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ER-Golgi Rab protein (Yptlp) and the
Golgi—cell surface Rab protein (Sec4p) can
fulfill Rab function at several steps of secre-
tory pathway in the absence of both normal
Rab proteins (7). This provides compelling
evidence that Rab proteins do not accom-
plish vesicle targeting. Other insights into
Rab proteins have also emerged, including
the identification of critical proteins that
can modulate GTP binding or hydrolysis by
Rab proteins or that control attachment of
Rab proteins to membranes (8).

Meanwhile, the SNARE protein family
was discovered, and its central role in com-
partment-specific docking was established
(2). With this framework in place, evidence
has gradually accumulated during the last
few years for a different view of Rab proteins,
in which they somehow control the speed
(but not the intrinsic specificity) of mem-
brane fusion by regulating the rate of assem-
bly of SNARE complexes. Complexes of v-
and t-SNAREs are inherently stable and can
assemble spontaneously in vitro in the ab-
sence of Rab proteins. Yet, Rab proteins act
as upstream regulators of SNARE complex
assembly in living cells because mutations in
them prevent assembly of SNARE com-
plexes (9, 10). And recently, in an impor-
tant advance, Zerial and colleagues (11)
have shown directly that the level of
Rab[GTP] determines the overall rate of
membrane fusion. GTP hydrolysis is not
only independent of fusion but actually is
irrelevant to fusion per se, which occurs per-
fectly well with mutant Rab proteins that
cannot hydrolyze GTP, also ruling out vari-
ous kinetic proofreading models for Rab ac-
tion (12). What is relevant to the rate of
fusion is the absolute level of GTP-bound
Rab, which is set by a balance that is modu-
lated by various protein regulators and prob-
ably many unknown factors. Rab[GTP], pro-
duced from Rab{GDP], is the throttle that
sets the pace of membrane fusion, nicely in
keeping with the general role of GTP-bind-
ing proteins (G proteins) in biology, which
turn on signaling pathways as they are
switched into their GTP-bound states.

The engine of membrane fusion also has
dampers in the form of a family of proteins (13)
related to the yeast SEC1 gene whose members
bind to one or another t-SNARE (9, 14).
These proteins are required for vesicular trans-
port but act as negative regulators of SNARE
complex assembly, as first shown by Scheller
and colleagues (15), who found that a Secl-
family protein prevents its t-SNARE from
binding a v-SNARE. The physiological im-
portance of damping fusion by this mecha-
nism is clear. Certain mutations in a Secl-
family member (Sly1p) allow cells to live hap-
pily without the local Rab protein, Yptlp (6).
Rab proteins and Secl-family proteins are
therefore pitted against each other in a tug-of-
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war, the balance of which must somehow con-
trol the rate of fusion at the level of SNARE:.

Lupashin and Waters (1) now provide a
molecular mechanism that explains how this
works. Three new important observations es-
tablish the first concrete link between the
Rab, Seclp, and SNARE families of pro-
teins. First, they report that the ER-Golgi
Rab protein Yptlp, normally present on
transport vesicles budding from the ER, in-
teracts with the free Golgi t-SNARE
(Sed5p), but does not do so when this same t-
SNARE is complexed with cognate v-
SNAREs. Second, the local Secl-family
member (Slylp) is bound to the same t-
SNARE before, but not after, assembly with
cognate v-SNAREs. Third, the amount of
Secl-family member bound to its t-SNARE
systematically decreases as the level of the
local Rab protein is increased in living cells.

Together, these new findings imply that
Rab and Secl-family proteins are, respec-
tively, throttles and dampers of membrane
fusion, directly opposing each other by allow-
ing or preventing v-SNAREs access to t-
SNAREs. The fusion engine, burning ATP as
SNAREs are activated for fusion by the
ATPase NSF, will be throttled up when the
level of Rab[GTP)] on transport vesicles is in-
creased, displacing the Secl-family dampers
from t-SNAREs. Formally, Rab[GTP] acts as
a catalyst of SNARE complex assembly (9),
because it is neither generated nor consumed
as it accelerates the docking reaction (see fig-
ure). In addition, Secl-family proteins may
improve the reactivity of cognate t-SNAREs
toward Rab[GTP] (1).

T L TR Y PERSPECTIVES

We are probably only beginning to per-
ceive a sophisticated regulatory and signal-
transducing system that controls the speed of
what have long been regarded as constitutive
transport pathways. Because each transport
segment has a distinct set of Rab proteins, any
one segment can, in principle, be throttled up
or down in speed independently of the others,
allowing local flow patterns to be fine-tuned
to momentary physiological needs.
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| PLANETARY ATMOSPHERES |

Warming Early Earth and Mars

James F. Kasting

Sagan and Chyba (1), in their article on
page 1217 of this issue, have revived an old
debate about how liquid water was main-
tained on early Earth and Mars despite a solar
luminosity 25 to 30% lower than that at
present. A theory that has been popular for
some time (2) is that greatly elevated con-
centrations of atmospheric CO,, produced
by the action of the carbonate-silicate cycle,
provided enough of a greenhouse effect to
warm early Earth. However, Rye et al. (3)
have placed geochemical constraints on
early atmospheric CO, abundances that fall
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well below the levels needed to warm the
surface. These constraints are based on the
absence of siderite (FeCOj3) in ancient soil
profiles—a negative and, hence, rather weak
form of evidence—and apply to the time
period 2.2 to 2.8 billion years ago, when
Earth was already middle aged. Nonethe-
less, the soil data provide some indication
that atmospheric CO, levels may have been
lower than previously thought. An even
more serious problem arises if one tries to
keep early Mars warm with CO,. Model cal-
culations predict that CO, clouds would
form on Mars in the upper troposphere, re-
ducing the lapse rate and severely limiting
the amount of surface warming (4). A sug-
gestion that CO, clouds may have warmed

1213



o s
the planet radiatively (5) has yet to be borne
out by detailed calculations.

An alternative mechanism for warming
planetary climates, originally propounded by
Sagan and Mullen (6), is to take advantage of
the strong greenhouse effect provided by
NHj;. On Earth, atmospheric NH; concentra-
tions of 1075 to 10~* could have compensated
for reductions in solar luminosity of several
tens of percent (6, 7). Keeping NH; around
in the primitive atmosphere is not easy,
though, because it photolyzes rapidly and ir-
reversibly to form N; and H, (7, 8). Sagan
and Chyba (1) suggest that NH; may have
been shielded from solar ultraviolet (UV) ra-
diation by a layer of photochemically gener-
ated organic haze. Such a layer actually ex-
ists on Saturn’s moon Titan, where it is pro-
duced by UV and charged-particle irradia-
tion of the CH4-N, atmosphere.

The difficulty with this hypothesis is that
organic haze can only be produced efficiently
in atmospheres that are strongly reducing. In
weakly reducing atmospheres, CH, oxidizes
to CO; instead of polymerizing to form hy-
drocarbons. In charged-particle irradiation
experiments performed in Sagan’s labora-
tory at Cornell University (9), the key factor
was determined to be the local C/O ratio.
Ratios of C/O >1 promoted polymerization
of CHy; C/O < 1 led primarily to oxidation.
In the anoxic atmosphere of early Earth (or
Mars), the primary reservoirs of O would
have been H,O and CO;. Sagan and Chyba
rightly point out that the H,O concentra-
tion should have been low in the upper
stratosphere, where CH, would have been
photolyzed. This low concentration is not
likely to have been the case, however, for
CO;. Carbon dioxide should have been a
major component of volcanic emissions (10)
and would also have been generated by pho-
tochemical oxidation of CH, and CO. To
maintain C/O (or CH,/CO,) > 0.1, volcanic
CO; must either have been rapidly removed
from the atmosphere or else prevented from
entering the atmosphere in the first place.
Rapid weathering of the ejecta from fre-
quent, large impacts could, in principle,
have provided a large sink for CO, (11). But
the objects hitting Earth during this time
may also have brought in large amounts of
carbon, most of which should have been oxi-
dized on impact (12), so it is not clear that
frequent impacts would have resulted in low
concentrations of atmospheric CO,. A more
radical idea (13) is that volcanic CO, may
have been efficiently trapped beneath a
globe-encircling layer of ice. This suggestion
solves the faint young sun problem by giving
in to it, in which case there is no need for a
shield of organic haze. But while it is difficult
to rule this idea out during the earliest part of
Earth’s history, the planet cannot have been
globally covered by ice after about 3.5 billion
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years ago, because the presence of sedimen-
tary rocks (6) and life (14) at this time indi-
cates that surface water must have existed.
Thus, the proposed organic haze layer on
early Earth should only have existed if the
primitive atmosphere contained more CH,
than CO;. This prediction is substantiated,
in part, by photochemical model experiments
(15). Simulated UV irradiation of CO,-rich
atmospheres containing up to 1% CH, does
not form appreciable amounts of organic haze,
at least not by the type of polyacetylene pho-
tochemistry that is thought to occur on
Titan (16). The presence of oxidizing radi-
cals, primarily O and OH, short circuits the
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Warming trends. (Top) Planetary albedo as a
function of surface pressure and CH, mixing
ratio {CH,) for a CO,-dominated atmosphere
on Mars. The assumed surface temperature is
273 K. Calculations were made with the climate
model of (4). (Bottom) Effective solar flux S =
S/S, required to maintain the surface of Mars at
273 K (S, is the current value). The dashed line
shows the solar flux at 3.8 billion years ago,
when most of the valleys are thought to have
formed. A few bars of CO, combined with ~1%
CH, could have kept early Mars warm.

process by which CH, polymerizes. Note that
Titan, where such a smog layer exists, is not a
good analog for early Earth because the ex-
tremely cold temperatures there keep its at-
mosphere virtually free of both CO, and H,O.

How, then, can one solve the climate
problem for early Mars and keep early Earth
warm without violating the geochemical
constraints on CO,? Methane may indeed be
the answer, but the mechanism by which it
warmed the planets’ surfaces was probably
different from that envisioned by Sagan and
Chyba. Methane is itself a greenhouse gas,
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that is, it absorbs radiation at thermal infra-
red wavelengths. Kiehl and Dickinson (17)
have shown that a CH,4 concentration
f(CH,) of 100 parts per million in the primi-
tive terrestrial atmosphere could have com-
pensated radiatively for roughly a 10-fold re-
duction in CO,. This is within a factor of 2 of
the amount needed to reconcile the CO,
constraints from paleosols (3) with the evi-
dence for liquid water and life. A CH,4 con-
centration of 100 ppm at 2.2 to 2.8 billion
years ago could plausibly have been main-
tained by methanogenic bacteria, provided
that the atmosphere at that time was essen-
tially free of O, (18, 19).

Methane may have had an even bigger
effect on the paleoclimate than has hitherto
been realized because it also absorbs visible
(red) and near-infrared radiation (20). In-
deed, this is why Uranus and Neptune ap-
pear blue to the eye: the red wavelengths of
sunlight are absorbed by CH, (21). The con-
centration of CH, needed to significantly
alter planetary albedos is on the order of 0.1
to 1%. One can demonstrate this with a cal-
culation (see figure). The top panel of the
figure shows planetary albedo as a function
of surface pressure and f(CH,) for a CO,-
dominated atmosphere on Mars. The proce-
dure followed is identical to the “inverse”
climate calculation shown in figure 8 of (4):
The surface temperature was fixed at 273 K,
and the tropospheric lapse rate was assumed
to follow a moist adiabat in which both H,O
and CO, were allowed to condense. The re-
sults shown here are very crude because the
complex band structure of CH, in the vis-
ible—near infrared (20) has been approxi-
mated by a continuum. Thermal infrared
absorption by CH, has been modeled accu-
rately, however, using exponential sum coef-
ficients derived from laboratory absorption
measurements. The implications for the
martian paleoclimate are illustrated in the
bottom panel of the figure, which shows the
“effective” solar flux (that is, the flux nor-
malized to the present value) required to
maintain a surface temperature of 273 K for
different values of f(CH,). The horizontal
dashed line at S ¢ = 0.75 represents the effec-
tive solar flux 3.8 billion years ago, when
most of the martian valleys are thought to
have formed (22). Evidently, global mean
surface temperatures above freezing could
have been maintained by several bars of CO,
combined with ~1% CH,. The required
abundances of these gases might be lower if
high-altitude CO, clouds contributed some
degree of surface warming.

Where might atmospheric CH4 have
come from on early Mars? On Earth, as noted
earlier, methanogenic bacteria could have
generated copious quantities of CH4 once
surface life had become established. Such

bacteria could have existed on early Mars as
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well, and there is controversial evidence
from the martian meteorite ALH84001 that
supports this view (23). But there are pos-
sible abiotic sources for CHy, too, on both
Mars and early Earth. The one that was prob-
ably most important is that identified by
Sagan and Chyba, namely, submarine out-
gassing at mid-ocean ridges. Submarine vol-
canism favors CH, over CO, by shifting the
chemical equilibrium to the right in the reac-
tion CO; + 2H,;0 & CH, + 2 O;. Today, the
CH,/CO, ratio in hydrothermal vent fluids
is only ~1% (24), but it could have been
much higher in the past if the primitive
mantle were more reduced. Evidence for a
reduced early mantle is provided by thermo-
dynamic analyses of diamond inclusions (25)
and by recent studies of metal-silicate parti-
tion coefficients of siderophile elements
(26), which indicate that the upper mantle
could originally have been in equilibrium
with metallic iron. Applying these same ar-
guments to early Mars is speculative but not
outside the realm of possibility.

I note, parenthetically, that maintaining
f(CH,4) = 0.01 in the primitive martian at-
mosphere would require a CH, source com-
parable to that on modern Earth, which
would almost certainly have to be biological.
It would also require that hydrogen be
bottled up at the exobase so that it escaped at
less than the diffusion-limited rate (18). This
latter constraint seems physically plausible
in light of the cold temperatures expected in
a CO,-rich upper atmosphere, but it has not
been demonstrated that the escape of H
would have been slow. So, it is far from obvi-
ous that high CH,4 concentrations are the
solution to the early Mars climate problem. It
does seem likely that Sagan and Chyba are
on the right track, however: Reduced gases
probably were present in significant concen-
trations on both early Earth and Mars, and
they played an important role in climate evo-
lution on both planets. Sagan himself had
been fond of this idea for many years. It seems
likely that his excellent scientific intuition
will once again be found to be correct.
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UPDATE: CELL BIOLOGY

Sci. Lett. 146, 541 (1997).

Sticky Endings: Separating Telomeres
R. Scott Hawley

The ends of eukaryotic chromosomes are
capped by telomeres, which facilitate the
replication of the ends of the DNA mol-
ecule. The telomeres of both homologous
and nonhomologous chromosomes can
easily self-associate, perhaps as a simple
consequence of their structure—repeated
arrays of a sequence at the ends of all of an
organism’s chromosomes. Indeed, the clus-
tering of telomeres at one point in the
nucleus, creating a so-called “bouquet” of
chromosomes, has been noted in a variety
of organisms (1). As discussed in a recent
Perspective (2), these associations are suf-
ficiently strong that the separation of te-
lomeres presents a special problem for the
meiotic and mitotic segregational systems.

Evidence that cis- and trans-acting
functions are required for the separation of
telomeres at cell division has been recently
obtained in Tetrahymena and Drosophila
(3,4). In this issue (page 1252), Conrad et
al. (5) report agene (NDJ 1) that encodes a
telomere-associated protein required for
meiotic chromosome segregation in a
third organism, the yeast Saccharomyces
cerevisiae. This protein accumulates at the
telomeres of chromosomes during meiotic
prophase, and its absence results in high
levels of failed meiotic chromosome seg-
regation (meiotic nondisjunction). The
failure of homolog separation at meiosis is
observed whether or not the homologs
have undergone genetic recombination.
However, there is no effect of the absence
of the Ndj1 protein on the segregation of
telomere-less ring chromosomes, arguing
that Ndj1 protein is not required for mei-
otic chromosome separation per se, but
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rather that the Ndj1 protein is essential
to separate segregational partners that
have telomeres.

The Ndjl protein is also required for
the completion of homologous synapsis.
Loss of the Ndj1 protein delays the forma-
tion of the axial elements of the synap-
tonemal complex, a structure that con-
nects homologous meiotic chromosomes
along their length, without affecting re-
combination. The mechanism by which
the Ndjl protein facilitates synapsis re-
mains unclear, but the normal clustering of
telomeres into a bouquet may create three-
dimensional chromosome arrangements,
such as interlocked bivalents, that would
impede proper synapsis. An inability to
dissolve telomere-telomere interactions,
especially those between nonhomologous
telomeres, might prevent the chromo-
somal movements required to resolve
those problems and facilitate homologous
alignments. Such a model nicely explains
both the effects of Ndjl deficiency on
synapsis and segregation, and the rather
curious lack of effect of this deficiency on
ring chromosomes.

Thus, even as cells have used telo-
meres to neatly solve the problem of rep-
licating chromosomal ends, they have in-
troduced difficulties for chromosomal
movement because of the inherent sticki-
ness of telomeres. Perhaps not surpris-
ingly, cells have evolved ways to cope.
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