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tial aquifers where mag- 
malwater mixing oc- 
curred and generated 
highly explosive activi- 
ty. A high seismic veloc- 
ity zone directly below 
the summit has been in- 
terpreted as a solid dike 
network left by past 
eruptions. A low-veloci- 
ty zone, possibly a par- 
tial melt, has been tenta- 
tively identified at a 
depth of 10 km. Tele- 
seismic events suggest 

Past Vesuvian activity. This painting of the 1794 eruption as viewed the presence of low- 
from Naples is typical of Strombolian activity between 1631 and 1944. velocity zones below 

Vesuvius at depths of 15 
termine which, we must know if there is and 300 km. These data have helped geo- 
magma within the crust below Vesuvius. physicists to understand the overall structure 

Multiple geophysical surveys by 12 of the volcano but are insufficient to identi- 
groups from the European Community cul- fy  specific locations of magma bodies. 
minated in the recent TOMOVES (Vesuvius Prediction of volcanic activity is thus not 
tomography experiment) (5-7). These sur- possible yet. But multiple monitoring net- 
veys included seismic surveys across the works are in place should Vesuvius resume 
Campanian Plain (see the figure on the pre- its volcanic activity. The OV's integrated 
vious page) that were linked to seismic sur- geophysical network covers the volcano and 
veys in the Bay of Naples. The surveys veri- surrounding plain and would provide the 
fied an interface at a depth of 2 km between first indication of rising magma. Any 
the limestone "basement" and a sequence of ground deformation caused by rising mag- 
overlying volcanic rocks and marine sedi- ma would be detected by leveling, tiltmeter, 
ments. Knowledge of this interface is im- Global Positioning System (GPS), and tide- 
portant for identifying the depths of poten- gauge networks. Gas compositions at high- 
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Molecular Rotary Motors 
Robert H. Fillingame 

T he enzymes that synthesize adenosine 
triphosphate (ATP) in the mitochondria 
and chloroplasts of animal and plant 

cells, and in bacteria, are the world's smallest 
rotary motors. These enzymes, the FIFO ATP 
synthases, provide the cell with its energy 
currency (ATP) by catalyzing the addition of 
inorganic phosphate (Pi) to adenosine 
diphosphate (ADP). The synthesis of ATP is 
driven by a proton electrochemical potential 
(the proton-motive force) generated across 
the bacterial plasma membrane (or mito- 
chondrial membrane) by a chain of electron 
transport proteins. The ATP synthase is com- 
posed of an FI catalytic domain that projects 
into the cytoplasm of a bacterial cell (or into 
the mitochondrial matrix) and an Fo domain 
that traverses the membrane (see the figure). 

5 This enzyme is able to reversibly couple the 
$ rotation of several of its subunits (mechani- 
0 

cally driven by the proton-motive force) to 
the generation of the chemical bond between 
ADP and Pi. On page 1722 of this issue, 
Sambongi et al. define the molecular com- 
ponents of the rotary motor of bacterial ATP 
synthase ( I ) ,  and on page 1700 Stock et al. 
present the general structure of the rotary 
unit in yeast mitochondrial ATP synthase, 
explaining how it interacts with the other 
components of the enzyme (2). Together 
these two reports provide a coherent struc- 
tural explanation for the rotary mechanism 
of ATP synthesis. 

The Fl domain of the Escherichia coli 
ATP synthase consists of five subunits (a, 
P, y, 6, E) in an a3P3(y&)1 arrangement. The 
Fo inner membrane sector is composed of 
three subunits (a, b, c) in an alb2cI2 com- 
plex (see the figure). ATP synthesis is driv- 
en by rotation of the single y subunit within 
a hexamer of alternating a and D subunits 

0 

that contains three catakic sites. As the y 
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temperature fumaroles are continuously 
measured. 

Over the past decade, no signs of vol- 
canic activity at Vesuvius have been detect- 
ed (8). But people living on or near the vol- 
cano cannot be indifferent. Around the 
globe, many supposedly dormant or extinct 
volcanoes have erupted in the past 20 years. 
Where local populations were well-in- 
formed about volcanic eruptions and their 
effects, timely evacuations saved lives. Peo- 
ple living near Vesuvius need ongoing edu- 
cational programs to accompany state-of- 
the-art monitoring and detailed research on 
the volcano's past activity. 
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enced a series of earthquakes with hypocenters at 
about 3-km depth. The focal mechanisms were tec- 
tonic (strike-slip), and there was no accompanying 
ground deformation or change in gas compositions 
to indicate that the earthquakes were volcanic. 

at the next. The changes in binding affini- 
ties are cooperative, such that tight (ADP + 
Pi) binding at one site occurs simultaneous- 
ly with ATP release at the next site. 

This "binding change" mechanism was 
originally proposed by Boyer (3). An atom- 
ic-resolution x-ray diffraction structure of a 
bovine mitochondrial a3P3f subcomplex 
of the enzyme (where f is the segment of 
subunit y resolved in the structure), pub- 
lished by Walker and colleagues in 1994, 
provided structural verification of this 
mechanism (4). In 1997, Noji et al. (5) di- 
rectly demonstrated rotation of the y sub- 
unit in the a3P3y subcomplex. This water- 
soluble subcomplex hydrolyzes ATP in a 
reaction that is the reverse of ATP synthe- 
sis. Noji et al. immobilized the a3P3y sub- 
complex on a microscope slide and deco- 
rated the protruding end of the y subunit 
with a fluorescent actin filament. Upon ad- 
dition of ATP to the immobilized enzyme, 
rotation of the fluorescent filament was ob- 
served directly with a microscope. Follow- 
ing this demonstration of rotary catalysis, 
the major question became the mechanism 
by which the proton-motive force drives 
rotation of the y subunit. The favored hy- 
pothesis is that the proton-motive force 
drives rotation of an oligomeric ring of c 
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subunits in the transmembrane Fo sector of diffraction structure of yeast mitochondria1 
the enzyme. Because subunit y is perrna- F1, crystallized in association with the c ring 
nently f i ed  to themrface of the oligomer- oligomer. They werc able to &ve substan- 
ic c ring, it moves as the ring rotates (6, 7). tial regiops of the y subunit that were not 

Sambongi et al. (1) now W d e  the f i  clearly resolved in the earlier s t r u m  of 
evidence that the c subunit ring rotates dur- bovine a3&f. In addition, the strudu~ of a 
ing ATP hydrolysis. They immobilized the fourth subunit, yeast mitochondrial subunit 6 
FIFo complex ErcHn E. coli on a microscope (equivalent to bacterial subunit E), also be- 
slide with a polyhistidine tag attached to the came clear. The investigatm report that the .I( , 
a subunit at the top of the F1 assembly (see and 6 subunits form a footlike structure at 
the figure). Then, they attached fluorescent the bottom of the F1 molecule that sits on the 
actin filaments to genetically engineered surface of a ring of 10 c subunits. The multi- 
cysteine residues on the ends of the c sub- ple surface contacts between submits y and e 
units farthest away from F,. Upon addition and 6 or 7 of the c subunits in the ring pro- 
of ATP, the attached actin f i t s  started to vide a structural explanation for how the 
spin. Their fkpency of rotation was similar subunits remain f i ed  to each other dunng 
to that of actin f~lzuw~&~ attadled di- rotation. The crystals 
rectly to subunit y. Control experi- were grown limn a so- 
ments clarified w f i t  rotation lution of a complete 
wasdrivendimtlybytmningofthe FIFO complex and 
cringTatherthaubytfKpo&blea& some subunits were 
ventitious attachment of the filament lost, perhaps through 
to subunit y. being sheamd from the 

side of the enzyme 
during c r y e o n .  
The missing subunits 
include those making 
up the stator compo- 
nent of the assembly 
(a, b, and 6 in the bac- 
terial enzyme). 

-- ATP The new x-ray difkution F1- 
clo structure correlates remark- 
ably well with previous models 

ADP + pi of the structure of the c subunit 
oligomeric ring and the packing 
interactions between subunits c, 
E, and y (8-10). Nuclear m e t -  
ic resonance (NMR) and x-ray 
diffraction show that isolated 
subunit E is folded into two do- 
mains with a 10-mded $ bar- 
rel at its amino terminus and a 
helix-loop-helix motif at its car- 
boxyl terminus (1 1, 12). The 

Staror - packing i n W o n s  between the 
surkes of the $ barrel and sub- 
units y, e, and c were predicted 

~ c a r o u v d R o t a r y m o d d o f h o w a h e L ~ F , F , A ~  fiom~-l&&@stu'j&(9,10) 
synthase cat- synthesis of ATP bf&The proton* and have been borne out by 
tive force bivas m i o n  of a d q  composed of 12 csubunits th, FIGlo s m a .  H ~ -  
(10 in the yeast). Pmtons enter the assembly through a -, there is oM: -cy be- 
periplasmic inlet channel and bind to the Asp61 carboxylate - the new - d prs 
(open drde) of the c subunits. The protonated binding site viouS data. The helixixlOOP-helix 
(filled drdel then hwn mponent to do-n of E is near . the lipid phare of membrane. After '* stepS the prot- the surface of the subunit reach an wtlet c h a d  on the F1-binding (c@plasmic) side 
ofthememkane.Theyand~subunits-infixedtothetop O1igomerintheCWstal-m 
ofasetofcsu~rtssothatmtationofthecKtbu~oUgomer buthasbeenplacednearkbot- 
also & rotation of subunit y within the a& hexamer of F1. to" of the 01383 hexamer by 
The q and 6 subunb of the stator hold the subunits in a cross-linking experiments (13). 
fixed position as the y subunit turns inside them to driw ATP In a chloroform-mekl-wata 
synthesis E- density map of the m ~ ~ n ~  F,- solvent mixture, monomeric E. 
clo subcomplex (2) (rigfrt) with the positia of different sub- coli subunit c folds into a hairpin 
units indicated in the inset. kast mitochondria1 subunit 6 is composed of two extended a he- 
equivalent to E. coli subunit r lices, and this 'structure has been 

solved by NMR (14). The a-helical h;urpm 
seen in the F1clo structure closely matches 
the structure predicted by NMR. Further- 
more, the cl0 ring closely resembles models 
derived b m  the NMR structure and dis- . 

tance constraints revealed by cross-linking 
studies (8). 

Perhaps the biggest surprise in the new 
structure is the f i g  that there are 10 c 
subunits in the oligomeric ring, not 12 
(6-8). In E. coli, radiolabeling experiments 
indicate a stoichiometry of 9 to 12 c sub- 
units per Fo complex, and recent studies 
show that the correct stoichimetry must be 
a multiple of 2 x 3 (1 5). Dimeric and trimer- 
ic versions of c subunits are activf in E. coli 
(15) and dso occur in other species (16). 
There are several possible explabations for 
these differences: Subunits may have been 
lost during the yeast F1-clo crystallization; 
the E. coli enzyme composed of trimeric 
subunits may be functioning suboptimally 
because of an abnormally expanded c ring; 
the number of subunits may vary among dif- 
ferent organelles and different p i e s .  Thls 
pwadoxwillhavetobesohredby furtherex- 
.pmhbts. The answer is important because 
thenumberofcsubunitsdictateshmany 
protons will be transported per ATP 
molecule synthesized (H+/ATP ratio). A 
n o b g r a l  H + / m  ratio, as suggested by 
the Stock et aL (29 strwtwe, would require 
elasticity in the Fl-Fo m e .  

The new reports provide a visual Qicture 
of how the proton-motive force drivep ATP 
synthesis. A crucial unanswered quespon is 
the mechanical means by which groton 
transport drives the stepwise rotationjof the 
c subunit ring relative to the albz istator 
component. The structuri: of the a subunit 
and the half channels within it that trabspt 
proions have yet to be resolved Fhdy,  the 
mechanism by which enew is storedin ine 
enzyme during the stepwise transport of 
three to four protons across the mqbrane 
(which takes place between each step of 
ATP release) needs further investigation. , 
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