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A rare event. The lunar craters Messier and Messier A are the
only known example of a low-angle ricochet crater on the
Moon. Messier, the elliptical crater, is 16.5 km long. Broad
wings of ejecta extend perpendicular to the crater’s axis,
thrown out sideways as the meteorite grazed the Moon’s sur-
face. The bright streaks extend downrange and are probably
composed of pulverized material shot out along the direction

of motion. [Apollo 15 image AS15-2405(M).]

plains, where they are among the few solid
rocks that accumulate on the surface. Sim-
ilarly, most meteorite finds in the United
States come from Kansas, which is cov-
ered by deposits of loess similar to the
Pampas. On such plains, any stone is an
oddity, and meteorites, while never com-
mon, are much more likely to be found.
The impact-produced glass is much
harder to reconcile with this prosaic expla-
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nation. Bland et al. date the
glass to about 500,000 years—
much older than either the
craters or the meteorites. The
age of the Rio Cuarto glass is
similar to ages reported for
glass found in loess near the
city of Necochea, nearly 800
km southeast of the Rio Cuar-
to site. Schultz also recovered
very similar impact glasses
about 500 km south of Rio
Cuarto.

Impact glasses resembling
those of Argentina are well
known (3, 4). Called tektites,
these glassy stones are some-
times very beautiful and are
often sold as gems. At pre-
sent, four tektite strewn fields
are recognized; three of
which are associated with a
known impact crater. The
most famous is the Austral-
Asian field, which extends
more than 10,000 km. It seems
to be centered on Southeast
Asia, but a source crater has
not yet been identified. The
Moldavite field is associated
with the 22-km-diameter
Ries Crater in Germany. The
North American field was created by the
recently discovered Chesapeake Bay crater
(5); its diameter is controversial, but the
entire structure is some 90 km in diameter.
The Ivory Coast field was formed by the
10-km-diameter Bosumtwi crater in
Ghana. The Moldavite and the Austral-
Asian tektites were created by impact
melting of a surface layer of loess. Appar-
ently the highly porous, silica-rich material

of loess lends itself to strong heating by
shock and readily forms glass.

Bland ef al. propose that the Argentine
glass is the product of a previously unrec-
ognized impact somewhere near the Pam-
pas. The size of the proposed Pampean
tektite strewn field is intermediate be-
tween that of the Moldavite and the Aus-
tral-Asian fields. Modeling of slightly
oblique impacts, also reported in the pa-
per, suggests that glass melted from the
surface could have been splashed suffi-
ciently far to account for the Argentine
glasses.

Much work remains to be done to con-
firm the reality of this new tektite strewn
field. More glass must be collected to bet-
ter define the extent of the field. Further-
more, to qualify as a bona fide strewn
field, all the glass must have the same age.
The case would be stronger if a source
crater of the same age could be found and
the chemistry of the source rocks com-
pared with the chemistry of the ejected
glasses.

It does seem, however, that Bland et al.
have cut the Gordian knot of the Pampas
and revealed, not an oblique impact crater,
but a much larger strewn field of tektites.
As terrifying as the original picture of an
oblique impact that scarred the Pampas a
few thousand years ago was, the present
view of a shower of hot glass over a region
as large as Texas suggests a far more lethal
event half a million years ago.
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Not Just Another
ABC Transporter

Amy L. Davidson

ram-negative bacteria such as Es-
G cherichia coli have two protective

membranes (outer and inner) that
nutrients must traverse to reach the cyto-
plasm and nourish the cell. Small nutrients
diffuse across the outer membrane into the
periplasm through the water-filled pores of
proteins called porins; meanwhile outer-
membrane active transporters take up nutri-
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ents that are too big to squeeze through the
porins (I). Once in the periplasm, sub-
strate-specific transporters located in the
inner membrane move nutrients into the
cytoplasm. One class of these inner-mem-
brane transporters, known as periplasmic
binding protein—dependent transporters,
belongs to the ATP-binding cassette (ABC)
superfamily that couples ATP hydrolysis to
active transport. These ABC transporter
proteins operate in all species, from bacte-
ria to human, mediating both uptake and
efflux of a diverse array of compounds. A

variety of human diseases, such as cystic
fibrosis and macular degeneration, have
been traced to defects in the genes encod-
ing ABC transporters (2). On page 1091 of
this issue, Locher ef al. (3) present a high-
resolution (3.2 A) structure of the E. coli
ABC transporter, BtuCD, that is responsi-
ble for transporting vitamin B, into the cy-
toplasm of this bacterium (see the top fig-
ure). Their work contributes substantially
to our understanding of the molecular
mechanism of transport in this family.

The structure of the B, transporter is
the second high-resolution structure of a
“complete” ABC transporter—that is, one
containing two membrane-spanning do-
mains or subunits (BtuC) and two ATP-
binding cassettes (BtuD)—to be deter-
mined. (Six other cassettes have been
crystallized in the absence of the mem-
brane-spanning regions.) The first com-
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plete structure to be solved was that of
MsbA, a protein thought to transport lipid
A across the inner membrane of E. coli
from its site of synthesis in the cytoplasm
to its final destination in the outer mem-
brane (4). Even a cursory inspection re-
veals substantial differences between
BtuCD and MsbA. Whereas the mem-
brane-spanning region of the MsbA dimer
consists of two tidy bundles of six trans-
membrane o helices, each BtuC subunit
contains 10 transmembrane helices that
pack in an intricate fashion, crossing at
different angles and sometimes breaking
formation before reaching the
opposite face of the mem-
brane. The structure of BtuCD
reveals a translocation channel
positioned between the sub-
units that is large enough to
accommodate By, (3). The
channel is gated closed at the
cytoplasmic surface by two of
the cytoplasmic loops that
connect the transmembrane o helices.
ABC transporters that move smaller nutri-
ents across the membrane are predicted to
have only 10 to 14 transmembrane helices,
with 12 being the canonical number. This
implies that the 20 helices seen in BtuCD
may be needed to stabilize a larger central
channel.

In contrast to the transmembrane struc-
tures, each of the eight available ATP-
binding cassette structures has essentially
the same fold irrespective of the nature of
the transported substrate (5). In addition,
the area of contact between the cassette
and transmembrane region is the same in
both MsbA and BtuCD. ATP hydrolysis by
ABC transporters is highly cooperative,
but how the two ATP-binding cassettes in-
teract with each other remains controver-
sial. In the first structure of an ATP-bind-
ing cassette (6)—that of HisP, a subunit of
the bacterial histidine permease—the nu-
cleotide-binding sites, as defined by the
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The ABC of transport. A structural study
of the vitamin B,-specific ABC transporter
of E. coli (3) reveals a tetrameric protein
comprised of two alpha-helical transmem-
brane subunits (blue and cyan) and two cy-
toplasmic ATP-binding cassettes (green
and yellow). Two ATP-binding sites, located
along a dimer interface, are occupied by
tetravanadate (red). Also shown is a
periplasmic binding protein (pink), bound
to its substrate (gray), that is about to
dock with the transporter to initiate
translocation of the substrate into the cy-
toplasm. In this illustration, the ferric
siderophore binding protein FhuD (73) sub-
stitutes for the By, binding protein, whose
structure has not yet been determined.

Walker A and B motifs (7), faced away
from the HisP dimer interface. As a conse-
quence, the bound ATP in HisP is exposed
at the surface, in contrast to other ATPases
where ATP is buried in a pocket. To rectify
this inconsistency, Jones and George (8)
provided an alternate model for dimeriza-
tion of HisP. Their model proposed that the
ABC family signature motif, Leu-Ser-Gly-
Gly-Gln (LSGGQ), of each cassette com-
pletes the ATP-binding site of the oppos-
ing cassette such that the two ATP
molecules are buried in the dimer inter-
face. This would explain the strict require-

ATP hydrolysis
prevented

ment for two ATP-binding cassettes in
each transporter, because residues from
both cassettes would be required for hy-
drolysis of ATP. Supporting this model
was the discovery of the same dimer inter-
face in Rad50 (9), a distantly related ABC
protein involved in DNA repair. However,
none of the subsequent structures of true
ABC transporters, including MsbA, have
displayed this dimer interface, calling into
question its relevance to the ABC transport
mechanism.

The structure of BtuCD differs from
the structure of MsbA and resembles that
of Rad50 in that the LSGGQ motifs are
again found opposite the ATP-binding mo-
tifs of the opposing subunits. Hence, this
new structure of a bona fide ABC trans-
porter shifts the balance of the controversy
in favor of a common dimer interface for
all ATP-binding cassettes in which the
family signature or LSGGQ motif always
participates in ATP binding and hydroly-
sis. If true, then it appears that the MsbA
subunit, together with all isolated ATP-
binding cassettes crystallized to date, have
crystallized as monomers.

Structural alignment of BtuD, or any oth-
er ATP-binding cassette structure (/0), with
Rad50 reveals how ABC transporters might
work. In figure 5 of the Locher et al. paper
(3), we see that in the absence of ATP, the

Transition state

Releasing the grip on By;. In the structure of the bacterial ABC transporter BtuCD (3), a By;
translocation pathway across the membrane (visible along the dimer interface of the BtuC sub-
units) is closed at the cytoplasmic surface. Conserved motifs from both BtuD subunits contribute to
each of the ATP-binding sites. In the resting state, ATP hydrolysis is prevented because these motifs
are held apart (A). The binding protein, BtuF, performs a dual role: It delivers B, to the mouth of the
transporter as it binds tightly to stabilize the transporter in the catalytic transition state conforma-
tion that promotes ATP hydrolysis (B). In this conformation, portions of the two BtuD subunits have
moved together to complete the ATP-binding sites, BtuF has relinquished its grip on B;;, and rear-
rangements in the transmembrane helices have opened the translocation pathway from the binding
protein to the cytoplasm. A vestibule located in the cytoplasm between the four subunits permits
B, to exit even while the BtuD subunits are still tightly engaged. After ATP hydrolysis and B, re-
lease, the transporter returns to the original state and BtuF is released (C).
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LSGGQ motif of BtuD is pulled away from
the Walker A motif of the opposing subunit
by about 4 A relative to the same motif in
the RadS0 structure, where residues from
both motifs make contact with bound ATP
(9). Thus, activation of ATP hydrolysis
may be associated with movement of the
LSGGQ motif into contact with the phos-
phates of ATP (11). Likewise, release of
ADP and/or P; (inorganic phosphate) fol-
lowing hydrolysis may require the with-
drawal of the LSGGQ motif (/0). Because
the two ATP-binding cassettes are tightly as-
sociated with the two transmembrane sub-
units, one can imagine that movement of the
two cassettes relative to each other in re-
sponse to ATP binding and hydrolysis could
translate into movements that open the gate
between the two transmembrane subunits,
allowing B, to enter the cytoplasm through
the central channel (see the bottom figure).
This picture, however, is only partially
complete. What prevents B, from escaping
back into the periplasm (leading to ATP hy-
drolysis without B, transport)? Enter the
periplasmic binding protein. Chen et al. (12)
have recently shown that the periplasmic
maltose binding protein is required for cou-
pling maltose transport to ATP hydrolysis.
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In addition to binding the substrate with
high affinity, the binding protein also stimu-
lates ATP hydrolysis, becoming tightly
bound to the transporter in the catalytic tran-
sition state, when ATP is trapped between
the two subunits. Taking a cue from the mal-
tose transport system (/2), the tight binding
interactions in the Btu system that are ex-
pected to develop during ATP hydrolysis—
between the binding protein (BtuF) and the
BtuC subunits, and between the BtuD sub-
units and ATP molecules along the dimer in-
terface—may reduce the affinity of the
binding protein for By, as the gate opens to
the cytoplasm. These simultaneous changes
will allow B, to dissociate and enter the cy-
toplasm, but not the periplasm, which is
temporarily blocked by the physical pres-
ence of the binding protein BtuF in the
transporter complex (see the bottom figure).

The BtuCD structure has a vestibule be-
tween the four subunits that appears large
enough to allow release of By, into the cy-
toplasm even while the ABC subunits are
tightly engaged. A complex of transporter
and binding protein resembling the catalytic
transition state can be stabilized with phos-
phate analogs such as vanadate (/2) or alu-
minum fluoride. Comparison of the ground

state, as seen in the Locher er al. structure,
with an intermediate resembling the catalyt-
ic transition state should elucidate the con-
formational changes that couple transport
to ATP hydrolysis in an ABC transporter.
Finally, the structural diversity of the trans-
membrane region documented by the first
two structures of complete ABC trans-
porters, each of which is tailored to do a
specific job, underscores the importance of
performing these experiments in many dif-
ferent ABC transporters to obtain a full un-
derstanding of how the energy of ATP hy-
drolysis can be harnessed to do work.
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Bubbles, Flows, and Fields

A.C. Fabian

ost galaxies, including our own,
M appear to have a massive black

hole at their center. Some, the ac-
tive galactic nuclei, are visible to us as a
result of luminous outpourings such as
quasars and the less powerful Seyfert
galaxies. About 10% of active galactic nu~
clei are strong radio emitters. Diametrical-
ly opposed pairs of powerful energetic jets
squirt out of these “radio-loud” objects at
relativistic speeds. The jets themselves are
rarely detected; the strongest evidence for
their existence may be a pair of lobes of
radio-emitting material on either side of
the nucleus where the jets are shocked and
decelerated by surrounding gas.

The first of these jets was sighted by H.
Curtis almost 90 years ago in the giant el-
liptical galaxy M87 in the Virgo cluster.
Twin radio lobes were reported almost 50
years ago. Yet the matter content of jets
(apart from the emitting electrons), their
total power, and their evolution remain un-
certain. The high spatial resolution x-ray
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imaging achieved by NASA’s Chandra ob-
servatory is, however, beginning to answer
these questions.

X-ray observations have proven so use-
ful because the gaseous atmospheres that
fuel the jets usually have temperatures on
the order of 10° to 107 K. By studying the
surrounding gas, particularly bubbles in
the gas blown by the jets, their total power
and history over the past 107 to 10® years
can be deduced. Holes and depressions in
the x-ray emission have now been seen
around radio sources in numerous clusters,
including the Virgo cluster, the Perseus
cluster, Hydra A, and the Centaurus clus-
ter (/-5).

The relativistic jets are believed to
originate very close to the central black
hole and are probably ejected up the rota-
tion axis of the accreting gas, or the spin
axis of the black hole itself. As the jet de-
celerates in the surrounding matter, a bub-
ble of low-density heated gas and relativis-
tic plasma accumulates about the end of
the jet. Unless the jet is so powerful that it
dominates the hot gas, the bubble expands
until buoyancy forces cause it to rise up
and break away as a new bubble forms.

The situation is similar to that of a drip-
ping tap, with relative densities and direc-
tions reversed.

A bubble appears as an x-ray hole be-
cause its density is low. Provided that
the bubble is not expanding supersoni-
cally (which is unlikely because the x-
ray images show no evidence for
shocks), its pressure should be similar to
that of the surrounding gas, which can
be deduced from the x-ray data. Pressure
is proportional to energy density, and the
volume of the bubble therefore gives an
estimate of its total energy. The age of
the bubble can be derived from the
buoyancy force, yielding the mean total
power of the jets.

Alternatively, these quantities can be
deduced from only the radio data. The
pressure can be deduced, assuming that
the total energy of the cosmic rays and
magnetic field that produce the syn-
chrotron radio emission is minimized. The
age can be deduced by identifying a spec-
tral break in the power-law spectrum due
to synchrotron losses. The energy may not
be at a minimum, however. Furthermore,
the pressure associated with the positively
charged particles presumed to accompany
the radiating electrons has to be accounted
for, as well as any other relativistic com-
ponents that do not contribute to the ob-
served waveband.

With standard parameters, this method
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