bioinformatics was applied to predict
the secondary structure of the two subunits and the location of the putative
coiled-coil dimerization regions. Three helical domains were predicted for subunit I
and only two uninterrupted domains for the shorter subunit II. The predicted length
of coiled-coil regions varied between different species and between subunits I and II.

Key words: bioinformatics, CD spectroscopy, dimerization, FoF;, FTIR.

Abbreviations: CD, circular dichroism; CFoF;, proton translocating ATP synthase of chloroplasts; CHAPS,
3-[(cholamidopropyl)dimethylammonio]-propanesulfonate; DTT, dithiothreitol; F;, hydrophilic part of ATP

synthase; Fo, hydrophobic, membrane integral part of ATP synthase.

The ATP synthase, the enzyme responsible for the genera-
tion of the bulk of the ubiquitous energy currency
adenosine triphosphate (ATP) in all living organisms,
represents the smallest rotary motor in nature. This
machinery consists of a hydrophilic portion F; (subunit
composition: o3B3yde) catalysing the synthesis of ATP and
a membrane integral portion Fq (in chloroplast: I, IT, ITI,,,
IV) responsible for the conversion of an electrochemical
proton gradient into rotational motion. In mitochondrial
ATP synthases, accessory subunits are present. Two thin
stalks join Fo and F;, which was clearly shown by
cryoelectron microscopy [e.g. Bottcher et al. (I) for
chloroplast ATP synthase]. The rotating central stalk
in the ATP synthase is composed of subunits y and e.
A second stalk, consisting of subunits I, II and & in
chloroplasts and connecting F; and Fg at the periphery,
stabilizes the rotating machinery as a stator.
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While F; has been characterized structurally and
functionally in detail, the knowledge about Fg is only
poor. The problems in handling of membrane integral
proteins and instability of protein complexes lead to the
absence of high-resolution X-ray or electron crystal-
lographic structures including the entire Fo subunits.
The structure of a subcomplex Fic;o without the other
Fo subunits could be obtained for the yeast enzyme at
3.9A resolution (2). Isolated cylindrical oligomers are
characterized by high-resolution X-ray crystallography
of the Na'-translocating ATP synthase from Ilyobacter
tartaricus (3) and of the V-type Na'-ATPase from
Enterococcus hirae (4). The topography and stoichiometry
of the III oligomer was determined by atomic force
microscopy for the ATP synthase from spinach chloro-
plasts (5) and I. tartaricus (6). While in Escherichia coli
the secondary structure of subunit ¢ was solved by NMR
(7), the secondary structure or the topography of the
chloroplast Fp subunits are uncertain. So far, only very
little structural and biochemical knowledge about the
subunits I and IT from chloroplasts is available.

To accomplish its task as a link between the subunits
residing in the membrane to the distant surface exposed
subunits o and B, the peripheral stalk has to be both a
stable and a flexible connection. While & is supposed to be
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located on top of F'; (8), subunits I and II in chloroplast are
responsible for the Fo—F; connection. In bacteria the
homologous structural elements constitute a dimer of
b subunits (9, 10). To stabilize the dimer and ultimately
the complete ATP synthase, coiled—coil interactions
have been described for subunit b in eubacteria and
mitochondria (11, 12). For the chloroplast subunits I and
II similar interactions can also be expected, but no report
has been published so far. The sequence of E. coli b has
been divided into four domains (membrane-integral,
tether, dimerization and &-binding domain) (I3).
In mitochondria only one copy of a b-homologue is present,
interacting with an assembly of other subunits (14). Most
probably, the presence of two different subunits in
chloroplast and cyanobacteria can be attributed to a gene
duplication. For cyanobacteria, dimerization of the differ-
ent subunits b and b’ (I and II in chloroplasts) was shown
to be very specific (15). A 10-20% increase in o-helical
content in the b+b’ dimer in comparison to the single
subunits indicates structural flexibility of the isolated
subunits. A comparable study of the homologous subunits I
and II in chloroplasts is lacking.

Two different structural domains (a membrane inte-
gral and a hydrophilic part) were predicted for subunits I
and II (16). In E. coli the membrane part and the
hydrophilic part of the b subunit [homologous to
chloroplast II, but not to I (17)] were expressed and
examined separately. Only one helix is anchoring the b
subunit in the membrane, this domain was characterized
with NMR spectroscopy (18). Additionally, the crystal
structure of the dimerization domain for a single b
subunit was solved (12). However, since the domain did
not crystallize as a dimer, the solved structure probably
does not reflect the conformation of b in the ATP
synthase complex. Subunit b should be very flexible to
allow a connection of F; and Fg over a distance of 110 A
(19-21); without loss of function, 7-14 amino acids can be
added or 7-11 amino acids removed in the region
between Ala-50 and Ile-75 in the E. coli subunit b
(22, 23). Moreover, b subunits of unequal lengths were
tolerated in the ATP synthase (24).

In the present work we describe the first isolation
method for pure subunit I. CD and FTIR spectroscopy
indicated that subunit I is predominantly o-helical and
that the secondary structures of subunits I and II differ
significantly. Dimerization domains of different lengths
are predicted for subunits I and II. Sequence analysis
predicts three helical segments for subunit I but only two
segments for subunit II.

MATERIALS AND METHODS

Bioinformatics—Protein sequences were retrieved
using protein—protein BLAST (version 2.2.6) (25)
searches with default parameters on the nr database
(released May 3, 2003). The sequences of the subunits I
and II from spinach were used as input. The sequence of
subunit II from C. reinhardtii was retrieved from
ChlamyDB. For the bioinformatic analysis sequences
were applied as provided by the databases (which means
both, spinach and C. reinhardtii subunit II, include
transition peptide sequences). Coiled—coil regions were
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predicted with the programs Coils (window size 21,
matrix MTIDK, no position weighting) (26), Paircoil (27),
and Marcoil (28). Secondary structure of the mature
subunits I and II (17) was predicted with the programs
PHD (both single-sequence and multiple-sequence-
alignment-based prediction) (29), SamT-02 (30), SSpro
(31) and PSIPRED (32).

Isolation of CFoF;—Spinach CFoF; was isolated by a
modified procedure (33) of Pick and Racker (34) employ-
ing rate-zonal centrifugation as last purification step.
ATP synthase was collected from the sucrose step
gradient in 30 mM Tris, 30 mM succinate/NaOH pH 6.5,
0.5mM EDTA, 1mg/ml asolectin and about 30% sucrose,
in the presence of either 0.2% Triton X-100 or 12mM
3-[(cholamidopropyl)dimethylammonio]-propanesulfonate
(CHAPS) as detergent.

Isolation of Subunit [—Forty milligrams CFoF; from
the sucrose gradient with Triton X-100 or CHAPS as
detergent (6—8ml) were dialysed against 11 buffer A
[10 mM Tricine/NaOH pH 7.8, 5 mM dithiothreitol (DTT)]
for 12h at 4°C wusing a visking type 8 (Biomol
International L.P., Plymouth Meeting, PA, USA) dialysis
tubing with a cut-off of 12kDa. If subunit I should be
examined by UV spectroscopy, CFoF; from the sucrose
gradient with CHAPS (Calbiochem, La dJolla, CA, USA)
as detergent was used, and 0.2% (w/v) hydrogenated
Triton X-100 (Calbiochem, La Jolla, CA, USA) was added
to the sample before dialysis. A DEAE-Trisacryl M
(Biosepra, Villeneuve la Garenne Cedex, France) column
(h=20cm, d =5cm) was equilibrated with 120 ml buffer
A at a flow rate of 1 ml/min using a Kontron 422 HPLC
pump (Kontron Instruments, Milan, Italy) the day before
chromatography of CFoF;. The dialyzed ATP synthase
was applied on the column at a flow rate of 2 ml/min and
absorbance at 280nm in the range 0-0.2 was monitored
with a Kontron 332 UV-Vis detector (Kontron
Instruments, Milan, Italy). The chromatography at a
flow rate of 1ml/min was performed with buffers in the
following order: 60ml buffer A, 120ml buffer B [buffer
A+20mM Zwittergent 3—12 (Calbiochem, La Jolla, CA,
USA)], 60ml buffer A. Elution of subunit I with buffer B
was detected as 0.1 unit absorbance raise at 280 nm
caused by the detergent Zwittergent 3-12. Fractions
containing subunit I were concentrated with Centriprep
30kDa concentrators (Millipore Corporation, Bedford,
MA, USA).

Subunit II—Recombinant spinach subunit II with a
slightly modified N-terminus was expressed in E. coli
and purified as described by Tiburzy et al. (I7).
The N-terminus of the expressed subunit II reads
ARIDEIEK instead of EEIEK of the bona fide subunit II.

Protein Analysis—SDS-PAGE, Coomassie Brillant Blue
R-250 staining and protein determination were performed
as described (35). Staining with silver nitrate was
conducted to reveal impurities (36). When determining
the N-terminal protein sequence of subunit I, SDS-PAGE
with borate buffer according to Poduslo (37) was employed.

For sequencing, proteins were transferred after borate
SDS-PAGE to PVDF membranes (Bio-Rad Laboratories,
Hercules, CA, USA) with a Bio-Rad transfer device
Trans-Blot SD wusing the ‘semi-dry’ technique (38).
Membranes were stained with 0.1% (w/v) Coomassie
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R-250 in 50% (v/v) methanol and bands cut out with a
scalpel. N-terminal sequencing was carried out by
automated Edman degradation.

CD Spectroscopy—CD spectra of 0.19 mg/ml subunit I
were recorded in buffer B (10 mM Tricine/NaOH pH 7.8,
5mM DTT, 20 mM Zwittergent 3—12) with a Jasco J-720
CD spectrometer (JASCO Inc., Easton, MD, USA) at 4°C
and a cuvette of 0.1mm path length. The spectra
were acquired at a resolution of 0.5nm, 1nm band
width, 20 mdeg sensitivity, 1s response time, 50 nm/min
scanning speed.

To record the CD spectra of subunit II, 0.1mg/ml
subunit II in 10mM Tricine/NaOH pH 7.8 with or
without 20mM Zwittergent 3-12, a Jasco J-715 CD
spectrometer (JASCO Inc., Easton, MD, USA) at 4°C and
a cuvette of 1mm path length was employed. The
secondary structure of subunits I and II was analysed
by the software CDNN v2.1 (39).

FTIR Spectroscopy—Subunit I was concentrated with
Centricon 30kDa concentrators (Millipore Corporation,
Bedford, MA, USA) while the solvent was changed to
buffer B (10mM Tricine/NaOH pH 7.8, 5mM DTT,
20mM Zwittergent 3-12) with D;O as solvent. Subunit
II was measured in 10 mM phosphate buffer pH 7.5 with
D,O as solvent. Measurements were performed on a
Bruker Vector 22 (Bruker Optics, Ettlingen, Germany) at
RT. The sample has been prepared on a CaF, cuvette
with 10 um path length. A sum of Gaussians were used to
fit the amide I' band of the recorded IR spectrum [for
more details see Poetsch et al. (40)].

RESULTS

Secondary Structure Prediction—In contrast to eubac-
teria, chloroplast ATP synthases possess two different
peripheral stalk subunits. At first bioinformatics analysis
was carried out to verify if the low sequence similarity
leads to different predicted structures of the subunits I
and II.

Subunits I and II from spinach chloroplast were
aligned to the sequence of subunit b from E. coli
according to Tiburzy and Berzborn (17). Different
algorithms were employed to predict the secondary
structure of the subunits (Fig. 1). For this figure, we
have limited the sequence of subunit II to the mature
peptide chain which are the amino acids 76-222. The
N-terminal part of the subunits I and II is predicted to be
unordered; this part is longer for subunit II. The next
part is the transmembrane helix. The starting point of
the helix is predicted for the subunits I and II at the
same position in the alignment with b from E. coli (Alab).
In the structure of the transmembrane domain of E. coli
b (18), the start of the transmembrane helix is at Asn4.
This NMR structure in organic solvents (I8) shows a
bend in the helix from residues 23 to 26. Our analysis
predicts an interception for subunit II in this region,
which can be interpreted also as a bend. The presence of
a bend is less obvious for subunit I, since it is only
predicted by PHD. On the sequence level, the proline at
position 28 in E. coli b is conserved in spinach II but
mutated to a glycine in spinach I. The tether and
dimerization domains (residues 24-122 in E. coli b) are
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predicted to be helical for both subunits I and II. The
C-terminal part of the subunit b (residues 123-156) from
E. coli interacts with the subunit 6 (41). It has been
demonstrated by chemical crosslinking that the four last
C-terminal amino acids of the subunit I from CFoF;
interact with the subunit § (42), too. In the alignment,
the C-terminus of subunit I is nine residues longer than
in E. coli subunit b. Our analysis predicts an interception
of a helix from residues 142 to 145 for subunit I, which
may represent a flexible region or an additional bend.
This region is followed by a short helical segment of
about 16 residues. The flexible region and the helix were
also predicted for subunit b from E. coli (data not
shown). The sequence of subunit II is shorter and ends
in the alignment before the start of this segment.
At the C-terminus, the last four residues of subunit II
and the last six residues of subunit I are predicted to be
unstructured. This is in contrast to the subunit b from
E. coli, where the last 10 residues are predicted to form
a helix (43).

Coiled—coil Prediction—For eubacteria and mitochon-
dria biochemical and bioinformatics data describe coiled—
coil interactions of the subunit b (11, 12). Although this
can also be expected for the chloroplast subunits I and II,
no report has been published, so far.

Three different programs were used for the prediction
of coiled—coil regions in the subunits I (b) and II (b)
(Fig. 2). As organisms, six Viridiplantae (S. oleracea,
0. sativa, A. thaliana, C. reinhardtii, C. vulgaris and
Volvox calteri f. nagariensis), two Cyanobacteria
(Thermosynechococcus elongatus BP-1 and Synechocystis
sp. PCC 6803) and one from Glaucocystophyceae
(C. paradoxa), Cryptophyta (G. theta) and Proteobacteria
(E. coli) were selected. For Fig. 2 only organisms with
distinct differences in the prediction are shown (see
legend). For S. oleracea and C. reinhardtii, subunit II
includes the transition peptide sequences in agreement
with the seqences in the database. Only the mature
chain of spinach is known (amino acids 76-222). Coils
and Paircoil (Paircoil: in addition pair-wise correlation
scores) use position-specific scoring matrices for the
prediction of coiled—coil regions, whereas Marcoil uses a
hidden Markov model. Coils uses the simplest algorithm
of all three programs and is probably the least exact. We
first investigated, whether there are general differences
between the three programs. For all sequences except
subunit IT from C. reinhardtii, Paircoil often calculates a
lower coiled—coil probability per residue. Often smoother
profiles are computed by Marcoil in comparison to Coils
and Paircoil. If the probability cut-off for coiled—coil
regions is set to 0.5, the predicted dimerization domain
of subunit b from E. coli extends from residues ~40 to
~130. This is in good agreement with the experimentally
determined dimerization region from Asp53 to Lys122
(44). Out of all three algorithms, the Paircoil prediction
was closest to the experimental data from E. coli
b. However, we doubt that one example is sufficient to
conclude that Paircoil is the best algorithm in general.
Indeed, it was noticed previously that the pair-wise
correlation scores are often too strict due to the limited
training dataset, which explains the overall lowest
probability scores (28). For both subunits b and b’ from
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* 20 * 40 * 60 b 80
Spinacia I : GSFGFNTDILATNLINLSVVLGVLIFFGKGVLSDLLDNRKQRILNTIRNSEELRGKAIEQLEKARARLKKVEMDADQFRVNGYS : 84
PROF_sec : CCCCCCHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEH : 84
SamT2k : CCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH : 84
PHD sub : CCCCC-HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEHHHHHEH : 83
sspro : CCCCCCHHHHHHHHEHHHHHEHHHHHHHCCHHHHEHHHHHEHHHHHEHHHHHHHEHHAHHEHHEHHHHEHHHHHEHHEHHHEHEEE : 84
PSIPRED : CCCCCCHHHHHHHHHHHHHEHHHHHHHHHHHHHHHHHHHEHHHHHEHHHHHHHEHHHHHEHHEHHHHHEHHHHEEHEHHHHEEE : 84
Ecoli b - -MNLNATILGQATIAFVLFVLFCMKYVWPP - LMAATEKRQKETADGLASAERAHKDL.DLAKASATDOLKKAKAEAQVITEQANK : 81
Ecoli b dim  : =---e-csc-emcecmcmeccscsccsccsscsecscmecseescesc-ess-a=- XXXXXXXXXXXXXXXXXXXXXXXXXKXKX : 29
Spinacia I dim : =====--=--=-;ee-c-cee-seeccce-emeeese;e--sesesee-seses------ XAXXXXXXXXXXXXXXXXXXXXKXXXX : 27
* 100 * 120 * 140 * 160
Spinac ia_I : EIEREKMNLINSTYKTLEQFENYKNETIQFEQQKAINQVRQRVFQQALQGALGTLNSCLNNELHLRTINANIGMFGAMNEITD : 167
FROF_ sec : HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHCCCCCCC : 167
SamT2k : HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCHHHEHHHHHHHHHHHHHHHCCCCC : 167
PHD sub : HHHHHHHHHHHHHHHHHHHHHHHHHHEHHHHHHHHEHHHHHEHHHHHHHHHHHHHEHEHE - - - HHHHHHHHHHHHHHHH- -CCCC @ 161
S8pro : HHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHHHHHHHEHHEHHHCCHHEHHHHHHHHEHHHHHCCCCCC : 167
PsIPRED : HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHEHHHEHHCCCCCC @ 167
Ecoli b : RRSQILDEAKAEAEQERTKIVAQAQAEIEAERKRAREELRKQVAILAVAGAEKIIERSVDEAANSDIVDKLVAEL-------- : 156
Ecoli b dim TR 6000 6.0 6.0 0.9.0.9.0.0.0.0.0.9.0.0.0.0.0.0.0.0.0:0.0.9.0.9.0.6.0.0.0.9.6-¢ CANN U NI UyEPIUIPIPIPUpIP U SISy Uy 70
3 L R T R g R E R ¢ 6.6.6.0.0.4.0.4.¢ ¢ ST e 39
* 20 * 40 * 60 * 80
Spinacia II : EEIEKASLFDFNLTLPIIMAEFLFLMFALDKIYYTPLGDFMDKRDASIKEQLSGVEDTSSEVEQLEEQANAVMRAARAETISA : 82
PROF sec : CCCCCCCEEECCHHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHE : 82
SamT2k : CCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEHHHHHEHE @ 82
FPHD sub : CCCCCCCCC--HHHHHHHHHHHHHHHHHHHHHH - - HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHE : 78
SSPro : CHHHHCCCCCCCCHHHHHHHHHHHHHHHHHHHHHCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH : 82
PSIPRED : CCCCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHE : 82
Ecoli b e MNLNATILGQAIAFVLFVLFCMEYVWPPLMAAIEKRQKEIADGLASAERAHKDLDLAKASATDQLKKAKAEAQV : 74
Ecoli b dim I e T T }$6.90.0.0000.9.00009.9.006.00¢ 08NV

Spinacia II dim :

----------- p96.0.00000000060000000060606000606.0000606 I

* 100 * 120 * 140 * 160
Spinacia II : ALNEKMKKETQLEVEAKLAEGREKKIEVELQEALGSLEQQKEDTIKSLDSQISALSDDIVEEKVLPVS-------=---=-o-mon= : 147
PROF_sec : HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEHHHHHCCCC -~ -~~~ == === === = = = : 147
SamT2k HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEHEHHEHHECCC - - = - = = = = = === == = = = : 147
PHD sub HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH - - -C- - === - - oo o : 140
SS5Pro HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCC- - = === === - - - - : 147
PSIPRED HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCC- - = === === - ---- - : 147
Ecoli b IIEQANKRRSQILDEAKAEAEQERTKIVAQAQAEIEAERKRAREELREKQVAILAVAGAEKIIERSVDEAANSDIVDEKLVAEL : 156
Ecoli b dim $ 0900800060900 0080606000060000000000000000000600CTEREELEEEETEELELEELEEEEEEEEEEEEE I : 70
Spinacia II dim : XXXXXXXXXXXXXXXXXXXXXXXXXXX XXX XXX XXX KX XN A - - === === s mmm e oo m o : 93

Fig. 1. Secondary structure prediction for the mature
subunits I and II from spinach chloroplast. PROF_sec:
prediction from PHD with multiple sequence alignment as input,
PHD_sub subset (>82% accuracy) from PHD with single sequence
as input. ‘H are o-helical regions and ‘C’ random coils.

the two cyanobacteria, coiled—coil regions of ~100
residues are predicted. Except Chlorella vulgaris, shorter
regions are predicted for subunit I from chloroplasts. The
length of the regions decreases from ~90 residues for
Cyanophora paradoxa, ~60 residues for Chlamydomonas
reinhardtii to only ~40 residues for subunit I from
spinach, rice and arabidopsis. This very small region
supports the uniqueness of subunit I. The subunits II
from higher plants all contain a coiled—coil region of
~100 residues, similar to subunit b in E. coli. Low
probabilities of forming coiled—coils are calculated by all
programs for subunit II from C. reinhardtii and Volvox.
For the two organisms, the programs predicted only
short regions with a probability above 0.5.

Isolation of Subunit I—To achieve unambiguous
results in CD and FTIR measurements it is of utmost
importance to have a very pure protein sample. Although
a procedure published in 1990 should allow isolating
subunits of CFq (45, 46), it does not separate them

Coiled—coil regions are marked with X. For E. coli, the
experimentally determined region is shown. The predicted
regions from the subunits I and II are marked with X, if the
mean probability from the three coiled—coil prediction programs
is >0.5. Amphipathic helix windings are grey shaded.

completely. When we applied the procedure, subunit I
was contaminated with subunits III and IV and addi-
tionally various other proteins. The purity of such
sample was not sufficient for spectroscopy. Therefore,
in previous years we have optimized the isolation
procedure of subunit I leading to a very pure sample.
For removal of non-ATP synthase proteins, dialyzed
CFoF; from the sucrose gradient with CHAPS as
detergent was applied to the DEAE-Trisacryl column.
By replacing phosphate in all buffers with tricine, we
changed the elution order of ATP synthase subunits
compared to (45).

During chromatography with the detergent-free buffer
A, unbound protein was eluted at 50 and 80 ml (Fig. 3A).
A steep raise in the UV absorption at 110ml indicates
the start of protein elution from the column with buffer
B. The fractions eluted first contained besides the
subunit I impurities with molecular masses of 43 and
27kDa (Fig. 3B, lanes 1 and 2). Starting with ~140ml
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Fig. 2. Probability of forming coiled-coils was predicted
with the programs Coils, Paircoil and Marcoil for the
subunits I (b) and II (b’). Only organisms with distinct
differences in the prediction are shown: Viridplantae: S. oleracea
and C. reinhardtii, Glaucocystophyceae: C. paradoxa,

Vol. 141, No. 3, 2007

0 50 100 150 200

Escherichia coli b
1

0s | (] 6]\
ool 1 |
0l 1] UL
0zl I[ )
oL

Cryptophyta: G. theta, Cyanobacteria: Synechocystis sp. PCC
6803 and Proteobacteria: Escherichia coli. The sequences of
S. oleracea and C. reinhardtii subunit II are presented as
deposited in the databases including the transition peptides
(in spinach mature chain from 76 to 222).
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Absorbance at 280 nm

0.02

0.00

Elution volume [mi]

Fig. 3. Isolation of subunit I. A: Chromatography using
DEAE-Trisacryl was performed to isolate the subunit I, flow
rate 1ml/min, 4°C. Subunit I is eluted in the volume 110 to
275ml by a buffer (10mM Tricine/NaOH pH 7.8, 5mM DTT)
containing the detergent Zwittergent 3-12 (20 mM). B: Proteins
were separated by SDS-PAGE (T=14%, C=4%). To analyse
the purity of the eluted fractions, the gel was silver stained.

only the subunit I was detected in the eluted fractions
(lanes 3-9 in Fig. 3B). The purest fractions eluting from
140 to 275ml containing only subunit I according to
SDS-PAGE were pooled and concentrated with
Centriprep 30kDa. Although subunit I has a molecular
mass of 19kDa only, in the presence of detergent it was
retained completely by the membrane of the Centriprep
concentrator. The concentrate was analysed by
SDS-PAGE and Coomassie staining (Fig. 3C, lane 1).
Only one protein band was stained, which migrated to
the same position as the subunit I from the CFoF;
reference. N-terminal sequencing was carried out to
verify that the isolated protein is indeed the subunit I.
The sequence of the first 10 amino acids (GSFGFNTDIL)
of the isolated protein was identical to subunit I of
CFoF; from Spinacia oleracea. The purest eluted frac-
tions contained 20% of the subunit I present in the
dialysed CFoFy, resulting in 0.3 mg pure subunit I from
40 mg CFoFl.

Secondary Structure of Subunit [—The CD spectrum of
subunit I was recorded in buffer B. The CD spectrum
(Fig. 4A) of subunit I shows a double minimum at 208
and 222nm, indicating that the predominant structural
element of subunit I is the o-helix. The contribution
of each protein secondary structure element to the
spectrum was quantified by the CDNN algorithm
(Table 1).

To measure the FTIR spectrum, H,O was replaced by
D,0. The FTIR spectrum of the subunit I (Fig. 4B) has
two absorption bands at 1735 and 1650cm™'. The
absorption band at 1735cm™! is caused by the C=0
stretch of the ester group of the lipids. This reveals that
residual lipid—most likely asolectin in the gradient
buffer of the CFoF; isolation—is present in the sample.
The amide I absorption band of the peptide bond (C=0
stretching vibration in D;0) at 1650 cm ™! was fitted by
Gauss functions to calculate the proportion of each
secondary structure element (Table 1). It is evident
that the a-helix is the predominant structural element.

0.101 B
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Lanes 1-9: chromatography fractions from 120 to 260 ml, lane R:
6 ug purified CFoF;. C: Proteins were separated by SDS-PAGE
(T=14%, C=4%). To analyse the pooled fractions containing
subunit I (elution volume 140-275ml), the gel was stained with
Coomassie R-250. Lane 1: eluted subunit I, lane 2: 2pg CFoF,,
lane 3: 4pg CFoF;.

The determination of the other secondary structure
elements fairly agrees with the content as determined
by CD (Table 1). It can be stated that CD spectroscopy
leads generally to a higher proportion of the o-helical
content, whereas FTIR overestimates the B-sheet con-
tent. This phenomenon is related to the different
sensitivity of the selected spectroscopic technique for
the respective structural element.

Secondary Structure of Subunit II—The CD spectrum
of subunit IT was recorded in 10 mM Tricine buffer pH
7.8 with or without 20 mM Zwittergent 3-12. Since the
protein is expressed in soluble form in E. coli (47), we
also measured a CD spectrum and the FTIR spectrum in
the absence of detergent. The CD spectrum (Fig. 5A) of
the subunit IT in detergent shows a double minimum
at 208 and 222nm with a more pronounced minimum at
208 nm. Additionally, the value of the maximum
at 190nm is not 3-fold the absolute value of the
minima, indicating that other secondary structure
elements are strongly contributing in subunit II. After
quantifying the contribution of each protein secondary
structure element to the spectrum by the CDNN
algorithm (Table 1), it is obvious, that helix and
random coil contribute each to one-third to the total
content of all structure elements for subunit II without
detergent, and that the o-helical content increases and
the random coil content decreases after detergent
addition. Whereas for the proportion of o-helix the CD
and FTIR data agree, the proportion of 41% [-sheet
determined from FTIR without added detergent is much
higher than the 18% from CD for reason as described
earlier.

DISCUSSION

While the structures of F; subunits are determined up to
high resolution, much less is known about the subunits
of the membrane integral Fo part of the ATP synthase.
In case of homologous subunits, structural information

J. Biochem.
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from other organisms could be assigned to the chloro-
plast ATP synthase. However, subunit I is unique for
chloroplasts (17). Additionally, no biochemical and
structural information concerning subunits I and II
were available.

In 1990 a chromatographic method for isolation of CFq
subunits was developed by Feng and McCarty (45, 46).

50000
40000
30000
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-10000 |-

-20000 |

Mean residue ellipticity (deg cm? dmol~') >

1 1 1 1 1 1 1 1
190 200 210 220 230 240 250 260
Wavelength (nm)

Absorbance

2000 1900 1800 1700 1600

Wavenumber (cm™)

Fig. 4. Spectra of isolated subunit I. A: Subunit I (0.19 mg/
ml in 10mM Tricine/NaOH pH 7.8, 5mM DTT, 20mM
Zwittergent 3-12) was isolated by DEAE-chromatography as
described. The CD spectrum was acquired by averaging
five single spectra and conversion into mean residue ellipticity.
B: FTIR spectrum of subunit I in DyO. Only the range around
the relevant amide I vibration (1650 cm™!) is depicted. The band
at 1735cm ! is due to the lipid ester group. Contributions of the
solvent have been subtracted.

Table 1. Secondary structure elements.

417

Unfortunately, this method wusing the detergent
Zwittergent 3-12 and a DEAE Trisacryl column is not
able to provide really pure subunit I (as described in
Results section). One disadvantage is the starting
material (ammonium sulphate precipitate), which leads
to contamination with various proteins of unknown
identity. In our procedure, this problem was solved by

A
= 40000 |
]
5
o 30000
S
o
2 20000
z
=
‘G 10000
a8
© 0
(0]
>
o
3 -10000
=
©
< -20000E . . . . s s .
190 200 210 220 230 240 250 260
Wavelength (nm)
B 020
0.15}
[0]
e
< 0.10-
2
o
(2]
Qo
<
0.05
0.00 -
2000 1900 1800 1700 1600 1500

Wavenumber (cm~1)

Fig. 5. Spectra of isolated subunit II. A: Subunit IT (0.1 mg/ml
in 10mM Tricine/NaOH pH 7.8) was measured in the presence
(dashed line) or absence of 20 mM Zwittergent 3—12 (solid line).
The CD spectrum was acquired by averaging five single spectra
and conversion into mean residue ellipticity. B: FTIR spectrum
of subunit II in the amide I’ region in the absence of Zwittergent.
Solvent contributions have been subtracted.

a Subunit I

Subunit 1T

Secondary Proportion in % Proportion in %

Proportion Proportion in %

structure from CD from FTIR in % from CD from FTIR without
element Zwittergent 3—-12
With Without
Zwittergent 3—-12 Zwittergent 3—12

a-Helix 67 57 41 33 30
B-Pleated sheet 4 7 12 18 41
Random coil 14 23 25 30 8

Turn 12 13 16 16 21

“Proportion of each structural element as calculated by the software CDNN v2.1 (39) for the CD spectra and fitting with Gaussians for FTIR.
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using a purified ATP synthase preparation instead of a
crude ammonium sulphate precipitate. Another problem
was contamination of subunit I with subunits IIT and IV.
An elution profile in (45) illustrates that subunit IV
elutes before a mixture of I, IIT and IV, and the last
fractions contain only subunit I. In our hands, subunit I
was contaminated with III and IV in all fractions.
A critical point was the choice of buffer. By using
phosphate buffer according to (45) the subunits III and
IV were present. We have screened various buffers and
observed that by replacing phosphate with tricine the
elution order of ATP synthase subunits changes. Now,
only subunit I elutes from the column.

Our mild procedure yielded subunit I in the presence
of the detergent Zwittergent 3—12 in high purity and
amounts sufficient for spectroscopy (CD and FTIR) but
not for high-resolution techniques like NMR or 3D
crystallization. CD and FTIR revealed that the o-helix
is the predominant structural element in subunit I.
However, the proportion of 67% (CD)/57% (FTIR) for
chloroplasts is less than the published value of 80% with
CD spectroscopy for E. coli subunit b reconstituted in
lipid vesicles (48). Certainly, the surrounding of the
proteins influences the ao-helix proportion considerably.
Greie et al. (48) also reported a proportion of 70% when
they measured E. coli subunit b in detergent which is
much closer to our values for subunit I. The different
proportion of a-helix may reflect different interactions of
the protein with their native membrane environment
compared to the detergent micelle. Subunit II displayed a
much smaller proportion of a-helix and a higher propor-
tion of random coil than subunit I in the presence of
detergent. The helical content was even lower and the
random coil content higher in the absence of detergent.
This observation in combination with the substantial
content of random coil and loops indicates a high
flexibility of subunit II. Low helical contents of 45%
determined with CD spectroscopy for the cytoplasmic
domain of subunit b and 39% for subunit b’
were reported previously for the cyanobacterial ATP
synthase (15). Therefore, it can be speculated that this
difference in helix content is an essential feature
of photosynthetic ATP synthases but not of E. coli.
Upon combining both subunits the helical content
increased to 58%, which is still ~20% lower than the
value of the homodimer from E. coli (48).

The dramatic increase of sequence information and the
improvement of sequence analysis software during recent
years motivated us to re-examine subunits I and II by
bioinformatics tools. In contrast to the subunit b from E.
coli, structural and functional information about the
subunits I and II of chloroplasts are still scarce. Our
secondary structure prediction of the subunits I and II
revealed that both are mainly o-helical. The predicted
proportion of o-helix is 92% for subunit I and 88% for
subunit II. These predictions are for subunit I signifi-
cantly higher and for subunit II much higher than the
values obtained from spectroscopy. The rather large
discrepancy between the measured and the predicted
helical content of subunits I and II may be due to the
high flexibility of single b-type subunits. Recent second-
ary structure predictions identified a turn region at
residue 79-85 in E. coli b (49), but its existence was
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doubted based on experimental results (12). When we
reanalysed the E. coli b sequence, no turn in this region
was predicted by the software used in our study (data no
shown)—an indication for the improvement of prediction
software. The opinion that subunit I is functionally
equivalent to subunit b from eubacteria has been
challenged by a bioinformatics analysis from Tiburzy
and Berzborn (17). One example is the region around
proline 28 in E. coli which is conserved in subunit II but
mutated in subunit I to glycine and followed by a valine
residue being out of the sequence alignment (Fig. 1).
Therefore, subunit I should possess an increased local
conformational flexibility in this region. Subunit I
possess a helical segment at the C-terminus which is
embedded between two flexible regions. This segment is
absent in the shorter subunit IT and probably plays a role
in the binding to § and may also bind to o, since for E.
coli a b-o crosslink was detected in this region (20). Since
up to now no strong experimental evidence for an
interaction of subunit II with & or other subunits from
CF; could be obtained and experiments from E. coli show
that a deletion of the last four C-terminal residues of one
subunit b in a heterodimer is functionally tolerated, it is
plausible that no interaction between II and & exists (50).

To further examine, whether structural differences
exist between the subunits I and II, a coiled—coil
prediction was carried out using the three different
programs Coils, Paircoil and Marcoil. For subunit I, a
much shorter coiled—coiled region was predicted than for
subunit II. In face of the experimentally determined
a-helical content of both subunits, it must be asked to
which extent theoretical and experimental values agree.
An o-helical content of about 62% for subunit I does not
exclude the possibility of an about 50 amino acids long
coiled—coiled region. For the smaller subunit II, an about
100 amino acids long coiled—coil region was predicted, yet
the measured o-helical content is only between 30 and
41%. Since 100 amino acids comprise about 68% of the
sequence, the predicted length of the coiled—coil region is
inconsistent with the experimental data. While such a
long coiled—coil region appears to be absent in the
isolated subunit II, it may still be possible that a
longer coiled—coil region exists in the holoenzyme. This
speculation is supported by the observed high flexibility
in subunit IT and the reported conformational changes
upon heterodimerization of cyanobacterial b and b’ (15).

In the alignment of 51 b-type ATP synthase subunits a
strictly conserved Arg is obviously close to the hydro-
phobic membrane spanning residues (17). It is located in a
conserved hydrophobic face of an amphipathic heptade
pattern, suggesting four helix windings: hxxxhxxRxx
x h x x x h (h=hydrophobic residue), in spinach II:
LGDFMDK(R44)DASI. Although it may imply that the
positive charge of arginine is needed twice in all homo-
dimeric or heterodimeric ATP synthase subunit b pairs
(17), Grabar and Cain (50) showed for E. coli that the
deletion of one Arg residue per heterodimer only leads to
an impairment of activity, but not a complete loss of
function. All newly published homologous sequences
analysed by us now display this ‘signature’, too.

At the C-terminal part of spinach CF,II a unique
feature was discovered, consisting of seven amphipathic
helix windings with two conserved positive charges

J. Biochem.

2102 ‘gz Jequeldss Lo eled op [ejepa- apepsieAlun e /Bio'sfeulnolpioxo-ql//:dny wo.j papeoumod


http://jb.oxfordjournals.org/

Structural Differences of Peripheral Stalk Subunits

embedded in the putative hydrophobic face (grey shaded
region in Fig. 1). When comparing the sequences of
several organisms, additional positive charged amino
acids can be identified but two (K121 and K142 in
spinach CF,II) are conserved. The heptade pattern in the
primary sequence suggests that the two positive charges
would be placed within a coiled coil at a distance of about
30A. This feature was strongly conserved among all
eubacterial subunits F,b and all subunits b and CF,II of
photosynthetic organisms, but lost in subunits CF,I and
F,b of photosynthetic organisms (17) and in the subunits
CFoll from Volvox and Chlamydomonas. However,
a homologous pattern seems to have evolved in
the C-terminal region of Chlamydomonas CF,I. (The
sequence of Volvox CF,I is not yet available.)
The functional relevance of the two (sometimes three)
positive charges within the conserved hydrophobic
face, i.e. within the interaction contacts of the putative
coil, is still unknown.

So far, there have not been many efforts to better
understand the structural and functional role of the
subunits I and II from plants in relation to subunit b
from eubacteria. As already pointed out by Tiburzy and
Berzborn (17), it still remains to be shown, whether
subunits I or IT can complement the function of subunit b
in the bacterial enzyme, since former experiments failed
to come to a clear conclusion (51) or were retracted (52).

Concerning the degree of functional equivalence of
subunits b and b’ in photosynthetic bacteria, it has to be
tested whether it is possible to delete subunit b
completely or in parts without impairing the function of
the ATP synthase. Photoautotrophic growth of the
cyanobacterium Synechocystis PCC 6803 was unimpaired
if the subunit b’ was truncated down to the hydrophobic
stretch but did not occur if its gene was deleted
completely (53).

In E. coli each of the b subunits in the homodimer
binds to different regions of F;, thus interacting with it
in an asymmetric manner, whereas two mutant b
subunits can complement resulting in an intact ATP
synthase (50). As conclusion, our results support the
assumption that the photosynthetic organisms developed
two different subunits as a better adaption to the
different interaction sites (15, 54).
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