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could be an important factor in their association
with some neurodegenerative diseases (15) and
might allow their dissociation into oligomers,
which can interact with cellular components. The
differences between the moduli of mature
amyloid fibrils and HbS fibrils further highlight
the different balance of inter- versus intra-
molecular interactions. Thus, in both cases, a siz-
able fraction of residues participates in hydrogen
bonds: within a helices for HbS and within b
sheets for amyloid fibrils. However, for HbS
fibrils, these bonds are all within one individual
molecule, and the intermolecular interactions are
mediated by weaker surface interactions; on the
other hand, for amyloid fibrils, some or all of the
hydrogen bonds are intermolecular when they
can contribute to the long-range stability of the
fibril and the high elastic modulus. These con-
clusions are exemplified by the orb-weaving
spider’s use of two forms of silk. Dragline silk,
which contains a high fraction of densely
hydrogen-bonded domains, is used to provide
the structural scaffold for the web (27) and has
an elastic modulus that is comparable to hydrogen-
bonded cross-b protein nanofibrils (Fig. 2). On
the other hand, web capture silk, which serves
for arresting prey, is a viscid biofilament con-
taining cross-linked polymer networks and has
an elastic modulus that is comparable to that of
elastomers such as rubber and elastin (27).

The finding that the rigidity of amyloid
fibrils is described by a common elastic mod-
ulus, defined predominantly by intermolecular
interactions involving the common poly-
peptide main chain, provides quantitative evi-
dence for the idea (2) that these structures

form a generic class of material. In addition,
our results provide insight into the changes in
the distribution of inter- versus intramolecular
bonding interactions associated with the tran-
sition of proteins from their native globular struc-
tures into polymeric supramolecular assemblies.
Finally, comparisons between artificial self-
assembling protein fibrils and natural cellular
structures exemplify the design criteria used in
nature to select materials for structural applica-
tions and provide inspiration for the design of
novel nanoscale biomaterials.
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A Sulfur Dioxide Climate
Feedback on Early Mars
Itay Halevy,1* Maria T. Zuber,2 Daniel P. Schrag1

Ancient Mars had liquid water on its surface and a CO2-rich atmosphere. Despite the implication that
massive carbonate deposits should have formed, these have not been detected. On the basis of
fundamental chemical and physical principles, we propose that climatic conditions enabling the
existence of liquid water were maintained by appreciable atmospheric concentrations of volcanically
degassed SO2 and H2S. The geochemistry resulting from equilibration of this atmosphere with the
hydrological cycle is shown to inhibit the formation of carbonates. We propose an early martian climate
feedback involving SO2, much like that maintained by CO2 on Earth.

Martian geomorphology indicates the
existence of liquid surface water, per-
haps even an ocean (1), during the late

Noachian epoch [~3.8 × 109 years ago (2)], when
surface temperatures were marginally above freez-
ing (3) but still considerablywarmer than at present.
The clement conditions are most likely explained
by an optically thicker atmospheric greenhouse (4)
that may also have had to compensate for a dimmer
sun (5). A CO2-rich atmosphere could have been
supplied by vigorous volcanism associated with the

emplacement of the Tharsis igneous province (6)
as well as with earlier episodes of crustal formation.
Although attempts at explaining the existence of
liquid water with an atmosphere of pure CO2 are
complicated by CO2 condensation (7), the possible
existence of infrared-reflective CO2 ice clouds (8)
or atmospheric heating due to absorption of solar
radiation by trace amounts of SO2 (9) has been
suggested to resolve this difficulty.

If early volcanic activity onMars did sustain a
thick CO2 atmosphere, one might expect the

existence of a carbon cycle similar to Earth’s,
where the release of CO2 from volcanoes is
balanced by burial of calcium carbonate through
silicate weathering reactions that remove protons
and release alkalinity to seawater (10). The de-
pendence of silicate weathering on temperature
and precipitation creates a negative feedback on
the atmospheric abundance of CO2, stabilizing
the climate to maintain surface conditions with
adequate liquid water for weathering as long as
the volcanic release of CO2 continues. Existence
of such a carbon cycle on Mars would have left
carbonate sediments at the surface as well as
abundant clays left over from the weathering
process. For example, a carbon outgassing flux of
7 × 1012 mol C year−1, about the same as the
modern volcanic outgassing rate on Earth (11),
maintained for 108 years would result in a global
carbonate layer ~180 m thick. The same mass of
carbonate precipitated in an ocean covering 30%
of Mars (1) would form a layer ~600 m thick.
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