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Oxygen isotopes indicate most intracellular water in
log-phase Escherichia coli is derived from metabolism
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The transport of water into and out of unicellular organisms is a
seemingly simple process in which water diffuses either through
pores or directly across the membrane. Because of the rates at
which water can theoretically diffuse, it is generally accepted that
intracellular water is indistinguishable from extracellular water.
Using stable isotope ratio mass spectrometry, we directly tested
this assumption. Here we demonstrate that under active growth,
up to 70% of the intracellular water in log-phase Escherichia coli
cells was actually generated during metabolism and was isotopi-
cally distinct from extracellular water. The contribution of metab-
olism to intracellular water was substantially less in stationary-
phase or quiescent cells.

stable isotope | mass spectrometry | water transport

Stable isotopes are commonly used as a tool for probing
complex biological and environmental processes. For in-
stance, at the cellular level, hydrogen, carbon, nitrogen, and
oxygen isotopes are often used to dissect reaction mechanisms
and as tracers to follow metabolic pathways. On a more global
level, these same isotopes are used in ecological studies to probe
the relationship among environmental nutrients, water, and
organic molecules and biological tissues. Information from these
studies can be used to deduce information about the growth
environment of an organism or source of a sample from its
isotope ratios (1-3). A common approach to environmental
reconstruction by geochemists is the analysis of isotope ratios of
biomarkers, resistant biogenic molecules, to infer the conditions
under which the metabolites were formed (4). Because the
hydrogen and oxygen isotope ratios of precipitation are strongly
influenced by environmental variables, these elements are of
particular utility in both paleoclimate and forensic studies.

Studies of isotopic relationships between growth water and
organic components of organisms are often carried out under
laboratory conditions to determine fractionation factors be-
tween organism and environment. The results from these studies
are then used to infer information about the growth environment
that led to the production of the same compounds isolated from
environmental samples. Two implicit assumptions are nearly
always made during environmental reconstruction. The first is
that intracellular water is isotopically identical to extracellular
water (5, 6). This idea is based on the notion that water inside
of a cell should be in rapid equilibrium with water outside of the
cell. The second assumption is that the isotopic fractionations
determined from cellular studies performed in the laboratory
will be equivalent to those ratios measured in the natural
environment.

We recently questioned the validity of these two common
assumptions when studying the biosynthesis of heme O. When
Escherichia coli cells were grown in the laboratory in 2X LB
prepared with 95% H3°0, ~40% of the heme O molecules
contained a labeled oxygen atom in the 17-hydroxyethylfarnesyl
moiety (7), despite the fact that this oxygen atom is known to be
derived from water (8). Thus, the isotope ratio of the heme O
metabolite did not match what would be predicted from the
known isotope ratio of the growth medium water. Based on these
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data, we surmised that much of the water inside of the rapidly
dividing E. coli cells must have been isotopically distinct from the
water in the growth medium.

Here we demonstrate that ~70% of the intracellular water in
rapidly dividing E. coli cells grown in 2X LB is generated during
metabolism. Furthermore, we demonstrate that the extent to
which intracellular water is isotopically distinct from extracellu-
lar water is significantly influenced by the metabolic state of the
cell. These results will have a profound impact on both biochem-
istry and environmental reconstruction data using oxygen and
hydrogen isotopes, because they demonstrate that intracellular
water is not necessarily isotopically identical to extracellular
water, and that isotope ratios obtained from heterotrophic
organisms grown under optimal conditions in the laboratory may
very well be different from ratios obtained from organisms
grown in natural environments.

Materials and Methods

Cultures. E. coli BL21 (DE3) cultures were grown in 2X Miller LB
broth (EMD Chemicals, Gibbstown, NJ) at 37°C with shaking at
225 rpm. The culture volume was 1/10 the flask volume. The 2
LB contained 20 g of tryptone, 10 g of yeast extract, and 20 g of
NaCl per liter and had an osmolality of 838 milliosmolar/kg, as
measured on a Wescor (Logan, UT) 5500 vapor pressure os-
mometer. Batches of LB were made with isotopically varying
water.

To determine the optical density readings associated with
mid-log phase, we monitored growth of cultures in 2X LB, taking
regular absorbance measurements at 600 nm on a Hach Odyssey
(Loveland, CO) spectrophotometer. Mid-log phase was associ-
ated with ODgq readings of 0.8—1.0 and a doubling time of ~30
min. Stationary-phase cells were harvested ~12 h after inocu-
lation, when the ODyg of a 1:10 dilution of the culture had been
~().7 for 3 h. Cell cakes were harvested by pouring the culture
through a 0.2-um NL 16 filter (Schleicher & Schuell) under
house vacuum. As soon as the cell cake appeared dry, it was
either harvested by scraping it from the membrane with a razor
blade or washed with 1 ml of 2X LB made with isotopically
varying water and then harvested. The cell mass was transferred
immediately to a vial, sealed, and frozen. Samples of spent
medium and wash solutions were collected and frozen at the
same time.

Water was extracted cryogenically from the cell pellets and
spent medium samples using a modification of earlier methods
(9, 10). Vials containing frozen cell pellets or medium were
placed inside a heavy-walled Pyrex (Fisher Scientific) test tube
connected to a cold finger trap. The Pyrex tube and cold finger
assembly was connected to a vacuum line but kept isolated from
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the vacuum pump via a valve. The test tube containing the
sample vial was then submerged in liquid nitrogen for several
minutes, after which the valve to the vacuum pump was opened
and the assembly evacuated. The test tube and cold finger were
then reisolated from the vacuum pump and checked for constant
vacuum with an in-line vacuum gauge. Water was then com-
pletely distilled from the sample and collected in the cold finger
under static vacuum by placing the Pyrex tube containing the
sample vial into a boiling water bath for ~1 h. Once distillation
was complete, the distilled water was placed in crimp-top vials,
sealed, and stored in a cold room before stable isotope ratio
analysis.

Stable Isotope Ratio Measurements. Stable isotope ratios are mea-
sured relative to internationally recognized standards. We cal-
ibrate laboratory standards to the international standards and
then include the laboratory standards as internal standards in
every run. Stable isotope contents are expressed in “delta”
notation as 8 values in parts per thousand (%o), where %o =
(Ra/Rsta — 1):1,000%o0, and Ra and Rsq are the molar ratios of
the rare to abundant isotope (e.g., 1¥0/'%0) in the sample and
the standard. The standard used for both oxygen and hydrogen
is Vienna standard mean ocean water (11).

Oxygen stable isotope ratios were determined on a Ther-
moFinnegan-MAT Delta Plus XL isotope ratio mass spectrom-
eter (Bremen, Germany) equipped with a Thermo Chemical
Elemental Analyzer (ThermoFinnegan-MAT) and a GC-PAL
autosampler (CTC Analytics, Zwingen, Switzerland) (12). In-
jection volume was 0.5 ul. Water samples were analyzed in
duplicate, and the results were averaged. The average standard
deviation of repeated measurements of water standards was
0.2%o0.

Results

Cellular Water Can Be Isotopically Distinct from Growth Medium
Water. Water molecules can enter a cell via diffusion from the
culture medium water or be generated during metabolic reac-
tions. If an isotopic gradient could be maintained during har-
vesting of a cake of cells on a filter, then water extracted from
the cell cake could be modeled as a two-component mixture in
which

8cell cake — f(Smedium) + (1 - f)(smetabolic)v [1]

where 8cell cakes Omedium, aNd Ometabolic are the oxygen isotope
ratios of the water extracted from the cell cake and the culture
medium and the metabolic water, respectively, and f is the
fraction of the cell cake water that is identical to the culture
medium water. If pedium 1S manipulated and 8¢y cake measured,
Eq. 1 becomes the equation of a straight line where the slope is
equal to f.

We grew four cultures of E. coli to mid-log phase in 2X LB
medium made with isotopically varying water and harvested the
cells on filters. The cell cakes were then scraped from the filters,
sealed in vials, and frozen. Samples of the spent medium were
also collected. Water was extracted from both the cell cakes and
the spent medium and the oxygen isotope ratios determined.
This experiment was conducted five times.

The slopes of Sceli cake VETSUS Smedium Values obtained in the five
experiments were not significantly different (F = 1.03, where
Foos = 3.63) (13), and the data from the five experiments were
therefore combined (Fig. 1). The slope of the regression line of
the pooled data are 0.90 (Table 1). Thus, the water extracted
from the cell cakes was isotopically distinct from the growth
medium water. One way in which the cell cake water could
become different from the growth medium water would be if
significant evaporation occurred as the cells were being collected
on the filters, because evaporation generally increases the iso-
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Fig. 1. Regression of the oxygen isotope ratio of extracted cell cake water
versus that of growth medium water. Data are from five experiments in which
cellswere grown in 2X LB and harvested at mid-log phase. The standard errors
of the slope and intercept are 0.019 and 0.21, respectively. Error bars repre-
senting the standard error of measurement for each data point are concealed
within the symbols on the graph.

tope ratios of the residual water (14-16). Our data are not
consistent with evaporative enrichment, however, because the
cell cake water samples extracted from cells grown in media
made with isotopically heavy water were depleted when com-
pared with the medium water. This difference is unlikely to be
accounted for by evaporation and is instead more consistent with
the two-component mixing model of Eq. 1. The slope of 0.90
indicates that ~10% of the oxygen atoms extracted in the cell
cake water was isotopically distinct from the growth medium
water.

The Presence of Isotopically Distinct Water Is Correlated with Meta-
bolic Activity. To test whether this isotopically distinct water was
generated during metabolism, two experiments were performed
in which water was extracted from cells that were less metabol-
ically active than cells harvested in log phase. Our prediction was
that water from less metabolically active cells would have a lower
percentage of oxygen generated from metabolism, and that the
slopes of the cell cake versus medium graphs would therefore be
higher than 0.90. In the first test, we harvested cells at stationary
phase (after ~12 h of growth). The slopes of the regression lines
from the two experiments were each 0.96 (Table 1). A statistical
comparison of the pooled stationary-phase experiments (Table
1) to the pooled data from the log-phase experiments showed
that the slopes were significantly different.

In the second test, we grew cultures to mid-log phase at 37°C
as before but then split each culture into two equal parts. One
part was harvested immediately, whereas the second part was
transferred to a chilled flask and put on a shaker at 6°C for 90
min before harvesting. The optical density of the chilled cultures
only increased from 1.08 to 1.12 during this time. The slope of
the regression line of water extracted from the 37°C cells versus
medium water was 0.90, confirming that the relationship be-
tween intracellular water and growth water in this experiment
was the same as in the five log-phase experiments described
above. The slope of the regression line of the 6°C cell cake water
versus medium water, however, was 0.98, significantly different
from the 37°C log-phase data (Table 1). Thus, when cells are
chilled before harvesting, only 2% of the oxygen atoms of the
total cell cake water are isotopically distinct from the medium.

The results from both of these tests are consistent with our
hypothesis that some of the water extracted from the cell cakes
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Table 1. Regression statistics of extracted cell cake water versus growth medium water for cells harvested under

different conditions

P value at which

Number of the slope is
Temperature and Standard experiments different from
growth stage at time Slope of R? value of error (four cultures the 37°C log-phase
of harvest regression regression of slope per experiment) experiments*
37°C, log phase 0.90 0.99 0.019 5 —
37°C, stationary phase 0.96 0.99 0.011 2 0.01%
6°C, log phase 0.98 0.99 0.015 1 0.05*

*Confidence level determined in an F test (13).
TF = 8.38, Foo1 = 7.88.
*F = 7.60, Fo o5 = 4.38.

was a product of cellular metabolism. In both cases, slowing the
metabolic rate of the culture, either by allowing the cultures to
go to stationary phase or by chilling the cells, resulted in a smaller
contribution of metabolic water to the total cell cake water. This
reduction was reflected in the larger slopes of the cell cake water
versus medium water relationships.

Approximately 70% of Intracellular Water in Log-Phase E. coli Cells Is
a Product of Metabolism. What percentage of the intracellular
water is derived from metabolism? Our data indicate that 10%
of the total water extracted from log-phase cells was generated
by metabolism, but that total pool of water was itself a mixture
of extracellular and intracellular water. To determine what
percentage of the intracellular water was metabolic water, we
first needed to determine what percentage of the total cell cake
water was intracellular.

The relationship between the isotope ratios of the total cell
cake water, extracellular water, and intracellular water can be
expressed as follows:

8cell cake — f(sexlracellular) + (1 - f)(SinLracellular), [2]

where f'is the fraction of the cell cake water that is extracellular
water, and Sextraceliular aNd Sintracelular ar€¢ the oxygen isotope
ratios of the extracellular and intracellular water. If Sextracelular 1S
manipulated and 8cej cake measured, Eq. 2 becomes the equation
of a straight line where the slope is equal to f.

We therefore grew a culture of E. coli to mid-log phase in 2X
LB, split the culture into four aliquots, and immediately har-
vested them on separate filters. The cell cakes were then washed
with fresh 2X LB made with isotopically distinct water. This
washing procedure replaced the extracellular water in the cake,
and the isotope ratio of the water in the 2X LB used to wash the

cell cakes (Swash solution) Was therefore equal to Sextraceltular in Eq.
2. We extracted water from the washed cell cakes and the wash
solutions, measured their §'80 values, and regressed the cell
cake water values onto the wash water (Table 2). This experi-
ment was conducted four times, varying the isotopic composition
of the growth medium water. An F test showed that the slopes
of the regression lines were not significantly different. The
average slope was 0.86 (Table 2), indicating that 14% of the total
cell cake water was intracellular.

The fraction of intracellular water derived from metabolism is
equal to the fraction of total cell cake water derived from
metabolism (0.10, Fig. 1) divided by the fraction of total cell cake
water that is intracellular (0.14, Table 2). Therefore, ~71% of
the oxygen atoms in intracellular water extracted from log-phase
cell cakes originated from metabolism. The total error in this
estimation is 19% when the standard error of the two slopes
(0.019 for metabolic water and 0.025 for intracellular water) are
used in a propagation of errors calculation (17). A 71% estimate
of the oxygen atoms in intracellular water being derived from
metabolism is consistent with and explains our previous in vivo
heme O labeling results (7).

We also performed two wash experiments in which the cells
were allowed to go to stationary phase before harvesting. A
comparison of these data to that from the log-phase harvests
showed no significant difference in slopes (F = 0.08, Foo5 =
4.84). Therefore, the result reported above in which the water
extracted from stationary-phase cell cakes had a smaller contri-
bution from metabolic water was not a consequence of a greater
contribution of extracellular water to the cell cake water.

The §'%0 value of metabolic water can be estimated by two
independent methods by using either the data from the growth
experiments or the data from the washing experiments. Accord-
ing to Eq. 1, the y intercept term is equal to (1 —f)8metabolic, Where

Table 2. Regression statistics of extracted cell cake water versus wash water

5180 of growth Slope of extracted

Calculated 580

medium cell water versus R? of y intercept of intracellular
water, %o wash water regression value® water, %o* T
—-15.2 0.81 0.99 -1.2 —6.32
—-4.9 0.85 0.99 -0.77 —5.13
5.5 0.93 0.99 —-0.04 —-0.55
16.1 0.86 0.99 +0.32 2.26

Average = 0.86*
Standard error = 0.025

*The §'80 value of intracellular water = (y intercept)/(1 — slope). Intracellular water is itself a combination of
growth medium water and intracellular water as described by Eq. 3.

TAverage and standard error are not presented, because the y intercept values and the §'80 values of the
intracellular water are expected to be different as a result of the different 5’80 values of the growth medium

waters.

*These slopes are not statistically different (F = 1.59; Fo o5 = 4.35) (13).
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Fig. 2. Regression of the calculated value of the oxygen isotope ratio of

intracellular water as determined from the washing experiments versus the
oxygen isotope ratio of the growth medium water. The slope of 0.29 indicates
that 71% of the intracellular water was generated during metabolism, in
agreement with the value calculated independently using the regression in
Fig. 1.

fis the slope of the line, and 8etabolic iS the oxygen isotope ratio
of the metabolic water. In Fig. 1, the y intercept value from the
growth experiments is —0.34 and the slope is 0.90, yielding
a predicted oxygen isotope ratio for the metabolic water
of —3.4%o.

Estimating the §'30 value of metabolic water from the wash-
ing experiment data requires that we first calculate the 580
value of intracellular water. In Eq. 2, the y intercept from the
washing experiments is equal to (1 —f)(8intraceliular), Where f is the
slope of the line. Thus, dividing the intercept value by (1—f)
yields an estimate of the 8'80 value of the intracellular water
(Table 2). According to our model, the isotope ratio of the
intracellular water can be represented as:

5imracellular = (8) 8growth medium + (1 - g) 6mela\bolim [3]

where g is the fraction of intracellular water that originated from
the growth medium. A plot of the calculated &inracerular Values
versus the measured Sgrowth medium Values yielded a regression
slope of 0.29, representing g (Fig. 2). The §'80 value of the
metabolic water is equal to the y intercept value divided by
(1—g). This value is —3.6%o, almost identical to the value
estimated from the data in Fig. 1 but derived by using indepen-
dent data.

Significantly, the data from the washing experiments also
support the previous estimate of the fraction of intracellular
water derived from metabolism. From Eq. 3, the fraction of
intracellular water generated from metabolism is equal to (1—g),
or 0.71. This estimation that 71% of intracellular water is derived
from metabolism is identical to that reached using the slope of
the regression in Fig. 1.

Discussion

The notion that up to 70% of intracellular water in E. coli can be
derived from metabolism and be isotopically distinct from extra-
cellular water is perhaps surprising. Despite the fact that biological
membranes are generally impermeable to ionic compounds, the
small size of water molecules allows them to diffuse passively across
cellular membranes, moving through the defects or vacancies of the
bilayer as the lipids diffuse laterally through the membrane (18-20).

Until relatively recently, it was generally assumed that passive
diffusion across cell membranes was the primary mechanism by
which water was transported into and out of the cell (21). With the
discovery of aquaporins, however, it became clear the water could
also be transported through channels in the membrane (22, 23), and
it now appears that these pores are critical for the rapid transport
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of large quantities of water during times of osmotic stress (21, 22).
The gene encoding one of these channel-forming proteins, ApgZ,
is known to be down-regulated considerably under high-salt con-
ditions (22), although expression was observed under osmolarities
matching those used in these experiments.

Given these two different mechanisms by which water can
equilibrate across biological membranes, the implicit assumption
often made during environmental reconstruction by ecologists,
geochemists, and others that intracellular water is isotopically
identical to extracellular water is understandable. However, rapidly
dividing cells are constantly undergoing numerous metabolic pro-
cesses, many of which generate water or exchangeable oxygen atoms
(24). In addition, a number of studies have demonstrated that the
equilibration of water in plants and animals is a time-dependent
process (14, 25, 26), and there is evidence for the existence of
different pools of water in plants (27, 28), one of which might be an
intracellular pool. Thus, previous data exist suggesting that perhaps
this assumption is not necessarily correct.

The data presented in this manuscript provide direct evidence
that intracellular water in E. coli can be isotopically distinct from
extracellular water. During log-phase growth in 2X LB, ~70% of
the intracellular water in E. coli is isotopically distinct from the
medium water, and this intracellular water has an oxygen isotope
ratio of approximately —3.5%o. Two lines of evidence support the
conclusion that this isotopically distinct water is the result of
metabolism. In separate experiments, the metabolic activity of the
cells was slowed considerably before harvesting. In the first exper-
iment, cells were harvested during stationary phase, whereas in the
second experiment, log-phase cells were cooled to 6°C for 90 min
before harvesting. In both cases, a significantly higher fraction of
the intracellular water was isotopically identical to the medium
water.

These results have clear implications for those engaged in
determining fractionations between environmental water and
organic components of cells, as in studies for environmental
reconstruction. Intracellular and extracellular water are not
necessarily isotopically equivalent, and the degree to which they
differ appears to depend on the metabolic state of the organism.
Thus, controls performed in the laboratory under ideal growth
conditions may not be relevant to results obtained in the field
when the organisms are in their natural environment.

Data obtained by Sessions et al. (29) provide evidence that a
sizeable contribution of metabolic activity to intracellular water
may not be a phenomenon confined to rapidly growing organisms
such as E. coli in rich laboratory media. Using the heterotrophic
methylotroph Methylococcus capsulatus, they traced the origins of
hydrogen atoms in a variety of cellular lipids to either methane or
water, the only two possible sources of hydrogen in their culture
system. They found that ~30% of the hydrogen atoms in a variety
of lipids originated from methane. Considering the different bio-
chemical pathways used to synthesize the lipids, the most parsimo-
nious explanation for their observations was that the methane
hydrogen atoms were first oxidized to water and then used in lipid
biosynthesis. The authors (29) included a mathematical model of
substrate (methane and molecular oxygen) diffusion into the cells
and of diffusion of water into and out of cells to argue that this
explanation was feasible. If their interpretation is correct, then fully
30% of the intracellular water in this slow-growing organism may
have been derived from metabolic activity.

Our results also offer an explanation for observations of
changes in the magnitude of isotopic fractionation between
culture water and specific cellular products measured either at
different growth stages or when the organism in question was
growing at different rates. For example, Valentine et al. (30)
found that the fractionation of hydrogen between source water
and methane by a methanogenic bacterium was correlated with
both temperature and metabolic rate. Similarly, Sessions et al.
(29) reported a consistent shift of 13-26%o in the hydrogen

Kreuzer-Martin et al.
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isotope ratios of fatty acids, squalene, and sterols isolated from
log- and stationary-phase cultures of M. capsulatus (29). Al-
though arguments can be made that the cells are using alternate
biosynthetic enzymes or hydrogen donors to produce the chang-
ing isotope ratios, another possibility is that the change in isotope
ratio of the metabolite merely reflects a difference in the isotope
ratio of intracellular water used in its biosynthesis. This possi-
bility was raised by Sessions et al. (29), who proposed that the
rate of cellular methane oxidation would determine the fraction
of intracellular water hydrogen atoms derived from the substrate
and would consequently affect the hydrogen isotope ratio of
lipids being synthesized. Our data provide direct evidence that
the oxygen isotope ratio of intracellular water is indeed linked to
metabolic activity. It is logical that changes in both the hydrogen
and oxygen isotope ratios of intracellular water would be re-
flected in the isotope ratios of organic components that use
water as a donor of hydrogen or oxygen atoms, and we therefore
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suggest that future studies of fractionation between growth water
and organic molecules examine this possibility.

Conclusion

The data presented here indicate that a substantial fraction of
intracellular water extracted from log-phase E. coli cell cakes
produced in 2X LB is metabolic water. At this growth stage,
~70% of the intracellular water is generated via metabolism, and
two different approaches independently estimate that the §'80
value of the metabolic water is approximately —3.5%o. Intra-
cellular water from stationary-phase and quiescent cells showed
a substantially smaller contribution from metabolism.

We thank M. J. Lott, M. S. Morrison, and C. C. Hegg for technical
assistance. This work was supported by National Institutes of Health
Grant GM66236 and Research Corporation Grant CS0890. E.L.H. is a
Cottrell Scholar of the Research Corporation.

16. Farquhar, G. D. & Cernusak, L. A. (2005) Funct. Plant Biol. 32, 293-303.

17. Shoemaker, D. P., Garland, C. W. & Nibler, J. W. (1989) Experiments in
Physical Chemistry (McGraw-Hill, New York).

18. Haines, T. H. (1994) FEBS Lett. 346, 115-122.

19. Devlin, T. M. (2005) Textbook of Biochemistry with Clinical Correlations (Wiley,
Hoboken, NJ).

20. Voet, D. & Voet, J. G. (2004) Biochemistry (Wiley, Hoboken, NJ).

21. Booth, I. R. & Louis, P. (1999) Curr. Opin. Microbiol. 2, 166-169.

22. Calamita, G., Kempf, B., Bonhivers, M., Bishai, W. R. & Bremer, E. (1998)
Proc. Natl. Acad. Sci. USA 95, 3627-3631.

23. Stroud, R. M., Miercke, L. J. W., O’Connell, J., Khademi, S., Lee, J. K., Remis,
J., Harries, W., Robles, Y. & Akhavan, D. (2003) Curr. Opin. Struct. Biol. 13,
424-431.

24. Farquhar, G. D., Barbour, M. M. & Henry, B. K. (1998) in Stable Isotopes:
Integration of Biological, Ecological, and Geochemical Processes, ed. Griffiths,
H. (BIOS, Oxford, U.K.), pp. 27-62.

25. Nagy, K. A. (1989) in Stable Isotopes in Ecological Research, eds. Rundel, P. W.,
Ehleringer, J. R. & Nagy, K. A. (Springer, New York), Vol. 68, pp. 270-286.

26. Speakman, J. R., Visser, G. H., Ward, S. & Krdl, E. (2001) in Body Composition
Analysis of Animals, ed. Speakman, J. R. (Cambridge Univ. Press, Cambridge,
U.K.), pp. 56-98.

27. Yakir, D. (1992) Plant Cell Environ. 15, 1005-1020.

28. Yakir, D. (1992) in Water and Life: Comparative Analysis of Water Relationships
at the Organismic, Cellular, and Molecular Levels, eds. Somero, G. N., Osmond,
C. B. & Bolis, C. L. (Springer, Berlin), pp. 205-222.

29. Sessions, A. L., Jahnke, L. L., Schimmelmann, A. & Hayes, J. M. (2002)
Geochim. Cosmochim. Acta 66, 3955-3969.

30. Valentine, D. L., Chidthaisong, A., Rice, A., Reeburgh, W. S. & Tyler, S. C.
(2004) Geochim. Cosmochim. Acta 68, 1571-1590.

PNAS | November 29,2005 | vol. 102 | no.48 | 17341

BIOCHEMISTRY



