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A molecular full nelson

Robert C. Liddington

The crystal structure of the final component of the three-part anthrax toxin
shows how it disables a host sighalling molecule, while simultaneously
using that molecule to stimulate its own activity.

would be a harmless, soil-dwelling bac-

terium were it not for two extra DNA
molecules, set apart from its main chromo-
some, known as pXO1l and pXO2. pXO2
encodes the proteins that create a protective
capsule for B. anthracis. pXO1 encodes,
among other proteins, the three that are col-
lectively known as ‘anthrax toxin’: protective
antigen (PA), lethal factor (LF) and oedema
factor (EF). On page 396 of this issue, Drum
and colleagues' describe the crystal structure
of EF in complex with its host-cell activator,
calmodulin, and in so doing complete our
atomic-resolution view of this toxic trinity®*.
The structure shows how EF hijacks one
of the key intracellular proteins involved
in calcium-triggered signalling pathways, at
once disabling the protein and using it to
stimulate its own catalytic activity. This
activity inhibitsthe immune response against
the bacterium, allowing infection to proceed.

When B. anthracisspores are inhaled they
lodge in the lungs, where they are ingested by
macrophages — immune cells that are the
firstline of defence against cellular intruders.
By mechanisms that are poorly understood,
the spores are not destroyed but germinate
and multiply within membranous compart-
ments called phagolysosomes in macro-
phages. The spores then form vegetative
cells that eventually kill the macrophages’.
By that time, however, the macrophages
have migrated into the lymph nodes, where
their deadly cargo is released. From there,
B. anthracis moves into the bloodstream,
where it multiplies prolifically and secretes
anthrax toxin, ultimately killing its host with
aform of septic shock.

The LF and PA components of anthrax
toxin seem sufficient to cause these later
features of an ‘inhalation’ anthrax infection.
So the involvement of EF in such infections
has been unclear, although it is known to
cause tissue swelling (oedema) in the usually
non-lethal, cutaneous form of anthrax.
Recent data have indicated, however, that
all three toxin components are required for
the spores to germinate and survive in
macrophages, and then to kill them®. Studies
of the interaction between anthrax toxin and
macrophages have generally looked at how
purified toxin proteins enter macrophages
from the bloodstream — that is, the mecha-
nisms underlying the late stages of infection.
Butitis easy toimagine that similar strategies
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Figure 1 Bacillus anthracis, with (inset) a depiction of

the findings of Drum et al.*. Anthrax oedema factor (EF)

before (left) and after (right) binding to calmodulin,
shown in red. The yellow and blue arms of EF grab

and twist calmodulin so that it can no longer send signals to other proteins in the host cell. At the same
time, binding of calmodulin organizes two loops (orange and purple), creating a binding site for ATP
that allows catalytic conversion to cyclic AMP to proceed. (Diagram courtesy of A. Bohm.)

could be used at an earlier stage to transport
the toxins into macrophages from within,
across the phagolysosome membrane. If so,
the transport process would begin with the
activation of PA by protein-cleaving enzymes,
and the insertion of PA (induced by the acidic
conditions in the phagolysosome) into the
phagolysosome membrane. EF and LF could
then pass through PA into the cell.

EF is an adenylyl cyclase: it catalyses the
production of cyclic AMP from ATP, the cell’s
main energy store. Precisely how increased
levels of cyclic AMP mediate the toxic
effects of EF is unclear. But, in macrophages,
cyclic AMP inhibits the activity of the gene-
transcription factor NF-kB — a protein that
would normally stimulate the production of
several inflammatory factors that coordinate
immune responses. LF, on the other hand,
is a surgical protease: it cleaves one specific
bond in signalling proteins of the MAPKK
family, effectively cutting their lines of
communication®’. Several members of this
family cooperate in pathways that converge
on the activation of NF-«B?, suggesting
how the two toxic enzymes, LF and EF, could

collaborate to defeat the immune system,
including promoting macrophage death®.

EF is highly efficient at catalysing the pro-
duction of cyclic AMP, but only when it is
bound to the host protein calmodulin. Pre-
sumably, such in situ activation is important
for the bacterium to avoid the effects of its
own toxin. But why use calmodulin? First,
it is highly abundant, representing up to
1% of total cellular protein. Second, it is the
principal mediator of Ca®* signallingin cells.
In response to several different extracellular
stimuli, Ca** levels rise subtly but signifi-
cantly, from resting levels of 107" Mto 6 x 10
M. Calmodulin contains two lobes: one
has high affinity for Ca** and binds to two
Ca’* ions all the time; the other has lower
affinity and binds only when intracellular
Ca’* levelsrise. Binding of Ca®* to thesecond
lobe brings about a change in structure that
exposes hydrophobic surfacesin calmodulin.
This allows it to bind to and activate other
signalling molecules — usually by wrapping
around an autoinhibitory helical structure,
orabundle of helices, in these molecules.

Drum et al.’s crystal structure of EF in
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complex with calmodulin® reveals that the
toxin rides roughshod over these subtle mol-
ecular signals, and that it binds to calmodulin
in a very unusual way. First, EF binds to
calmodulin in the ‘low calcium’ state, even at
the very high (millimolar) levels of Ca?* used
to grow crystals. It does this by gripping the
lower lobe with one arm while another arm
grabs the upper lobe and twists it relative
to the first (Fig. 1). This generates a contact
region of 6,000 A? between the two proteins,
the largest such region observed so far.

However, although the binding constant
for the EF-calmodulin complex is good
enough to ensure an irreversible complex,
it is lower than that expected from the size
of the contact region. Presumably, some of
the binding energy must be expended in
the large conformational changes that are
induced in both EF and calmodulin. This
molecular ‘full nelson’ locks calmodulin into
a conformation that cannot bind to its nor-
mal intracellular targets, even at increased
Ca*" levels. This raises the possibility that EF
serves to soak up or ‘titrate out’ calmodulin,
preventing it from carrying out its usual
activities. These include the activation of
enzymes that catalyse the breakdown of
cyclic AMP to form ATP — the reverse of
the reaction catalysed by adenylyl cyclase.

Meanwhile, the new contacts between EF
and calmodulin order and reorganize two
loops of EF to allow it to bind to its substrate
(ATP; Fig.1). In an example of convergent
evolution, the structure reveals that EF’s
catalytic machinery has similarities, as well
as differences, to that of eukaryotic adenylyl
cyclases, although the structure of the pro-
tein surrounding and supporting the active
site is quite different. This is good news for
drug designers, although it remains to be
seen whether EF isauseful drug target.

What s left to be done? Much of the work
on anthrax toxin has involved the binary
combinations of either EF with PA or LF
with PA. But it seems increasingly likely that
EF and LF work together to alter and disable
signalling pathways that are involved in
host defence, particularly during the critical
early stages of infection. This molecular
teamwork will no doubt be the subject of
much future research. m
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Extragalactic astronomy
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Cosmic censorship

Max Tegmark

Cosmologists believe the Universe will expand forever, but our powers to
observe it will not accelerate at the same rate. What does this mean for the

future of astronomy?

telescope is adorned with billions of

galaxies in a rich variety of shapes and
sizes. Yet 100 billion years from now, the
sky is likely to be dark and drab, with only
a handful of galaxies still visible to us. The
discovery in 1998 that the expansion of the
Universe is accelerating™* (rather than slow-
ing down or even reversing) has generally
been heralded as good news for our long-
term future, because it suggests that the
Universewill expand forever, rather thanend
in a cataclysmic crunch. But it has long been
known that such a future is fraught with
problems that are likely to make it fairly
lonely. Apart from the inevitable death of
individual objects, such as our Sun running
out of fuel, all but our closest neighbours
will disappear forever across a ‘cosmic event
horizon’ from beyond which no light or
information will ever reach us. In a paper
available as a preprint, and appearing soon
in Physical Review D, Abraham Loeb® has
quantified this cosmic censorship to a new
level of detail, and his results provide sober-
ing news for extragalactic astronomers.

This is how the cosmic censorship works.
Suppose for a moment that we lived in a
much simpler, non-expanding, infinite Uni-
verse of the sortscientists imagined 100 years
ago. If such a Universe had been created in a
Big Bang 13 billion years ago, then we could
never see further than 13 billion light years
in any direction, because light from further
away would not have had time to reach us.
We would effectively be surrounded by a
spherical horizon with a radius of 13 billion
light years, which would grow linearly with
time so that we could see almost any distance
if we just waited long enough. The same
thing happens in an expanding Universe —
there isstill aspherical horizon from beyond
which light has not had time to reach us.
Indeed, the expansion eliminates the ques-
tion of what the Big Bang looked like: distant
objects become progressively dimmer, with
the horizon itself infinitely dim and hence
black and invisible.

Until recently, there was no reason for
astronomers to feel censored: the expansion
of the Universe was expected to keep slowing
down, so our visible horizon would keep
growing without bound, encompassing ever
more objects (Fig. 1). But the discovery that
the expansion of the Universe is actually
speeding up (as a result of mysterious ‘dark
energy’) changes all this, causing the growth

The night sky seen through a large

Figure 1 Here today, gone tomorrow: galaxies
visible to the Hubble Space Telescope. Does
the accelerating expansion of the Universe
signal a bleak future for astronomy? Abraham
Loeb? calculates that in 100 billion years most
of the currently observable Universe will be
invisible to us.

of the horizon to grind to a halt. Because
distant galaxies will recede from us at ever
increasing rates, they will soon leave the
region of spacetime that we will be able to
observe. The only galaxies that will stay and
keep us company are those to which we are
gravitationally bound, such as those in the
Virgo cluster.

But galaxies will not simply pop out of
sight. Imagine a spiral galaxy spinning as
it recedes from us, appearing smaller and
dimmer over time. As we see it approach
the horizon, it will gradually appear to
stop shrinking and spinning, its image for-
ever frozen in time. The frozen image will
then slowly become dimmer and fade from
view. This means that we will never be able
to see most objects develop beyond a certain
age. This is analogous to what something
looks like when it falls through the event
horizon into a black hole, only this time
the event horizon is around us, and we are
forever trapped inside — doomed to experi-
enceasortof cosmic claustrophobia.

Although not the most urgent problem
facing humankind, future astronomers will
be severely limited in what they can see
and do, as Loeb shows®. For instance, if we
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