
crystals of water and methane. If the ocean
warms, these gas hydrates may become
destabilized, releasing methane gas which
becomes oxidized to CO2. The methane is
enriched in the light 12C relative to 13C, show-
ing that it was originally formed by bacteria
which fractionate isotopes during their
metabolism. Dickens et al. calculated that a
release of 1,5002109 tonnes of methane
could account for the large change in carbon
isotope ratios at the P/E boundary. On a 
millennial scale, this would imply a rate 
of greenhouse-gas emission comparable to
current anthropogenic levels.

So what happens if 1,500 gigatonnes 
of methane are released to the ocean–
atmosphere system? Regional differences in
temperature are the main driving force for
winds and ocean circulation. Palaeoclimate
modellers have therefore generally assumed
that, with preferential warming at high lati-
tudes, an ‘equable’ Earth would develop 
during the P/E thermal maximum. Oceanic
circulation would become more sluggish,
fewer nutrients would reach the sunlit sur-
face zone, and plankton productivity and
photosynthesis would fall.

But some data point to an opposite con-
clusion. It seems that certain species of
plankton characteristic of high-productivity
regions flourished all over the world at the
P/E boundary6. And in rock sections in the
Middle East, formed from sediments that
were originally under sea, a large peak in bio-
genic barite (a mineral of barium sulphate)
at the P/E boundary indicates a dramatic
increase in biological productivity7. Bio-
genic barite has proved a reliable proxy for
surface-water biological productivity in the
open oceans of the past7,8.

The paper by Bains et al.1 not only pro-
vides new evidence that oceanic productivity
did indeed increase, but also provides a feasi-
ble mechanism for how an episode of green-
house warming may end. They show that in
two widely separated ocean drilling cores —
one from off Antarctica, the other from the
western North Atlantic — the distribution 
of biogenic barite is a mirror image of 
the 13C/12C and 18O/16O curves across the 
P/E thermal maximum (Fig. 1). This implies 
that biological productivity increased as
methane was released and temperature
increased (though there is a chicken-and-egg
problem here); and productivity decreased
as climatic conditions returned to normal.
Bains et al. propose that higher productivity
and the resulting sequestering of excess car-
bon in the oceans, through photosynthesis,
was the feedback mechanism required to
bring levels of atmospheric CO2 and temper-
atures back to normal.

Proponents of the Gaia theory, which says
that the biosphere regulates climate9, will
love this interpretation. But carbon is not 
a productivity-limiting nutrient, and Bains
et al. say there was probably a secondary

feedback between high levels of CO2 and
productivity, or that the relationship is just
coincidental. They speculate that greater
humidity in a greenhouse world, and conse-
quent increased runoff of water from land, 
or volcanic fallout (or both), fertilized the
oceans’ surface waters.

Can we rely on the barite proxy for pro-
ductivity? I believe we can. There is firm evi-
dence that barite crystals have accumulated
in sediments under high-productivity areas
in recent times, and that this signal is
retained in sediments as old as the early
Palaeogene7,8. Bains et al. show that there are
unaltered barite crystals in the P/E sediments
they analysed.

However, there is still no consensus as to
how the crystals form in the ocean. Accord-
ing to one school of thought, the barite pre-
cipitates in decaying organic matter settling
through the water column; another holds
that the crystals form in living organisms.
Various single-celled organisms precipitate
microscopic crystals of barite in their bod-
ies, possibly as statoliths for orienting them-
selves in the gravitational field, but no
organism has been clearly linked to the
abundant crystals under high-productivity
regions10.

There are also other puzzles. The idea 
of a huge release of methane at the P/E
boundary is popular mainly because, so far
at least, it is the only realistic explanation

for the observed large and rapid decline in
the oceanic 13C/12C ratio. But two proxy
reconstructions of CO2 concentrations dur-
ing the P/E thermal maximum have failed to
find evidence for substantially increased
concentrations4,11. As usual, we need to
know more. Is there something wrong with
the proxy estimates of atmospheric CO2 con-
centrations in the past, or is there another
explanation for the decline in 13C/12C at 
the P/E boundary? And is ocean producti-
vity increasing in our incipient greenhouse
world? The paper by Bains et al. will trigger
much new work on these questions. ■
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The ability to maintain a diverse set of
intracellular compartments, with dis-
tinct complements of proteins, is a

defining feature of eukaryotic cells. Sub-
stances can be transported from one mem-
brane-encased compartment to another, but
the compartments maintain their unique
identities. Transport occurs in membrane-
bounded containers called vesicles, and 
several protein families have evolved to
mediate the budding of a vesicle from the
donor compartment, and its transport to
and fusion with the target organelle. One of
the last steps in the fusion process is overseen
by a set of proteins called SNAREs. These
have been suggested to be the core machin-
ery that mediates the fusing of two mem-
branes, as well as ensuring that vesicles deliv-
er their cargo to the right compartment1,2.
Writing on pages 153, 194 and 198 of this
issue3–5, Rothman and colleagues conclude
— with some caveats — that SNAREs are
indeed important in defining the specificity
of vesicle targeting.

SNAREs contain structural features

called a-helices or coils. During membrane
fusion, four a-helices from SNAREs found
on the vesicle and target membranes come
together to form a stable, four-helix bundle
or coiled-coil6 (Fig. 1a). The formation of
SNARE complexes is essential for membrane
fusion, so a tremendous amount of research
has been dedicated to understanding how
these complexes form, and what they do.
Rothman and colleagues earlier developed
an in vitro assay that measures the fusion of
liposomes — artificial spheres surrounded
by a lipid membrane — reconstituted with
neuronal SNARE proteins7. This system is
ideal for assessing the role of SNAREs in
isolation. It has been used to show that,

when present on liposomes representing the
vesicle and the target, SNAREs — in the
absence of other factors — can induce mem-
brane fusion7.

As well as being involved in driving mem-
brane fusion, SNARE proteins have been
implicated in ensuring the accuracy of vesi-
cle trafficking. There appear to be enough
SNAREs, differently localized throughout
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intracellular membrane compartments, to
confer specificity on the process. For exam-
ple, a transport vesicle that buds from the
endoplasmic reticulum (ER) is destined for
the Golgi, but how does the cell make sure
that it doesn’t fuse with, say, the plasma
membrane instead? The idea is that, in this
case, the SNAREs on the ER-derived vesicle
can form a complex only with those on the
Golgi, ensuring specificity (Fig. 1a). Such
SNAREs are said to be ‘cognate’.

Cognate SNAREs have been character-
ized for some vesicle-trafficking steps, and
several themes have emerged from these
studies, the most important of which is the
composition of the SNARE complexes. A
four-helix bundle always contains one coil
from each of four families6,8, abbreviated
here for simplicity as A, B, C and D coils 
(for specialist readers, A designates the Q-
SNARE syntaxin, B and C the Q-SNAREs 
of the SNAP-25 family, and D the R-SNARE
of the VAMP family; Fig. 1b).

Rothman and colleagues3–5 have now
used their liposome-based system to inves-
tigate whether isolated yeast SNAREs have 
a role in ensuring fusion specificity. The
power of this experimental set-up is that any 
combination of SNAREs can be put into the
‘vesicle’ and ‘target’ liposomes. The authors
find that there is a great deal of specificity 
in terms of which liposomes fuse together.
But this specificity comes from different
sources.

For example, the physical arrangement
(topology) of the SNAREs can confer speci-
ficity. The authors tested the SNAREs that 
(in cells) are involved in transport between
the ER and the Golgi, and found that lipo-
some fusion occurred only when the A, B and
D coils (from yeast SNARE proteins Sed5,
Bos1 and Sec22, respectively) were on one
membrane and the C coil (Bet1) was on the
other3. No other combination of ER–Golgi
SNAREs tested resulted in fusion.

It would be interesting to see whether
such topological restrictions are important
in vivo, and whether they extend to other
trafficking steps. They clearly don’t apply in
the case of the yeast plasma-membrane
SNARE (Sec9), because the B and C coils are
fused into one protein, preventing the C coil
from being on the other membrane. Indeed,
the authors show4 that fusion involving plas-
ma-membrane SNAREs occurs when A, B
and C coils are on the same membrane, with
the D coil on the other. This arrangement
also works for the vacuolar SNAREs tested4,5.
One explanation for the unexpected ER-
to-Golgi arrangement could be that Sec22
functions in transport from the Golgi to the
ER, whereas the other three SNAREs func-
tion in transport from the ER to the Golgi9,10.
So Sec22 may not contribute the correct D
coil in this case3.

Specificity may also come from the inter-
actions of cognate SNAREs. An intuitively

appealing hypothesis was that only cognate
SNAREs could form complexes. But this the-
ory was called into question by in vitro stud-
ies showing that, although an A coil, a B coil,
a C coil and a D coil were strictly required 
for complex formation, it did not matter
from which SNARE protein these coils origi-
nated8,11. However, another study12 showed 
that, in a particular cell line, only cognate
SNAREs, when added in solution, could
compete with membrane-bound SNAREs
and inhibit vesicle fusion — with a couple of
exceptions, non-cognate SNAREs in solu-
tion could not. Rothman and colleagues4

again used the liposome assay to look at this
problem. They found that one of each coil —
A, B, C and D — are absolutely required. For
many incorrect SNARE combinations (such
as an A coil, two Bs and a D; or an A, a B and
two Ds), fusion does not occur.

But the true test of specificity is to find
out whether (for example) different D coils
can substitute for each other, rather than 
for C coils. The authors find several exam-
ples in which cognate A, B, C and D coils 
(for example Vam3, Vam7, Vti1 and Nyv1)
produce more fusion than non-cognate
coils (Vam3, Vam7, Vti1 and either Snc1 
or Sec22). They did not investigate what

happens when A coils are swapped, leaving 
open the possibility that some non-cognate
SNARE interactions might still result in
fusion. Indeed, there are examples in which
non-cognate A, B, C and D coils result in
fusion. With the plasma-membrane A, B
and C coils, fusion can occur when any D
coil is used4. So isolated SNAREs cannot
solely account for the specificity observed in
vesicle trafficking.

As the authors say4, it is likely that speci-
ficity is not uniquely encoded in the inherent
ability of SNAREs to form complexes with
each other. Given that SNAREs bind to each
other through their conserved features (Fig.
1b), this is perhaps not surprising. Other
proteins required earlier in the fusion
process — such as members of the Sec1 and
Rab families — may help cognate SNAREs 
to recognize each other. And the organiza-
tion of the cell probably adds to specificity.
For example, an ER-derived vesicle is more
likely to encounter the Golgi than the plasma
membrane, so fusion with the plasma mem-
brane is unlikely to occur, even if the ER and
plasma-membrane SNAREs were able to
form a complex in vitro. It seems that the
accuracy of vesicle targeting is safeguarded
not through a single lock-and-key inter-
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Figure 1 SNARE proteins and vesicle targeting. SNAREs are found on vesicle and target membranes,
and between them contribute four ‘coil’ structures to a SNARE complex. a, Rothman and colleagues3–5

have constructed artificial membrane-encased spheres (liposomes) with different combinations of
SNAREs, to assess the role of SNAREs in fusion specificity. They find, as shown previously6, that — for
vesicle fusion with the plasma membrane — three Q-SNAREs (red, coil type A; green, coil types B and
C) are required on the target and one R-SNARE (blue; coil type D) on the vesicle4,5. SNAREs confer
some specificity to vesicle fusion3–5. b, Q-SNAREs and R-SNAREs are characterized by a glutamine (Q)
or arginine (R) residue, respectively, in the central layer of the SNARE complex. Top, the SNARE
complex required for fusion of a synaptic vesicle with the plasma membrane (modified from ref. 6);
bottom, the underlying molecular interactions. Black, the hydrophobic layers that mediate the core
interactions; orange, the Q/R layer. Details of the interactions are shown underneath. V, valine; I,
isoleucine; Q, glutamine; R, arginine; K, lysine; D, aspartic acid. The ball-and-stick structures
represent the indicated amino acids; the dotted lines represent hydrogen bonds or salt bridges that
stabilize interactions between SNAREs.
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action between SNAREs, but rather through
several layers of constraints — a situation
common to many biological processes. ■
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shape to the required precision. Complicat-
ing matters further, X-ray telescopes must be
placed in space, because X-rays do not pene-
trate the Earth’s atmosphere. The recently
launched Chandra X-ray Observatory is the
state of the art in X-ray imaging, whose optics
alone cost several hundred million US dollars
to build. Chandra achieves an impressive
|resolution of about 0.5 arcseconds, yet it is
still far from the diffraction limit. Building a
diffraction-limited X-ray telescope, let alone
an X-ray interferometer capable of imaging
the cauldron surrounding a black hole, has
always seemed a distant dream.

Cash et al.1 take what at first seems to be 
a disadvantage — that X-rays reflect only at
shallow angles — and turn it into an advan-
tage. Instead of using expensive, precisely
figured optics to focus the X-rays, they
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Black holes hold an almost mythical
attraction for layperson and scientist
alike. A black hole is an object so mas-

sive and compact that gravity prevents even
light from escaping. The gravitational effect
of a black hole on nearby objects provides
compelling indirect evidence that they exist,
but the ultimate proof has yet to come — a
direct image of the ‘black dot’.

On page 160 of this issue, Cash et al.1 pre-
sent the first laboratory demonstration of 
an X-ray interferometer that will be useful 
to astronomers. Their approach will make it
much easier to achieve the angular resolu-
tion of 0.1 to 1.0 microarcseconds required
to obtain an X-ray image of black holes in 
the centre of nearby galaxies. Astronomers
divide up the sky into angular degrees, so
that 90° is the distance from the horizon to 
a point directly overhead (there are 60 arc-
minutes in a degree and 60 arcseconds in a
minute). Apart from satisfying our curiosity
as to what the region surrounding a black
hole looks like, this advance will allow us 
to directly observe effects predicted by Ein-
stein’s theory of general relativity under the
most extreme gravity fields known. It will
also provide a formidable tool that will open
new vistas on a wide range of astronomical
phenomena.

The X-ray band is the prime hunting
ground for finding and studying black holes,
as shown by the first bona fide ‘black hole
candidate’, Cygnus X-1, an X-ray source 
discovered in the 1960s. Bright X-rays are 
the result of large amounts of gravitational
energy being released as the black hole
attracts material from a nearby star or within
its host galaxy. This material forms a
swirling, orbiting disk falling towards the
black hole — much like the flow of water
down a drain (Fig. 1). Close to the ‘event
horizon’, the theoretical border of a black
hole inside which nothing can escape, fric-
tion superheats the material to many 
millions of kelvin, which is mostly radiated
as X-rays. The black hole’s strong gravity

causes distortions of space-time that are
imprinted on the emerging X-rays. Obser-
vations of supermassive black holes in the
centre of nearby galaxies have already
revealed this signature in the spectral features
of X-rays2.

Increasing the angular resolution of tele-
scopes is one of astronomy’s main goals, but it
is never easy. Even the most perfectly shaped
telescope is ultimately limited by the size of its
aperture, also known as the diffraction limit.
This is dictated by the wavelength of the
incoming light divided by the diameter of the
telescope. The bigger the telescope, the better
the angular resolution it can achieve. The
Hubble Space Telescope has a 2.4-metre
diameter with an angular resolution of 0.1
arcsecond, which is close to the diffraction
limit. Achieving microarcsecond resolution
would require a 100,000-fold increase in the
Hubble telescope diameter to 240 kilometres.

Fortunately, there is a way of achieving
such resolution without building impossibly
large telescopes. An interferometer com-
bines the light from several small telescopes
to create an image with a resolution as if it
had come from a much larger telescope. The
light waves from each telescope interfere
with each other to create interference fringes
(bands of low and high intensity), which can
be transformed back into real images inside a
computer. For interferometers at most wave-
lengths, the distance between the telescopes
replaces the diameter of the telescope in
determining the diffraction limit. Radio
astronomers first used this technique to
make huge gains in angular resolution with
telescope separations spanning continents
and even out into space. 

X-ray telescopes in general are difficult to
build because X-rays reflect only at a very
shallow angle to the optical surface (1 degree
or less), referred to as the grazing incidence.
To obtain a true focus, they must be reflected
twice from precisely constructed hyperbolic
and parabolic surfaces. These surfaces are, in
effect, nested cylinders that are expensive to
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Hubble Space Telescope image

 0.1 microarcsec resolution
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Simulated X-ray image

Figure 1 Imaging a black hole requires an
enormous improvement in telescope power — at
least a million times better resolution than the
Hubble Space Telescope, or the recently
launched Chandra X-ray Observatory. Top, a
Hubble Telescope image of the M87 galaxy core,
where a black hole with a mass three billion
times that of the Sun is likely to reside. Bottom, a
simulation of what the black hole might look
like3 if you were looking down on a disk of
material swirling around the hole. The angular
size that the black-hole event horizon subtends
on the sky is between 3 and 6 microarcseconds,
depending on whether or not the black hole is
maximally rotating.
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