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7. A. L Casselman and J. B. Nasrallah, unpublished data. 
8. J. A. Conner, P. Conner, M. E. Nasrallah, J. B. Nasrallah, 

Plant Cell 10, 801 (1998). 
9. cDNA libraries were constructed with the XUNIZAP 

phagemid system (Stratagene). Hybridization condi­
tions for RNA and DNA gel blots were as described 
[D. C. Boyes, C.-H. Chen, T. Tantikanjana, J. J. Esch, 
J. B. Nasrallah, Genetics 127, 221 (1991)] except that 
washes (each 20 min at 65°C) were extended by 
using successively 2X SET, 0.5% SDS and 1X SET, 
0 .1% SDS and 0.2X SET, and 0 .1% SDS, unless indi­
cated otherwise. 

10. The S2S6 F2 population was derived from a cross 
between B. oleracea S6S6 and S2S2 homozygotes. The 
genotypes and SI phenotypes of 153 individual plants 
had been determined previously. Gel blot analysis of 
Hind Ill-digested genomic DNA revealed coinciding 
hybridization patterns for SLC6- and SC7?6-specific 
probes. All 116 plants hybridizing to SLG6 also hy­
bridized to SCR6, whereas all 37 plants devoid of SLG6 

also lacked SCR6. Similarly, 80 plants of an F2 popu­
lation segregating for S6 and S13 were genotyped by 
hybridization of Hind Ill-digested genomic DNA with 
SLG6- and S/.C73-specific probes. Hybridization with 
an SC7?73-specific probe revealed that 34 SLG13-con-
taining plants contained SCR13, in contrast to 46 
plants lacking both SLG13 and SCR13. 

11. The B. campestris Sg haplotype also appears to con­
tain an SC/?-related sequence [G. Suzuki et a/., Ge­
netics 153, 391 (1999)]. 

ATP is the universal biological energy cur­
rency. ATP synthase produces ATP from 
adenosine diphosphate (ADP) and inorganic 
phosphate with the use of energy from a 
transmembrane proton-motive force generat­
ed by respiration or photosynthesis [for re­
views, see (1-3)]. The enzyme consists of an 
extramembranous F1 catalytic domain linked 
by means of a central stalk to an intrinsic 
membrane domain called F0. The globular F1 

domain is an assembly of five different sub-
units with the stoichiometry a3P3718181. In 
the atomic structure of bovine F1? the a and (3 
subunits are arranged alternately around a 
coiled coil of two antiparallel a helices in the 
7 subunit. The catalytic sites are in the (3 
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12. Polyadenylated RNA was analyzed as in (2, 9). Micro­
spores were staged by DAPI (4',6'-diamidino-2-phe-
nylindole) staining [S. Detchepare, P. Heizmann, C. 
DumasJ. Plant Physiol. 135, 129 (1989)] and purified 
as described [D. C. Boyes and J. B. Nasrallah, Plant 
Cell 7, 1283 (1995)]. 

13. J. B. Nasrallah et ai, Ann. Bot, in press. 
14. As host for the transformation of the SCR6 cDNA, we 

chose a B. oleracea S2S2 homozygote. Besides ease of 
transformation and regeneration, this strain is ex­
pected to have an endogenous SCR allele with only 
low sequence similarity to the transgene, which re­
duces the risk of homology-dependent gene silencing 
(Fig. 2A). The transformation construct contained the 
SCR6 cDNA preceded by the SCR8 1.3-kb upstream 
region and followed by the nos terminator. After 
introducing appropriate restriction sites by polymer­
ase chain reaction followed by DNA sequence anal­
ysis, both SCR fragments were assembled as a tran­
scriptional fusion in pCR2.1 (Invitrogen) and sub-
cloned as a 1.7-kb Hind Ill-Sac I fragment into pCAM-
BIA1300 upstream of an Eco Rl-Sac I nos promoter. 
After mobilization into Agrobacterium tumefaciens 
strain GV3101, the construct was used for transfor­
mation of flower stem disks of the B. oleracea S2S2 

strain, as described [K. Toriyama, J. C. Stein, M. E. 
Nasrallah, J. B. Nasrallah, Theor. Appl. Genet. 81, 769 
(1991)], applying hygromycin selection. The indepen­
dent origin of the transformants was verified by DNA 
gel blot analysis. 

subunits at the a/(3 subunit interface (4). The 
remainder of the 7 subunit protrudes from the 
a3P3 assembly and can be cross linked to the 
polar loop region of the c subunits in F0 (5, 
6). In mitochondria, the 8 and 8 subunits are 
associated with the 7 subunit in the central 
stalk assembly (7-10), as are the bacterial and 
chloroplast 8 subunits, the counterparts of 
mitochondrial 8. ATP-dependent rotation of 
7 and 8 within an immobilized a3(33 complex 
from the thermophilic bacterium Bacillus 
PS3 has been observed directly (11, 12). The 
rotation of the 7 subunit in ATP synthase is 
thought to be generated by the passage of 
protons through F0. Because there is only one 
intrinsically asymmetric 7 subunit, it inter­
acts differently with each of the three cata­
lytic (3 subunits in F1? endowing them with 
different nucleotide affinities (4). Rotation of 
the central stalk is accompanied by confor­
mational changes in the (3 subunits, which 
cycle sequentially through structural states 
corresponding to low, medium, and high nu-
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cleotide affinities. These three states are 
probably associated with release of product 
(ATP), binding of substrates (ADP and inor­
ganic phosphate), and ATP formation, re­
spectively. The cycle is known as the "bind­
ing change mechanism" of ATP synthesis 
(13). In eubacteria, the procedure is revers­
ible, and hydrolysis of ATP in F1 generates 
rotation-of 7, resulting in the pumping of 
protons back across the membrane through F0 

(2). 
In contrast to the detailed structural model 

established for most of the bovine F1 domain 
(4, 14-16) and additional structural informa­
tion in other species (17, 18), little is known 
about the structural details of F0. All species 
contain three common subunits known as a, 
b, and c. In Escherichia coli, the experimen­
tally determined ratio of these subunits is 
a1b2c9_11 (19, 20). Cross-linking and genetic 
experiments (21, 22), as well as evolutionary 
arguments (23), have been interpreted as 
showing the presence of 12 c subunits per F0. 
From biochemical studies and mutational 
analysis in bacteria (2, 24) and fungi (25), it 
is known that both a and c subunits contain 
functional groups that are essential for proton 
translocation through the membrane. A nu­
clear magnetic resonance (NMR) structure of 
a monomer of the E. coli "G subunit in a 
chloroform:methanol:water mixture shows 
that the protein is folded intovtwo a helices 
(presumed to be transmembrane1 tin the intact 
enzyme), linked by a loop (presumed to be 
extramembranous) (26). The COOH-terminal 
a helix contains a conserved side chain car­
boxylase (Asp61 in E. coli and Glu59 in Sac-
charomyces cerevisiae) essential for proton 
translocation (2). Models have been proposed 
in which the a and b subunits are on the 

Molecular Architecture of the 
Rotary Motor in ATP Synthase 
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Adenosine triphosphate (ATP) synthase contains a rotary motor involved in 
biological energy conversion. Its membrane-embedded F0 sector has a rotation 
generator fueled by the proton-motive force, which provides the energy re­
quired for the synthesis of ATP by the Fn domain. An electron density map 
obtained from crystals of a subcomplex of yeast mitochondrial ATP synthase 
shows a ring of 10 c subunits. Each c subunit forms an a-helical hairpin. The 
interhelical loops of six to seven of the c subunits are in close contact with the 
7 and 8 subunits of the central stalk. The extensive contact between the c ring 
and the stalk suggests that they may rotate as an ensemble during catalysis. 
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outside of a multimeric ring of c subunits 
within the membrane, with the interface be- 
tween a and c subunits providing the pathway 
for proton translocation (Fig. 1) (27-31). Pro- 
tonation and deprotonation events in this in- 
terface have been proposed as part of a mech- 
anism for generating conformational changes 
in F, (32), possibly through rotation of the c 
ring (33). Because the generation of each 
ATP requires rotation of the y subunit 
through 120°, a link has been made between 
the number of protons that must be translo- 
cated per ATP synthesized [estimated to be 
three or four in different systems (34, 35)] 
and the number of c subunits in the ring. The 
required rotation of y through 120" can be 
achieved with either 9 c subunits in the ring 
and 3 translocated protons or 12 c subunits in 
the ring and 4 translocated protons (36). It 
has also been proposed that a rotary mecha- 
nism would require a peripheral "stator" to 
counter the tendency of a,P, to follow the 
rotation of y (36). It has been suggested that 
the b subunits of F, may form part of such a 
stator, and evidence from reconstitution and 
cross-linking studies provides support for this 
hypothesis (37,38). A feature connecting the 
periphery of F, to F, (the peripheral stalk) 
that might represent the stator has been visu- 
alized by single-particle electron microscopy 
of ATP synthase from bacteria, chloroplasts, 
and mitochondria (39-41). 

Structure analysis. In this study, we pu- 
rified ATP synthase from S. cerevisiae mito- 
chondria and carried out crystallization ex- 
periments (42). The enzyme from this source 
consists of at least 13 different types of sub- 
units: the F, subunits a, p, y, 6, and E; the F, 
subunits a,-b, and c, plus f and d; OSCP and 
ATPI, which have homologs in other mito- 
chondrial ATP synthases; and the unique 
yeast subunit h (43-46). Other possible yeast 
subunits have been discussed as being in- 
volved in dimer formation (47). According to 
analyses by SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE), high-performance 
liquid chromatography (HPLC) analysis, and 
NH2-terminal sequencing, the purified com- 
plex used here for crystallization consists of 
subunits a, p, y, 6, E, b, OSCP, d, a, h, f, 
ATP8, and c (in diminishing apparent molec- 
ular weight order for F, and F, on SDS gels) 
and is similar to other-preparations (46, 48, 
49). Crystals were grown in the presence of 
both ADP and the nonhydrolyzable ATP an- 
alog 5.'-adenylyl-imidodiphosphate (AMP- 
PNP) by the microbatch technique (50) with 
polyethylene glycol 6000 as precipitant (42). 
Subunits a, P, y, 6, E, and c were detected in 
the crystals by SDS-PAGE, and there was no 
evidence for the presence of the other sub- 
units. It appears that they have dissociated 
from the complex during crystallization, 
leaving a subcomplex consisting of F, and 10 
copies of subunit c. A similar F,c complex 

has been isolated previously from spinach 
chloroplasts (51). 

The structure was solved by molecular 
replacement with the "stand-alone" version 
of the program AMoRe (52) with data from 
15 to 5 A resolution and the bovine F,- 
adenosine triphosphatase Ca coordinates 
[Protein Data Bank (PDB) accession code 
lbmf (4)] as a search model (Table 1). The 
complete bovine model, positioned according 
to the results of the molecular replacement, 
was used to calculate phases to 3.9 A resolu- 
tion. After solvent density modification with 
the program SolomonICCP4 (53, 54) assum- 
ing a solvent content of 60%, the a helices of 
the c subunits and extensive additional den- 
sity in the central stalk region could be seen 
in the electron density map (Fig. 2). Because 
of the limited resolution of the x-ray data, the 
side chain density is not clear, but the main 
chain density is generally unambiguous. 

The crystal packing (Fig. 3) is atypical for 
membrane proteins and belongs to neither of 
the types described previously (55). The main 
crystal contacts are between the bottom of a 
ring of 10 c subunits and the pseudo-three- 
fold top of an adjacent F, assembly. The 
hydrophobic external regions of the c oli- 
gomers, which are normally in contact with 
phospholipid, are not involved in any crystal 
contacts and are probably covered by unre- 
solved molecules of detergent. 

Molecular architecture of the Flcl, 
complex. The a and fi subunits (73 and 79% 
conserved, respectively, between cow and 
yeast) are well defined in the electron density 
and have similar conformations and nucleo- 

bovine F, structure, this part of the y subunit 
and also subunits 6 and E were disordered. 
There is additional density adjacent to the 
lower segment of the NH2-terminal a helix of 
the y subunit that extends over the c subunits 
(Fig. 2B), which can be interpreted with the 
crystal structure of the E. coli E subunit (26% 
sequence identity to the yeast 6 subunit) (56) 
(PDB accession code laqt). The 10 strands of 
the p barrel are visible in the yeast electron 
density, with P strand 4 and the following 
loop (residues 3 1 to 39 in E. coli numbering) 
packing against the c subunits and P strands 
5,8,9, and the loop between P strands 1 and 
2 (residues 39 to 42, 68 to 73, 74 to 79, and 
9 to 14, respectively) in contact with the y 
subunit. The lower a helix (COOH-terminal) 
lies about 5 A above the c subunits, and the 
upper a helix is closer to the a$, subcom- 
plex, extending into the solvent. This inter- 
pretation of the yeast electron density is in 
general agreement with -a previous model of 
the E. coli F,c complex (56) and with cross- 
linking studies (57), although it cannot ex- 
plain cross linking between the E. coli E 

subunit and the DELSEED region of a P 
subunit (9). 

The electron densities of individual c sub- 
units show that they consist of two a helices, 
linked by a loop. There is no interpretable 
side chain density, and the density could not 
be improved by modeling the subunits as 
polyalanine or by averaging. Therefore, it is 
not yet possible to build an unambiguous 
atomic model. The electron density is consis- 
tent with the NMR structure of the E. coli 
monomer determined in a ch1oroform:meth- 

tide compositions to their bovine counter- ano1:water mixture (26) (PDB accession code 
parts. The NH,- and COOH-terminal a heli- la91). Although the overall shape of the E. 
ces of the y subunit (40% sequence identity coli and the yeast c monomers is similar, the 
to the bovine subunit) extend -25 A farther E. coli structure is not a perfect match to the 
than in the bovine model toward the c sub- yeast density (Fig. 2B). This could be due to 
units, where they make a sharp bend. In the the low sequence conservation (23% identity) 

a subunit 

Fig. 1. Hypothetical 
model for the genera- 
tion of rotation by pro- 
ton transport through 
the F, domain of ATP 

c subunits s~nthae according to 
lunge (33) \ . The central / cylinder (blue) consists 
of c subunits; the exter- 
nal part (green) come- 
sponds to a single a 
subunit. The red line in- 
dicates the proton 
path. [Reproduced with 
kind permission of the 
Swedish Academy of 
Sciences.] 
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between the two species, or it could, at least in 
part, arise from the contacts between neighbor- 
ing protomers. The 10 c protomers are packed 
tightly against each other, forming two rings of 
single a helices (see Fig. 2C). The outer a 
helices are kinked in the middle, making the 
cylindrical outer surface of the oligomer slight- 
ly concave. Despite the absence of clear side 
chain density, it is possible to assign the a 

Fig. 2. Stereo views of an electron density map 
of the yeast Flcl, complex. The solvent flat- 
tened map was calculated at 3.9 A resolution 
and contoured at 1.5 a. (A) Side view contain- 
ing the bovine F, Ca model (with a in orange, 
p in yellow, and y in green). The density of 
symmetry-related molecules in the crystal is 
masked out. The inset indicates the location of 
the subunits within the complex. The location 
of the section shown in (C) is indicated by the 
white box; the direction of the view is indicated 
by the arrow. The presumed membrane region 
(M) (2) is marked by the two dotted lines. The 
c subunits are numbered 3,2, 1, 10, and 9 (the 
best ordered c subunit was chosen as number 
1). The overall height of the complex is -190 
A, of which the a3P3 subcomplex accounts for 
83 A, the stalk for 50 A, and the c subunits for 
58 A. (B) Enlarged view of the 6Iy-c contact 
region with the model (and numbering) of the 
E. coli E subunit (in red) and the E. coli c 
subunit (in white) fitted into the density, con- 
toured at 1.0 a. The white box in the inset 
indicates the location of the displayed section 
within the complex. (C) End-on view of the 
density of the c ring. The inset shows the 
location of the a, p, y, and 6 subunits in 
relation to  the c subunits. The helices of the c 
subunit are drawn as blue circles, the larger 
outer circles accounting for the larger side 
chains in the COOH-terminal helix. The outer 
diameter of the c ring is 55 8, (top) to  42 8, 
(equator) t o  45 A (bottom), and the inner 
diameter is 27 A (top) t o  17 A (equator) to  22 
8, (bottom). The dimensions exclude consider- 
ation of unresolved regions of density, includ- 
ing amino acid side chains and detergent or 
lipid molecules. The two regions of density near 
subunit 10 are not extensive and are likely to  
be noise. 

helices forming the inner and outer rings to the 
NH,-terminal and COOH-terminal regions, re- 
spectively, as follows. Cysteine residues intro- 
duced at positions 40,42, and 44 of the E. coli 
c subunit (equivalent to 38,40, and 42 in yeast) 
can be cross linked to the E subunit in the E. coli 
enzyme and are therefore thought to lie in the 
polar loop between the two a helices (57). The 
density for the inner a helix is 58 A long and 

would accommodate 39 residues in an a-helical 
conformation, consistent with residues 40 to 44 
forming the polar loop. The density for the 
outer a helix is 47 A long. This would accom- 
modate 31 residues in an a-helical conforma- 
tion, which is in excellent agreement with the 
total of 76 residues in the yeast c subunit. The 
kink of about 23" in the COOH-terminal a 
helix is around Gly62 (equivalent to Pro64 in E. 
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~013. This arrangement would also place the 
glycinelalanine-rich %-terminal a helix in 
the inner ring and accommodate the larger side 
chains of the COOH-terminal a helix in the 
outer ring. Because of the lack of side chain 
density, the consewed carboxylate (Glusq can- 
not be placed with certainty, but it would lie 
about halfway along the outer COOH-terminal 
a helix. The resulting model shares many fea- 
tures in common with that proposed for the E. 
coli ring of c subunits (58), except that the latter 
contains 12 rather than 10 copies. It differs h m  
an alternative model (59,60), which placed the 
NI+terminal helices on the outside. A model 
for the c subunit of the sodium-driven enzyme 
h m  Propionigeniurn modestum based on 
NMR data consists of four distinct a-helical 
segments with the conserved carboxylate locat- 
ed near the cytoplasmic membrane surface (61). 
There is no evidence for four distinct a helices 
in the yeast density, and the conserved carbox- 
ylate would appear to lie more centrally within 
the membrane, although the position of the 

membrane boundary cannot be defined with 
certainty. 

The 10 c subunits form an almost sym- 
metrical ring, although the density for sub- 
units 6, 7, and 8 is weaker, as seen from the 
asymmetrical appearance of the electron den- 
sity (Fig. 2C). The central cavity of the c 
oligomer contains a region of elongated elec- 
tron density, which is stronger in the upper 
and lower thirds of the cylinder than in the 
center (Fig. 2C). The origin of this density is 
not clear, but the need to maintain a semiper- 
meable membrane in vivo suggests that the 
cavity might be filled with phospholipid. 

The polar loop regions of five of the c 
subunits (cl to c5) are covered by the S subunit 
(Fig. 2B). Two loops (c2 and c3) are in intimite 
contact, probably involving hydrogen bonds be- 
tween pairs of main chain atoms, and another 
three (cl, c4, and c5) could form side chain 
contacts to either the P barrel of the S subunit or 
the lower of its two a helices. The y subunit 
probably makes side chain contacts to one or 

two further c subunits (c9 and c10) and to one 
subunit (cl) that is also in contact with the P 
barrel of the S subunit. Therefore, six or seven 
consecutive c subunits or about two-thirds of 
the top surface of the ring are in contact with the 
foot of the stalk. These c subunits are much 
better defined in the electron density than the 
exposed ones, in which the density is weaker 
and discontinuous. The 62 residues of the yeast 
E subunit could not be assigned unambiguously 
to the density, and about 100 residues of the y 
subunit remain unassigned, although there is 
extensive u n i n t v t e d  electron density both on 
top of the S subunit and next to the COOH- 
te,pninal a helix of y. 

The extent of the interface between the c 
subunits and the y and E subunits apparent in 
the electron density map of the yeast F,c,, 
oligomer supports the hypothesis that. the 
complex consisting of the y, 6 (E. coli E), E, 
and c subunits rotates as an ensemble during 
catalysis, but other interpretations are still 
possible. 

Functional implications of the c ring 
stoichiometry. An unexpected feature of the 
electron density map is that the ring of c 
subunits contains 10 protomers and not, as' 
widely anticipated, 12 (21-23, 58-60). At 
this stage of the analysis, it is possible that 
some c subunits have been lost from the ring 
during crystallization. However, the extent of 
the interaction between adjacent c subunits 
within the ring makes this unlikely, particu- 
larly as there is no evidence to suggest a 
strong association between subunit c and any 
of the other components of F,. In addition, it 
is likely that the crystal contact between the 
ring of c subunits and the pseud-three-fold 
F, domain would have selected for a popula- 
tion of complexes with 12 c subunits, if 

Fig. 3. Stereo view of the crystal packing of the yeast Flclo compleA., 45 A thick section through present' In the three-fo1d sym- 
the crystal perpendicular t o  the crystallographicy axis is shown. The electron density is contoured metry the F~ sector and the me- 
at 1.2 a. The red lines mark the x and z axes of the crystal lattice. All figures were prepared with try of the c ring within one complex do not 
the program MAIN (72). match. The principle of symmetry mismatch in 

Table 1. Statistics of data collection and structure determination. For data complex with 453.2 kD per asymmetric unit, the estimated solvent content is 
collection, the crystals were harvested in a buffer containing 20% glycerol as 66%. A data set was collected to 3.6 A resolution at beamline lDO2B (A = 
cryo-protectant and then frozen rapidly in liquid nitrogen. The crystals are 0.99 A), at the ESRF, Grenoble, France, with a Mar Research image plate 
small (up to 150 pm in the largest dimension) and diffract x-rays weakly. detector (1600 pixel mode). The data were processed with MOSFLM (73) and 
They belong to the monoclinic space group P2, with unit cell dimensions a = SCAWCCP4 (54). Because of anisotropic diffraction and slight radiation 
135.9 k b = 175.3 A, c = 139.2 A, and p = 91.6O. Assuming one Flclo damage, the final data set was restricted to 3.9 A resolution. 

Resolution shell 12.33 8.72 7.12 6.1 7 5.52 5.03 4.66 4.36 4.1 1 Overall 
( 4  3.90 (1 5-3.9) 

Number of 1343 3207 4159 4934 5600 6229 6765 7312 7756 8288 55593 
observations 

Completeness (%) 69.8 92.2 92.8 93.3 93.5 94.1 94.1 94.8 94.5 95.5 93.3 
'merge* (%I 5.8 5.6 6.7 8.7 10.4 11.9 12.0 14.3 22.1 37.2 10.0 
110 7.2 6.6 7.4 6.7 6.3 5.5 5.4 4.7 3.3 1.3 4.0 

Resolution range 15.0-5.0 A 
Molecular replacement correlation cofficient 54.1 (44.0)t 
Molecular replacement R factor (%)$ 46.7 (50.6) 

*Rmge: XhXi[ll(h I )  - (I(h ) I ]XhXll(h. ly where l(h.1) is the intensity value of the ith measurement of h and (I(,,,]) is the corresponding mean value of h for all i measurements of h. The 
summation runs'over all measurements. tValues for the second highest solution are given in parentheses. $R factor. HIIFobA-IF,J!IZ~F,,J, where F,, and F,, are the 
observed and calculated structure factor amplitudes, respectively. 

www.sciencemag.org SCIENCE VOL 286 26 NOVEMBER 1999 



R E S E A R C H  A R T I C L E S  

molecular rotary engines has been discussed in 
relation to the DNA translocating machineiy of 
bacteriophages (62: 63). During phage assem- 
bly. DNA is injected through the sixfold sym- 
metrical tail into its head (fivefold symmetry 
axis of ail icosahedron). The dodecameiic head- 
tail connector is believed to rotate with respect 
to the head during DKA packaging (64). The 
symmetry mismatch between the head and the 
connector is thought to facilitate rotation by 
avoiding deeper energy minima that would ac- 
coinpany matching s~mnetries.  Symmetry 
misnlatch also appears to be important in the 
bacterial flagellar motor: which, similar to XTP 
synthase, is dri\-en by the proton-moti\-e force 
(65). X further example of sylmnetry mismatch 
is found in some ATP-dependent proteases 
(66), where a rotational mechanism has been 
suggested to contribute to protein unfolding. 
The arrangement of the coinponents of the mo- 
lecular motor in XTP synthase is rather differ- 
ent than that in either the bacteiiophage or 
ATP-dependent proteases. In the latter cases, 
there are direct interactions between two rings 
of subunits with different symmnetlies. In the 
XTP synthase: there are !xro quite distinct re- 
gions of interaction. The first, in F,:  involl-es 
the y subunit and the a,P3 subcomplex, where- 
as the second, in F,, involves the ling of c 
subunits and the a subunit. 

The number of c subunits in the ring has 
profound implications for the number of pro- 
tons translocated by F, for each ATP mole- 
cule synthesized in F,. Each ATP synthetic 
event requires that the y subunit rotates 
through 120". This rotation is generated in F, 
either by rotation of the c ring with y (as the 
F,c,, structure appears to indicate) or by 
some other mechanism in which the c sub- 
units impart rotation to y without themselves 
rotating. A c stoichiometry of 9 or 12 has 
been considered to requlre translocation of 
three or four protons per XTP synthes~zed to 
impart a 120" rotation to the c ring (see Fig. 
1). A ring with 10 c subunits in it suggests 
that the HtiXTP ratio is probably nonintegral 
and that its value lies between 3 and 3. Many 
of the experimentally measured Ht:ATP ra- 
tios lie in this range (34. 35). 

Assuming that the c ring and y subunit 
rotate as an ensemble. a nonintegral Ht!'ATP 
ratio also makes it more likely that there is 
some degree of elasticity in the y subunit itself. 
so that the stepping of the c ling (10 steps per 
rotation) can be matched to the stepping in F, 
(three steps per rotation). Elasticity in the { 
subunit is an explicit feahlre of two models for 
XTP synthase (67. 68). whereas in a third mod- 
el (69) it is not required. 

It has been suggested that the number of c 
subun~ts in E coli ~ a n e s  depending 011 the 
calbon souIce (70. 71) More c subunits appeal 
to be assembled Into the complex ~f cells ale 
grown 111 glucose than nlth succinate There- 
fole. 111 the lattei case. the c rung nould be 

smaller with an acconlpanying reduced gearing 
ratio. Changing gears and therefore the mem- 
brane potential required for ATP synthesis 
could be a regulatory mechanism. A variable 
number of c subunits could also explain the 
obseivation that covalently linked trimers of E. 
coli c subunit can forrn an active complex (22). 

The electron density shown here pro\-ides 
direct proof that c protoiners fonn a ring that 
is in close contact with the y and 6 subunits. 
Our interpretation is consistent with previous 
ones, in which subunits y, 6: and E form a 
rotating ensemble. It strongly supports the 
idea that the c oligorner is part of a rotary 
motor, con\-erting electrocl~emical energy 
into chemical energy stored in XTP. To un- 
derstand the mechanism of the generation of 
rotation, it will be necessa~y to establish the 
nature of the interaction between the c sub- 
unit oligomer found here and the remaining 
subunits in F,. 
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First-Principles Determination 
of Elastic Anisotropy and Wave 

Velocities of MgO at  Lower 
Mantle Conditions 

B. B. Karki,' R. M. Wentzcovitch,' S. de G i r o n c ~ l i , ~  5. BaroniZ 

The individual elastic constants of magnesium oxide (MgO) have been deter- 
mined throughout Earth's lower mantle (LM) pressure-temperature regime wi th  
density functional perturbation theory. I t  is shown that temperature effects on 
seismic observables (density, velocities, and anisotropy) are monotonically 
suppressed wi th  increasing pressure. Therefore, at realistic LM conditions, the 
isotropic wave velocities of MgO remain comparable t o  seismic velocities, as 
previously noticed in athermal high-pressure calculations. Also, the predicted 
strong pressure-induced anisotropy is preserved toward the bottom of the LM, 
so lattice-preferred orientations in  MgO may contribute substantially t o  the 
observed seismic anisotropy in  the D" layer. 

The last few years have seen rapid progress in 
our understanding of the behavior of the major 
mineral phases of Earth's mantle. Recent ad- 
vances in theory and computation have made it 
possible to predict from first principles the struc- 
tural and elastic properties of these materials 
throughout the entire pressure regime of the 
mantle (1). Experimental studies are now also 
possible over considerable ranges of pressure 
(P) and temperature (T) (2-5). However, the 
challenge of experimentally or theoretically de- 
termining the mineral properties at simultaneous 
P and Tconditions of geophysical magnitudes is 
still enormous. Such studies will provide the 
basis for an improved analytical treatment of 
fimdarnental issues in Earth sciences, such as (i) 
constraining the mineralogy of the deep interior 
by directly comparing the seismic velocities ( 6 )  
with predicted velocities for various mineral 
aggregates; (ii) describing Earth's thermal state 
by distinguishing thermal versus compositional 
effects on wave velocities; and (iii) understand- 
ing the sources of seismic anisotropies such as 
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those observed at D (7). It has been suggested 
that mantle flow and the accompanying stress 
field (in the vicinity of boundaries) could align 
crystalline axes along preferred directions and 
create anisotropic fabrics carrying the signature 
of the flow pattern (8). 

The possibility of calculating with high 
accuracy and computational efficiency the 
entire vibrational spectrum of a crystal with 
the use of density functional perturbation the- 
ory (9) allows us to determine from first 
principles the crystal free energy, F(V,T), 
from which we can extract all measurable 
thermodynamic quantities for the mineral, in- 
cluding the elastic moduli. Here we chose to 
start with the pressure and temperature de- 
pendence of the elastic constants of MgO 
(lo), which exists as (Mgo ,,Fee ,)O-magne- 
siowiistite in the lower mantle (LM) with 20 
to 30% abundance according to a typical 
pyrolitic model (11). A previous first princi- 
ples study of high-pressure (athermal) elas- 
ticity (12) showed that MgO is strongly 
anisotropic at D" pressures (125 to 135 GPa) 
and its wave velocities are higher than seis- 
mic velocities throughout the LM pressure 
regime (23 to 135 GPa). Although T-induced 
effects at ambient P or so are known to be 
substantial and to counteract those of pressure 

(4, 5) ,  the effects at high P's are unknown. 
The results presented below were obtained 

within the quasi-hannonic approximation 
(QHA). It is a good approximation for MgO at 
ambient P up to =lo00 K (13), as can be seen 
by comparing calculated and measured thermal 
expansivities, a (14) (see Fig. 1). The deviation 
of a h m  linearity at ambient P and high T's is 
related to the inadequacy of the QHA and can 
be traced back to the behavior of the mode 
Griineisen parameters with volume (15). The 
agreement with experiments at about 1800 K 
and 180 GPa (16), as well as the predicted 
linear behavior at high P's and T's, indicate 
that the QHA is valid at geophysically relevant 
conditions. 

The adiabatic elastic constants (c,,, c,,, 
and c,) were obtained as a function of P and 
T to 150 GPa and 3000 K, respectively, by 
calculating the free energies for the strained 
lattices (1 7). The predicted ambient values 
and their initial pressure (at 300 K) and tem- 
perature (at 0 GPa) dependencies agree with 

0 
0 1000 2000 3000 

Temperature (K) 

Fig. 1. Temperature dependence of thermal 
expansivity of MgO along several isobars at 0, 
10, 30, 60, 100, 150, and 200 GPa (solid lines 
from top to bottom). The experimental data at 
zero pressure (74) are denoted by circles. The 
average value of a between 300 and -3300 K 
at 169 to 196 GPa derived from shock-wave 
experiments (76) is denoted by the diamond. 
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