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these worms express readily detectable
reporter products, whereas controls show
minimal expression4.

Worms were exposed overnight to
continuous-wave microwave radiation at
750 MHz and 0.5 W in the transverse
electromagnetic (TEM) cell described previ-
ously5. Figure 1 shows temperature profiles
for reporter expression in both irradiated
and control (foil-shielded) worm cultures.
In microwave-exposed cultures, expression
is comparable to that of controls at 24.0 °C
(P¤0.05), but then rises steeply through
24.5 and 25.0 to 25.5 °C (P*0.001). In non-
exposed controls, heat-induced reporter
expression follows the pattern for HSP16
(ref. 6), increasing sharply only above 27 °C
(to a maximum at 30 °C). There is thus a
disparity of 3 °C between exposed and con-
trol induction profiles. 

A thermal explanation for this disparity
would require that the exposed worms
become 3 °C warmer than controls — or
more if only a minority of worms/tissues is
affected. We reject this thermal explanation
on several grounds, not least the diffusion
of heat over 18 hours. 

First, no temperature difference is
detectable between control and exposed
cultures after irradiation5. This is also true
for concentrated (50% w/v) worm suspen-
sions incubated for 18 h at 25 °C alongside a
saline solution alone, under exposed versus
control conditions (24.6850.116 °C s.d.,
P40.28, for all 16 measurements under
four conditions using a sensitive copper–
constantan microthermocouple). Tempera-
ture differences of 0.5 °C (that is, worms

1 °C warmer than the saline) would have
been easily detectable in this experiment. 

Second, in situ detection of reporter
products shows that lacZ is expressed
throughout the gut in PC72 worms (Fig.
2a,b), and also that GFP is expressed in
many embryos within adult PC161 worms
(Fig. 2c,d). These expression sites together
constitute about half of worm tissues.

Third, the field at the centre of our TEM
cell is 45 V m11, and the measured permit-
tivity of concentrated worm suspensions (at
615 MHz) gives a conductivity of about
0.48 V11 m11. The calculated specific
absorption rate (SAR) is only 0.001 W kg11,
which is much less than published values7

for mobile phones (0.02–1.0 W kg11).
Mobile-phone manufacturers claim that
SARs in this range are insufficient to cause
measurable tissue heating within the
human head, and we are not disputing this.

We suggest instead that the induction of
heat-shock proteins described here could
involve non-thermal mechanisms. These
could include microwave disruption of the
weak bonds that maintain the active folded
forms of proteins; enhanced production of
reactive oxygen species (known to be induc-
ers of HSPs8); or interference with cell-
signalling pathways that affect HSP induc-
tion (by heat-shock-factor activation). All
these mechanisms are testable using the
functional genomic tools that are available
in C. elegans. Because of the universality of
the heat-shock response2, a similar non-
thermal induction might also occur in
human tissues exposed to microwaves, a
possibility that needs investigation.
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Figure 1 Saline9 suspensions of young adult PC72 worms grown

synchronously at 15 °C (ref. 10) were split between three condi-

tions for a total of 18 h: (1) exposed to microwaves (in TEM cell at

750 MHz and 0.5 W; ref. 5) within a Leec LT3 incubator; (2) tem-

perature controls shielded with aluminium foil in the same incuba-

tor; (3) baseline controls at 15 °C. Incubator temperatures of

24.0, 24.5, 25.0 and 25.5 °C were tested using 12 replicates for

each condition; controls only (6 replicates of condition 2) were

also run at 22, 26, 27 and 28 °C. All worm samples were

assayed fluorometrically4,5 for b-galactosidase activity. Enzyme

activities were normalized against 15 °C baseline controls (100%)

within each batch to allow comparison of reporter induction at dif-

ferent temperatures. Squares, blue solid line; reporter activities

(5s.e.m.) in microwave-exposed cultures. Circles, red dashed

line; control reporter activities (5s.e.m.) at each temperature.

Figure 2 PC72 and PC161 (similar to PC72, but carrying an additional GFP reporter under hsp16 control) worms were either exposed for

18 h at 25 °C to microwaves (750 MHz, 0.5 W) or kept as 25 °C controls, then reporter expression was localized in situ by staining with

X-gal (PC72) or viewing under ultraviolet light on a fluorescence microscope (PC161). a, Exposed PC72 worm, showing nuclear staining

for b-galactosidase throughout the gut; b, typical PC72 worm under control conditions: no observable staining; c, exposed PC161 worm,

showing GFP fluorescence throughout ovoid embryos; d, typical control PC161 worm, showing yellowish gut autofluorescence (also in c)

but no GFP fluorescence in embryos. Note that many worms in a and c show little reporter expression. Scale bars, 50 mm.

Structural biology

Proton-powered turbine
of a plant motor

ATP synthases are enzymes that can
work in two directions to catalyse
either the synthesis or breakdown of

ATP, and they constitute the smallest rotary
motors in biology. The flow of protons pro-
pels the rotation1 of a membrane-spanning
complex of identical protein subunits, the
number of which determines the efficiency
of energy conversion. This proton-powered
turbine is predicted to consist of 12 sub-
units2–4, based on data for Escherichia coli5.
The yeast mitochondrial enzyme, however,
has only 10 subunits6. We have imaged the
ATP synthase from leaf chloroplasts by
using atomic force microscopy and, surpris-
ingly, find that its turbine has 14 subunits,
arranged in a cylindrical ring. 
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We isolated the rotating oligomer from
spinach-chloroplast ATP synthase enzyme
preparations and reconstituted it at a high
protein-to-lipid ratio in two-dimensional
arrays. During the detergent-mediated pro-
cedure, the membrane-embedded oligomer
remains intact (relative molecular mass
100K; individual subunits, known as
subunits III, are 8.0K, and are equivalent to
subunit-c in mitochondria and bacteria).
The flanking stator proteins I, II and IV
of this turbine, as well as all subunits
(a3b3gde) of the ATP-generating hydro-
philic portion of the enzyme (known as F1),
are absent (Fig. 1a). 

Imaging the topography of the densely
packed subunit-IIIx oligomers by contact-
mode atomic force microscopy reveals
alternating ring-like structures of two dif-
ferent diameters (Fig. 2). The narrow and
the wider rings of the subunit-III oligomers
have outer diameters of 5.950.3 nm and
7.450.3 nm, respectively. Both orifices
have inner diameters of 3.550.3 nm. Only
a single, sharp band, corresponding to a rel-
ative molecular mass of 100K, is resolved on
SDS–polyacrylamide gels of the protein
arrays, which is the size expected for the
subunit-IIIx oligomer of the native ATP syn-
thase from chloroplasts (Fig. 1a), indicating
that most of the oligomers must have the
same stoichiometry. 

We conclude that the adjacent wide and
narrow rings represent the two channel
entrances of IIIx oligomers, with opposite
orientations perpendicular to the mem-
brane surface (Fig. 2). The individual sub-
units of the 7.4-nm-diameter orifice
protrude by 1.750.3 nm from the bilayer
surface, whereas those of the 5.9-nm-diam-
eter orifice protrude by 1.550.3 nm; the

oligomer, which is 7.350.3 nm long, tra-
verses the lipid bilayer (thickness, 4.150.2
nm). Two IIIx oligomers with wide orifices
and two with narrow orifices are enlarged
to display their substructure in more detail
(Fig. 2). In most cases, 14 subunits per
oligomer can be counted from the recorded
images.

To determine the precise number of sub-
units in the circular IIIx complex, we calcu-
lated angular power spectra from 320
individual images of well-preserved parti-
cles, which yielded a distinct single peak at
14-fold symmetry (Fig. 1c; filled circles).
We then averaged data from the wide rings
and the narrow rings (Fig. 1b) and their
respective angular power spectra revealed
the 14-fold symmetry. There was a weaker
12-fold signal (22% of the 14-fold power)
still present, but no significant 7-fold to 13-
fold symmetric contribution (Fig. 1c). This
14-fold symmetry and the same subunit-III
oligomer dimensions were also evident in
samples prepared by a different method
(from Coomassie-blue non-denaturing gels
without SDS), in which the stator protein
IV was retained (data not shown). 

We conclude that the proton turbine in
the Fo stem of chloroplast ATP synthase is
an asymmetric cylindrical structure with 14
symmetrically distributed subunits that
protrude from both membrane surfaces
(Fig. 2). 

So far the number of subunits, and
therefore the diameter of the proton tur-
bine, seems to be species-dependent5,6. Sub-
unit stoichiometry might even vary with
metabolic state within the same organism,
as indicated by biochemical studies on
E. coli7. The proposed elasticity of the trans-
mission between Fo and F1 could accommo-
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date such a variable stoichiometry8, as well
as a non-integral H&/ATP ratio caused by
symmetry mismatch between the three-fold
symmetry of catalytic sites in F1 and the
14-fold (10-fold6) symmetry of the Fo

oligomer.
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Figure 1 Characterization of subunit-III oligomers. a, SDS–PAGE and silver staining of chloroplast ATP synthase samples before and after

reconstitution. Lane 1, the ATP synthase: proteins of the F1 complex are designated by Greek letters, those of the Fo complex by roman

numerals. The sample was incubated in SDS buffer at 50 °C for 10 min to dissociate part of the IIIx oligomer into its 8K monomers for refer-

ence. Lane 2, in reconstituted protein arrays, as used for atomic force microscopy, only the 100K III x oligomer is present. To isolate intact

subunit-III oligomers, SDS detergent9 was added to the CFoF1 complex obtained from rate-zonal centrifugation10 and then replaced with

dodecyl maltoside detergent. The IIIx oligomer was reconstituted into lipid bilayers (phosphatidylcholine and phosphatidic acid from egg yolk)

by removing detergent with BioBeads SM2 (Bio-Rad, Hercules, California). b, Averaged topographs of the wide (top; n4220) and narrow

(bottom; n4220) oligomer ends, generated by reference-free translational and rotational alignment of the individual particles. c, Rotational

power spectra calculated from 320 topographs of individual oligomers (filled circles) and of averaged wide (circles) and narrow (diamonds)

rings. The four-fold contribution of the spectra is due to the four neighbouring complexes in the crystal.

Figure 2 Subunit-III oligomers of chloroplast ATP synthase

visualized in 25 mM MgCl2, 10 mM Tris–HCl, pH 7.8, at room

temperature using atomic force microscopy (Nanoscope III, Digital

Instruments)11. Top, the distinct wide and narrow rings represent

the two surfaces of the subunit-IIIx oligomer; middle, wide

oligomer ends, showing 14 subunits-III; bottom, narrow oligomer

ends. The full grey-level range of these topographs was 2 nm.
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