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ABSTRACT. It is generally believed that water transport across biological membranes is essentially a near-
instantaneous process, with water molecules diffusing directly across the membrane as well as through
pores such as aquaporins. As a result of these processes by which water can equilibrate across a membrane,
a common assumption is that intracellular water is isotopically indistinguishable from extracellular water.
To test this assumption directly, we measured the hydrogen isotope ratio of intracellular vizzenanichia

coli cells. Our results demonstrate that more than 50% of the intracellular water hydrogen atoms in log-
phaseE. coli cells are isotopically distinct from the growth medium water and that these isotopically
distinct hydrogen atoms are derived from metabolic processes. As expect@H/4Hdsotope ratio of
intracellular water from log-phase cells showed an appreciably larger contribution from metabolic water
than did intracellular water from stationary-phase cells£532 and 23+ 5%, respectively). ThéH/*H

isotope ratio of intracellular water was also monitored indirectly by measuring the isotope ratio of fatty
acids, metabolites that are known to incorporate hydrogen atoms from water during biosynthesis.
Significantly, the difference in the isotopic composition of intracellular water from log- to stationary-
phaseE. coli cells was reflected in the hydrogen isotope ratio of individual fatty acids harvested at the
two different times, indicating that the isotope ratio of metabolites can be used as an indirect probe of
metabolic activity. Together, these results demonstrate that contrary to the common assumption that
intracellular water is isotopically identical to extracellular water, these two pools of water can actually be
quite distinct.

Water is known to move into and out of cells via at least be transported through channels at essentially diffusion-
two different mechanismsl{-4). Until relatively recently, controlled ratesg, 7). The rate at which these two processes
it was thought that the principal mechanism by which water can theoretically occur has led to the generally accepted
entered and exited the cell was via diffusion through the assumption that intracellular water is isotopically indistin-
membrane §). Although polar molecules are generally guishable from extracellular water.
unable to diffuse across biological membranes, the small size  The apparent simplicity of water diffusion belies the true
of water allows it to move through defects in the membrane ¢ompjexity of the situation. The cell is constantly undergoing
as the lipids diffuse laterallyl-4). With the discovery of  nymerous metabolic processes, many of which alter the
aquaporins, however, it was realized that water could also jracellular water composition either directly by generating

- . i . . new water molecules (e.g., dehydration reactions, respiration,
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thesis of heme O10). According to the accepted mechanisms then converted to methyl esters for structural analysis by gas
of heme O biosynthesis, the oxygen atom of the 17- chromatographyquadrupole mass spectrometry (GKIS)
hydroxyethylfarnesyl moiety is derived from wate20j. and for isotope ratio measurements by gas chromatography
When we grewEscherichia colicells in 95% H?O, isotope ratio mass spectrometry (GIRMS) (27). All steps
however, a significant fraction of the heme O molecules did of the extraction and methylation were performed in glass-
not contain a labeled oxygen ato®j, suggesting that the  ware that had been baked at 500 for 8 h toremove any
isotope ratio of intracellular water can be different from that organic contamination. All aqueous solutions were extracted
of extracellular water. Our subsequent experiments usingfive times with hexane prior to use, and organic solvents
isotope ratio mass spectrometry (IRM®) measure directly ~ were of the highest grade and used without further purifica-
the intracellular watetO/%0 ratio confirmed that the isotope  tion. Control blank extractions showed no contamination
ratio of intracellular water can be isotopically distin2t. when analyzed by GEMS.
In fact, our data demonstrate that approximately 70% of the To prepare methyl esters of fatty acids, desiccated cell
intracellular water oxygen atoms extracted from log-phase pellets were first saponified in 5 mL of 0.5 M NaOH for 2
E. coli cells grown in % LB are derived from metabolic  hat 70°C in 16 mmx 125 mm test tubes with Teflon-lined
processes and can therefore be isotopically distinct from caps. The solution was then acidified to a pH ef&3by the
extracellular waterZ31). dropwise addition b4 M HCI; 2.5 mL of an aqueous 5%
Given that a large percentage of the oxygen atoms in NaCl solution was added, and the mixture was extracted three
intracellular water can be derived from metabolic processes,times with methyltert-butyl ether (MTBE). The organic
we hypothesized that the same would also be true for layers were combined in a pear-shaped flask, and the majority
hydrogen atoms. However, because protons can diffuseof the MTBE was removed by rotary evaporation. The
across membranes in a manner independent of oxygen atomgemaining solution was transferred to a borosilicate glass vial
(e.g., through proton channel2), we predicted that the and evaporated to dryness under a stream,of bl methylate
percentage of hydrogen atoms in intracellular water that arethe isolated fatty acids, 1 mL of approximately 3% 8k
derived from metabolism might be lower than the percentage anhydrous methanol (Burdick and Jackson, Muskegan, MI)
of oxygen atoms. To test our hypothesis, we performed awas added to the vial, which was capped with a Teflon-
variety of studies using IRMS to measure #h#'H isotope lined cap and sealed with Teflon tape. Methylation reaction
ratio of intracellular water directly as well as indirectly using mixtures were incubated fa@2 h at 100°C. The reaction
the 2H/*H ratio of fatty acids (biomolecules known to mixture was transferred to a 16 ms 125 mm test tube.
incorporate hydrogen atoms from solveri) 23—26). The vial was rinsed three times with methanol and three times
In this Study, we report that the hydrogen isotope ratio of with hexane, with the rinse solutions added to the test tube;
intracellular water irE. coli can also be distinct from that 2 ML of an aqueous 5% NaCl solution was added to the
of growth medium water and that |t, too, appears to be a tube, and the mixture was extracted three times with 3 mL
function of metabolic activity of the cell. These results, which Of hexane. The volume of the combined organic layers was
provide important and independent confirmation of our reduced to approximately 16@00uL by evaporation under
oxygen isotope studies, reinforce the notion that the widely @ Stream of A The identity of major components of the
held assumption that intracellular water is isotopically Mixtures was determined by G@4S of 1uL samples on a
identical to extracellular or growth medium water is not ThermoFinnigan Trace GEMS equipped with a 30 m DB5
necessarily true. In fact, in rapidly metabolizing organisms, column.

intracellular water can be significantly different from extra- ~ Stable-Isotope Ratio Measuremertiable-isotope ratio
cellular water, and this realization could have a profound Mmeasurements were made at the Stable-Isotope Ratio Facility

impact on the fields of biochemistry, cellular biology, and for Environmental Research at the University of Utah. Stable-

biogeochemistry. isotope ratios are measured relative to internationally rec-
ognized standard8). We calibrated laboratory standards
EXPERIMENTAL PROCEDURES to the international standards and then included the laboratory

. standards as internal standards in every run. Stable-isotope
Cell Cultures. E. colBL21(DES3) cultures were grown in - contents are expressed in “delta” notatiomaslues in parts
2x Miller ITurla—B(_artanl (LB) brpth (EMD Chemlcals) at per thousand (%), wherd%o = [(Ra/Rsi) — 1] x 1000%,
37 °C to either mid-log or stationary phase as previously anqR, andRgqare the molar ratios of the rare to abundant
described Z1). The cells were then collected via filtration isotope (e.g.,2H/'H) in the sample and the standard
and transferred to a vial; the vial was sealed, and the Conte”tsrespectively. The standard used for both oxygen and hydro-
were frozen. Water was then extracted cryogenically from gen is Vienna Standard Mean Ocean Water (VSMOZ).(
the cell pellets and spent medium sampled).( The  The 5 notation is nonlinear with respect to isotopic abun-
desiccated cell pellets were stored at room temperature priofgances, which can lead to large errors in calculation based
to lipid extraction. _ _ on ¢ values if the range in isotope ratios is large, as is often
Fatty Acid Extraction and AnalysiSotal fatty acids were  the case with HZ9). Although we report our water results
extracted from desiccated cell pellets by saponification and in ¢ values, we made all calculations usiRgyalues, which
is the exact form of the mass balance equations. There was
1 Abbreviations: GG-MS, gas chromatograpmyquadrupole mass ~ NO difference in the slopes calculated on the basR of 0

spectrometry; FAME, fatty acid methyl ester; IRMS, isotope ratio mass values at the level they are reported in this paper (two
spectrometry; LB, Luria-Bertini broth; MTBE, methigrt-butyl ether; decimal places)

ODeoo, opti_cal den_sity at 600 nnRa, molar ratio of the rare to the The hvd ’ table-isot fi f t |
abundant isotope in sample A; TCEA, thermal conversion elemental € hydrogen stable-ISolope ratios of water samples were

analyzer; VSMOW, Vienna Standard Mean Ocean Water. determined on a ThermoFinnigan-MAT Delta Plus XL
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isotope ratio mass spectrometer (IRMS) (ThermoFinnigan-
MAT, Bremen, Germany) equipped with a thermal conver-
sion elemental analyzer (TCEA, ThermoFinnigan-MAT) and

a GC-PAL autosampler (CTC Analytics, AG, Zwingen,
Switzerland) 80). The injection volume was 0&L. Water
samples were analyzed in duplicate and the results averaged. I
The average standard deviation of repeated measurements -100
of water standards was 2%o. Dy IS T T S S T

Stable hydrogen isotope ratios of lipids were measured 200 100 0 100 1200 300 400
on a ThermoFinnigan-MAT Delta Plus XL IRMS equipped %H Growth Medium Water, %

with a Hewlett-Packard GC with a 30 m DB1 column FIGURE 1: Regression of the hydrogen isotope ratio of extracted

coupled to a GC-TCIll interface. In this instrumental cell cake water vs that of growth medium water. Data are pooled
. . . T from five experiments in which the cells were grown at°&7in
configuration, samples are injected into the GC and com- 5. | g and harvested during mid-log phase.

ponents of the mixture are separated on the GC column. The
separated components then enter the pyrolysis reactorously that an isotopic gradient of water can be maintained
sequentially, and their hydrogen atoms are converted;to H during harvesting of cells by filtratior2() and that the water
gas. Each peak of +enters the IRMS where its isotope ratio  extracted from the filtered cell cake can be modeled as a
is determined; thus, the hydrogen isotope ratio of every well- two-component mixture of medium and metabolic water in
separated compound present in sufficient quantity can bewhich
measuredZ7).

To characterize our system, we performed 24 injections Ocel cake™ fOmedium T (1 = H(Ometaolia 1)
over a two-week period of the standard alkane Mixture B .
prepared by Schimmelmann at the University of Indiana In these experimentyei cake Omedium @Nd dmetanoiicare the
(Bloomington, IN) @1). The instrumental i correction hydrogen isotope ratios of _the water extracted from the cell
factor was determined daily. We used the data from two to ¢ake and the culture medium and of the metabolic water,
three daily injections of Mixture B to validate the factor .res.pectllvely, andis the fraction of the cell cake water_that
correction as described previousB2|. The standard alkanes IS identical to the culture medium water. Hmedum is
and fatty acid isotope ratio values were standardized againstmanipulated andcen cae measured, eq 1 becomes the
pulses of reference hydrogen gad’{ = —202.45%) equation of a straight line where_: the _slope is equa_ﬂ to
injected at the beginning and end of every run. The average We grew four cultures oE. coli to mid-log phase in 2
absolute error of our measurements of the isotope ratio valued-B medium made with isotopically varying water and

of the individual standard alkane peaks was 4.5%o, with a harvested the cells on filters. The cell cakes were then
standard deviation of 4.2. 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
hydrogen isotope ratios were determined. This experiment
was conducted five times.

300
200 -
100 I
. L

3%H Cell Cake Water, %o

We determined the correction factor for the three hydrogen
atoms added to the fatty acids during the methylation step
by measuring the hydrogen isotope ratio of a 9:0 fatty acid
purchased from Alltech (Deerfield, IL) by direct injection .
into the TCEA, as described above for water. We then bThe rdeg_resrs:onfg of the plots ke cake versus'ém.?,ium |

' . . . tained In the five experiments were not significantly
methylated the fatty acid using the procedure described above®; . -
and measured the hydrogen isotope ratio of the FAME by different (F N 0'19’. whereFoos = 3.48) 83), and_the da_ta
GC—pyrolysis mass spectrometry. By comparing the hydro- from the five experiments were thgrefore combined (Flgur_e
gen isotope ratios of the methylated and unmethylated formsl)' Thg slope ?)f the regression line of the pooleq data is
of the fatty acid, we calculated that the % value of the 0.92 with a 95% con.fldence interval of 0.03. This result_
three hydrogen atoms added during methylation w&80%o. suggests that approximately 8% .Of the. hydrogen atoms in
This calculation ignored the hydrogen atom on the carboxylic extracted cell cake water were isotopically distinct from

acid group, the isotope ratio of which we could not measure tehxt;acigl;/lar ;Ntahter. Itis cont5|stenF W't.h F;ur earllelr finding
separately because it would have been lost during thed o OF the oxygen atoms in similar samples were

; tabolic 21). The average slope of the oxygen experiments
methylation procedure. We assumed that ¢fid value of me . ) -
the fatty acid was a function of its 17 alkyl hydrogen atoms, was 0.90 with a 95% confidence interval of 0.04. The average

which contributed to the value of the ester. In so doing, we slopes of the oxygen and hydrogen regressions are not

insert a potential inaccuracy into our calculation of the significantly different £ = 0.06, whereFoes = 4.1).

correction factor. As the ignored hydrogen atom was one of To testwhether the hydrogen isotppe rgt!o of intracellular
18, the error is likely to be small and would not alter the water was correlated with metabolic activity, we repeated

correlation between the isotope ratios of the fatty acids and the experlmgnt butinstead harvestgd the cglls after they had
- entered stationary phasel12 h post-inoculation. The slope
growth medium. X Lo
of the pooled data from two trials was 0.965, significantly
RESULTS different from the log-phase slopE & 16.8, wherd o1 =
7.8). The results of this experiment indicate that wien
The Hydrogen Isotope Ratio of Intracellular Water Differs coli cells were harvested in stationary phase, 3.5% of the
from That of Growth Medium WateWater molecules can  hydrogen atoms in the extracted cell cake water were
enter a cell via diffusion from the culture medium water or isotopically distinct from growth medium water instead of
be generated during metabolic reactions. We showed previ-8%. These results are again very similar to our data with
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Table 1: Regression Statistics from Washing Experiments of Extracted Cell Cake Water versus Wash Water

growth phase 0?H for culture slope of6?H for extracted cell R? of calculatedy®H of
of cells water (%o) cake water vs wash water regression y-intercept intracellular water (%)
log —115 0.80 0.99 -18.1 —90.5
log 32 0.85 0.99 —10.6 —70.7
log 187 0.90 1.0 -0.3 -3.0
log 342 0.86 0.99 7.8 55.7
average 0.85 (SE=10.21)
stationary —120 0.88 0.99 —-17.4 ND
stationary -119 0.87 1.0 —14.3 ND

a Average slope of log-phase experiments. The slopes of the individual log-phase experiments are not statistically Biffe@®88[ where
Foos = 4.35 @3)]. ® The slopes of the stationary-phase experiments were not statistically different from those of the log-phase expEriments (
0.56, whereFg 05 = 4.1). ¢ The d 2H/*H value of intracellular water= (y-intercept)/(1— slope) in eq 2. Intracellular water is itself a combination
of growth medium water and metabolic water as described by €d18e average and standard error are not presented becaugéntbecept
values and thé?H/*H values of the intracellular water are expected to be different due to the diffgitefiti values of the growth medium waters.
e Standard error. Not determined.

oxygen isotope ratios, where the average slope of thesolutions, measured the¥?H values, and regressed the cell
stationary-phase experiments was 0.961. cake water values onto the wash water (Table 1). This

In an additional experiment, the effect of metabolic rate experiment was conducted four times, varying the isotopic
was assessed by comparing intracellular water from cells composition of the growth medium water. Antest showed
grown at different temperatures. Two identical cultures were that the slopes of the regression lines were not significantly
prepared; one was incubated at the standard temperature olifferent.

37 °C, while the second was incubated at°I® The cells The average slope was 0.85 (Table 1), indicating that 15%
were harvested at log phase, and the water was cryogenicallyof the total cell cake water was intracellular. This result was
extracted in an identical fashion; the only difference between also very similar to that of our oxygen experimen2g)(

the two cultures was the incubation temperature and, where the average slope of washing experiments was 0.86.
therefore, the metabolic rate. As expected, a plot of cell cake An F test showed that the slopes of the oxygen and hydrogen
water versus growth medium water yielded a slope that wasregressions of wash water onto extracted cell cake water were
significantly larger for the 18C cells than for the 37C not statistically differentg = 0.005, whereFgos = 4.1).

cells (data not shown), indicating that a substantially smaller Two experiments with stationary-phase cells yielded slopes
fraction of intracellular water is isotopically distinct from that were statistically indistinguishable from the slopes
growth medium water when the cells are incubated at a obtained with log-phase cells, indicating that the same
reduced temperature. Together, these data are consistent witpercentage of cell cake water was intracellular when the cells
the hypothesis that the istopically distinct hydrogen atoms were harvested at stationary phaBe<( 0.56, where-g g5 =

are derived from metabolism. 4.1).

Approximately 50% of the Hydrogen Atoms in Intracellular ~ Using these data, we can calculate the fraction of hydrogen
Water in Log-Phase E. coli Cells Are a Product of atoms in intracellular water that was derived from metabo-
Metabolism To determine the percentage of intracellular lism in log-phase cells as 0.08 (the fraction of hydrogen
water that is isotopically distinct from growth medium water atoms that were distinct from medium water; Figure 1)/0.15
and presumably derived from metabolism, it is necessary to (the fraction of hydrogen atoms that were intracellular; Table
account for the fact that water extracted from a cell cake 1) = 0.53 (or 53%). The total error in this estimation is 12%
contains both intracellular and extracellular water. To do this, when the standard errors of the two slopes (0.014 for
we model the extracted cell cake water as a two-componentmetabolic water and 0.021 for intracellular water) are used

mixture of intracellular and extracellular water: in a propagation-of-errors calculatio34). Our previous
work showed that-71% of the oxygen atoms in intracellular
Ocell cake= IOextraceiuiad T (1 — DOintraceiuiad  (2) water were derived from metabolism during log-phase

growth, with a total error in the estimate of 19%ij.
where g is the fraction of the cell cake water that is At stationary phase, the slope of the extracted cell cake
extracellular water anextraceliuiar aNd Oinraceliuiar are the water versus medium water was 0.965. Thus, the fraction of
hydrogen isotope ratios of the extracellular and intracellular cell cake water derived from metabolism is 0.035/0.15, or

water, respectively. [DexiraceiuiariS Manipulated andcei cake 23%. The total error in this estimation is 5% when the

measured, eq 2 becomes the equation of a straight line wherestandard errors of the two slopes (0.007 for the stationary-

the slope is equal tg. phase metabolic water and 0.014 for the intracellular water)
We grew a culture oE. colito mid-log phase in LB, are used in a propagation-of-errors calculati@d)( This

split the culture into four aliquots, and immediately harvested compares very well with our previous data that indicated
them on separate filters. As soon as the cell cakes appearednly ~29% of the oxygen atoms in intracellular water were
dry on the filters, they were washed with fresk EB made derived from metabolism in stationary-phaie coli cells
with isotopically distinct water. This washing procedure (21).

replaced the extracellular water in the cake, and the isotope Calculating the Hydrogen Isotope Ratio of Metabolic
ratios of the water in the:2 LB used to wash the cell cakes Water. There are two independent methods of calculating
(Owash solutiop Were therefore equal texiraceliuiarin €9 2. We the hydrogen isotope ratio of intracellular water. The first
extracted water from the washed cell cakes and the washmethod is derived from eq Bfei cake = f(Omedium) + (1 —
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remaining 47% are equivalent to the culture medium water.
Likewise, in stationary phase;23% of the hydrogen atoms
originate from metabolic activity, and the remaining 77%
are equivalent to culture medium water. Presumably, the
percentage of intracellular water that is isotopically equiva-
lent to culture medium water increases as the culture
-80 progresses from log to stationary phase. We accordingly
100 | - hypothesized that the difference in the contribution from

-200 -100 O 100 200 300 400 culture medium water to intracellular water would be

&H Growth Medium Water, % reflected in the hydrogen isotope ratios of fatty acids

Ficure 2: Regression of the calculated value of the hydrogen biosynthesized during log phase or later in the life of the
isotope ratio of intracellular water as determined from the washing - lture.

experiments vs the hydrogen isotope ratio of the growth medium . . . . .
water. The slope of 0.33 (with a 95% confidence interval of 0.19) The isotopic relationship between culture water, nutrients,

indicates that 4886% of the water was generated during metabo- and lipids can be expressed precisely in the equation
lism, in agreement with the value calculated independently using

the reQrGSSion in Figure 1. Rfa = WatelawatetRNater—i_ (1 - fwateaanutrientBnutrients (4)
f)(Ometanoiig]- 1N our growth experiments, we manipulated
Omedium SO that the slope of the graph in Figure 1 is equal to whereRa, Ruates andRuuriensfepresent the hydrogen isotope

(o2}
o

y =0.33x - 64.2
R?=0.96

40
20
0
-20
-40
-60

Intracellular Water, %o
ML AL AL AL AL AL B )

§%H Calculated for

f and the intercept is equal to e-_f)((smetab_oli()- Therefore, ratios R values) of the fatty acid, culture water, and nutrients,
we can calculat®metanoic by dividing the intercept vr;llue, respectivelyfuaeris the fraction of the fatty acid hydrogens
—7.43, by 1— f, giving a result of approximately93%o.. that is derived from water, anGwater and ctnuiens (defined

The total error in this estimate is40%o as determined ina g Rea/Ruater and R/Ruutienss respectively) are the isotope
propagation-of-errors calculatior84) using the standard  fractionation factors between water and the fatty acid and
errors of measurement of the slope (0.014) and the interceptyeyeen nutrients and the fatty acid, respectively. A regres-
(2.8). o sion of Ri, VersusRyater should therefore yield a line with a
The second mgthod for estmaudgetabo“cuses data from. slope Off yaeOuwaerWith an intercept of (1 fuae) tnuriendRutients
the wash experiments. In this approach, we must first |t o can be assumed to be relatively constant between
calculate thed?H value of intracellular water. In eq 2, the log and stationary phases (see the Discussion), then any
y-intercept from the washing experiments is equal to—(1 change in the slope of the regression usingRhealues of
9)(Ointraceliuia), Whereg is the slope of the line. Thus, dividing  fatty acids harvested from log- or stationary-phase cells
the intercept value by % g yields an estimate of thé*H would be ascribable to a changefiper
value of the intracellular water (Table 1). According to our  \ye prepared and methylated total fatty acids from cell
model, the isotope ratio of the intracellular water can be pellets we had saved from two of the log-phase experiments
represented as and two of the stationary-phase experiments described above.
S =ho 4+ (1—h)o e These samples comprised two independent sets of_four log-
intracellular growth medium metabolic phase and four stationary-phase cultures produceet in2
whereh is the fraction of intracellular water that originated Made with isotopically varying water (16 total cultures). The
from the growth medium. A plot of the calculatégyaceliuar hydrogen isotope ratio of the growth medium water at the
values versus the measuréglowin mediumVvalues yielded a

time the cells were harvested had previously been deter-

regression slope of 0.33, representingFigure 2). The)?H mined. _ _
value of the metabolic water is equal to tatercept value The identity of various fatty acid methyl ester peaks was
divided by 1— h. This value is—96%., almost identical to ~ €Stablished by GEMS. We determined the hydrogen
the value estimated from the data in Figure 1, but derived 1SOtope ratios of individual fatty acids by GERMS, making
using independent data. a minimum of three independent measurements of each

The data in Figure 2 are also consistent with our previous preparation. The average standard _dewatlon of the triplicate
estimate of the fraction of intracellular water that is derived Measures of 14:0 and 16300 fatty acid methyl esters from all
from metabolism. From eq 3, that fraction of intracellular four preparations was 3.4%.. A comparison of the slopes of
water is equal to - h, or 0.67. The 95% confidence interval (1€ regressions oRa VersusRuaer of 14:0 and 16:0 fatty
for the slope shown in Figure 2 is 0.19, giving a range of acids isolated from log- and statlonar_y—phase cells (T:_:\ble 2)
values for 1— h of 0.48-0.86, consistent with our previous Shows that the slope of the regressionRaf onto Ruaer is
estimate of 0.53+ 0.11. When we used data from the Significantly greater in stationary phase. In other words, a
stationary-phase growth experiments (slope0.965; y- greater percentage of the hydrogen atoms in 14:0 and 16:0
intercept= 6.38), we calculated a value 6f179% for the fatty acids are derived from extracellular water when the cells

9?H value of metabolic water at stationary phase. The total &€ in stationary phase, or conversely, fatty acids in log-
error in this calculation is 54.5%. (standard error of slepe ~ Phase cells contain more hydrogen atoms from metabolic

0.007 and of intercept 1.4) as determined by a propagation- Water.

of-errors calculation34).
The Isotope Ratio of Hydrogen Atoms in Fatty Acids DISCUSSION
Correlates with Intracellular WateAccording to our model, Metabolic Water.Using stable hydrogen isotopes as a

if approximately 53% of the hydrogen atoms in log-phase probe, we have demonstrated that intracellular water can be
intracellular water originate from metabolic activity, then the isotopically distinct from extracellular water. Our results
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Table 2: Regression Data By aca VErsUSRmedun waerof 14:0 and (4) the double bond is then reducettl). Steps 2-4 of this

16:0 Fatty Acids Prepared from Two Independent Sets Each of process comprise reactions in which hydrogen atoms are
Log-Phase and Stationary-Phase Cells either added (steps 2 and 4) or removed (step 3) from the
set A setB Aand B intermediate, and it is therefore expected that the hydrogen

isotope ratio of fatty acids will be affected by the isotope

fatty acid/growth phase slope SE slope SE slope SE . . . . .
y g P P P P ratio of the intracellular water at the time of biosynthesis

14:0/log phase 0.58 0.03 0.54 0.01 056 0.02 ST ; -
140/stationary phase 076 001 070 002 073 002 (30:Acomplicatingissue, however,is that hydrogen isotope
16:0/log phase 061 003 055 002 058 003 [ractionation atsteps-24 will each contribute to the value

16:0/stationary phase  0.75 0.00 0.69 0.01 0.72 0.01 of awaes Which represents the cumulative isotopic fraction-

2 Column “A and B shows the slopes of the relationships when the ation between culture water and the resulting fatty acid.
data from the two sets of cultures were pooled. Fhgalues were Our interpretation of the regression coefficients in Table
calculated from thed values according to the equation= [(Rsampid 2 is that they reflect a larger contribution of hydrogen atoms
Reid — 1] x 1000, whereRsu= Ruswow = 0.0001558” Standard error. o culture water to the hydrogen atoms of fatty acids in

stationary phase than in log phag®) This interpretation
demonstrate that approximately 53% of the hydrogen atomsassumes that the differences are not caused by differences
from intracellular water in log-phas&. coli cells are in owater DEtween log and stationary phases. Isotopic frac-
isotopically distinct from extracellular water and that these tionation in biochemical processes arises from unequal zero-
isotopically distinct hydrogen atoms are formed during point energies of bonds to heavy and to light isotopes
metabolic processes. When the cells reach stationary phaseresulting in different activation energie88). Thus, frac-
however, only 23% of the intracellular water hydrogen atoms tionation factors ¢) are a function of both temperature and
are derived from metabolism, indicating that the ability of the energetics of the individual enzyme-catalyzed reactions
cells to maintain a large isotope gradient depends on theirthat comprise the pathway. The culture growth temperature
metabolic rate. was held constant throughout our experiments, and conse-

Our data allow us to calculate the isotopic ratio of quently, the value ofawaer Should not change if the
metabolically-derived hydrogen atoms in intracellular water. enzymology of fatty acid biosynthesis remains constant. No
Interestingly, the hydrogen isotope ratio of this metabolically evidence suggests that the enzymology of fatty acid biosyn-
formed water is-96%o in log-phase cells, bideH is —179%o thesis differs between log and stationary pha26s39, 40),
in stationary-phase cells. It is important to note that metabolic and it is therefore reasonable to presume that there is no
water consists of individual hydrogen and oxygen atoms difference inowaer between log and stationary phases.
within the pool of intracellular water molecules that did not ~ Our data indicate that the contribution of culture medium
originate as culture water but rather were derived from water to intracellular water increases as the culture progresses
metabolic reactions. The source of the hydrogen atoms infrom log phase to stationary phase. On the basis of this
metabolic water detected in these experiments is the hydro-information, we would predict that hydrogen atoms in fatty
gen atoms in the nutrient molecules of the yeast extract andacids from cells harvested during stationary phase would
tryptone (an enzymatic hydrolysate of casein) supplied in have a greater contribution from culture medium water than
the LB medium. Over the life cycle of a culture growing in fatty acids harvested from cells in log phase. This prediction
LB, pools of specific substrate molecules could be depleted is consistent with our observations (Table 2). Unfortunately,
so that the bacteria would be metabolizing different mixtures because of the number of unknown variables in eq 4, we
of molecules with potentially differing hydrogen isotope cannot use the data in Table 2 to calculate directly the
ratios at different times. Thus, one possible factor contribut- fraction of intracellular water derived from metabolisg®).
ing to the difference in thé?H values of metabolic water at  Nevertheless, these data are very important because they
log and stationary phases could be the changing substrateconfirm that the isotope ratios of metabolites can be used as
pools and accompanying changes in metabolic pathways. indirect probes of metabolic rate in living cells.

Another factor that could contribute to the difference in ~ Comparing Oxygen and Hydrogen Isotope Daliais
the apparenty?H values of metabolic water at log and interesting to compare the hydrogen isotope results reported
stationary phases is proton pumpir8p), which could alter herein to our previously published results for oxygen isotopes
the hydrogen isotope ratio of intracellular water. TH&,p  (21). As noted above, our data indicate that £312% of
for H,O is 14.00, while that of BD is 14.9, indicating that  the hydrogen atoms found in intracellular water extracted
D0 tends to dissociate almost 10 times less thaD £36). from log-phaséE. colicells grown in Z LB are isotopically
Thus, proton pumping might serve to enrich intracellular distinct from extracellular water. Measuring /%0 ratio
water by removing proportionally more protons than deu- of intracellular water fronk. coli cells grown under the same
terons. If proton pumping is more active in log phase than conditions, however, we calculated that #119% of the
in stationary phase, the isotope ratio of intracellular water oxygen atoms were isotopically distinct from growth medium
in log-phase cells would be more enriched than that of water and were generated during metabolic processBs (
stationary-phase cells, consistent with our data. Both sets of data indicate that metabolically generated water

Isotopic Signature of Intracellular Water in Fatty Acids. is an important and substantial component of intracellular
The biosynthesis of saturated acyl fatty acids consists of water inE. coli.
repeated cycles of a four-step process in which (1) an acetate Two possible explanations can account for the different
unit is added to the growing acyl chain in a transacylation percentage of hydrogen and oxygen atoms in intracellular
reaction, (2) the carboxyl group of the acetate moiety is water that is derived from metabolism. The first trivial
reduced, (3) the resulting hydroxyl and a hydrogen from the explanation is that within experimental errors [which were
adjacent carbon are removed to generate a double bond, andalculated from a propagation of error in the slopes of the
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regressions34)], these numbers are not different at all. The E. coliin a medium in which thé0/*%0 ratio is varied while
second explanation is that hydrogen atoms and oxygen atomsll the other variables are kept constant. We are currently
in metabolic water exchange with extracellular water at conducting these experiments.

different rates. When water diffuses into or out of a cell either  pgiential Sources of ErroitVe observe that both hydrogen
directly across the membrane or through aquaporin channelsgnq oxygen isotope ratios of water extracted from cell cakes
both hydrogen and oxygen atoms are exchanged. Theseye gistinct from growth medium water. Is it possible that
processes would therefore be expected to maintain parityinis observation can be caused by some phenomenon other
between calculated percentages of intracellular water that isthan the presence of metabolic water inside of the cell? A
derived from metabolic processes using either hydrogen tivial mechanism that could produce isotopic changes in cell
isotopes or oxygen isotopes. In addition to transport as water,cake water is evaporation. However, evaporation usually
however, hydrogen ions can also pass through membranesesyits in an increase in the concentration of heavy isotopes
in a manner independent of oxygen aton#2)( The  in the residual water, and our cell cakes were not uniformly
mechanisms by which protons can be transported acrosssotopically enriched. While some samples were isotopically
membranes include, but are not limited to, (1) proton enriched relative to growth medium water, others sample
permeation 'ghrough membranes, (2) active transport viayere jsotopically depleted. In addition, the slopes calculated
proton-pumping enzymes (e.g., cytochromexidase), (3)  from eq 2 using both hydrogen and oxygen isotope data (see
d_n‘fusmn via voltage-ga_ted proton channels, and (4) diffusion Taple 1 herein and Table 2 in réfl, respectively) are
via proton-permeable ion channels (e.g., gramicidZ9).(  essentially identical. This provides additional evidence that
Thus, there are clearly a variety of pathways by which eyaporation is not a major artifact in our experiments because
protons in metabolic water can exchange with extracellular hydrogen and oxygen have different evaporative fraction-
water, many of which are not available to oxygen ions, and ations ¢2), and the two data sets would have had different
therefore, there is no requirement that the percent of gopes if evaporation was the major driving force. Neverthe-
metabolic water calculated using these two different isotopes|ess, while we can rule out evaporative enrichment as a
be equivalent. Nevertheless, the key conclusion that the brimary source of error, it is possible that evaporation could

majority of intracellular water in log-phage. coli cells is be modulating the magnitude of our final results.
generated during metabolic processes is supported by both

sets of data.
Sources of Hydrogen and Oxygen in Metabolic Waher.

The proton pumping mentioned above would also cause

the isotope ratio of intracellular water to be different from

important issue in the generation of metabolic water is the that of extracellular wate36). Again, however, the hypoth-
esized isotopic enrichment due to proton pumping should

initial source of the hydrogen and oxygen atoms. As X . . .
. ; . cause the isotope ratio of intracellular water to be enriched
discussed above, the source of the protons in metabolic water

is the LB growth medium. The oxygen atoms, however, have szqéﬁﬁ;egottov\fﬂ:: \?vfeg(;g\évé?vr;;dlwi: d\(ldviztiifjer: 'nr(;/:r:y lsj?nm?rte’
more than one potential source. In addition to the LB . P pumping

medium, oxygen atoms in metabolic water can also come cannot explain the data we obtained for the_ oxygen isotope
; L ratio of water extracted from cell cakes, which is consistent
from O, during respiration as the Qs reduced to water.

While it might be tempting to conclude that atmospheric with our hydrog'en Isotope r'at|o data. )
oxygen is the source of a large fraction of the oxygen atoms Another possible mechanism that would cause the isotope
in metabolic water, this may not be the case. Recent evidenceatios of our extracted cell cake water to be different from
suggests that a significant fraction of the water generatedthe growth medium water is incomplete extraction of water
by the action of cytochrome oxidase inRhodobacter ~ from the cell cakes. Extraction of water from our samples

sphaeroidess released into the periplasmic spaé#)(which was accomplished by distillation in which the samples were
would presumably rapidly equilibrate with extracellular heated under vacuum and the water vapor was collected in
water. However, even if cytochromieo; of E. coli also a cold finger. Distillation follows Rayleigh kinetics, and if
releases water toward the “outside” of the cell, liRe the process is incomplete, the remaining water is isotopically
sphaeroidesit is still theoretically possible that the isoto- €nriched while the distillate is isotopically depleted relative
pically distinct intracellular water we extracted resided in o the initial pool. The extracted cell cake water in our
the periplasmic space. It is also possible that water releasecs@mples was not uniformly isotopically depleted relative to
in this way diffuses or is transported back into the cytoplasm. growth medium water. Furthermore, if a pool of nonex-
Currently, our data do not allow us to address whether O changeable and unextractable water does exist in the cell, it
contributes significantly to the oxygen ions in metabolic Would have to be isotopically distinct from growth medium
water, and experiments are underway to address this questionwater to account for our data.

Another potential source of oxygen atoms in metabolic  Our data are consistent with a two-component mixture,
water is the LB medium. While both hydrogen and oxygen and our hypothesis is that this second component is
atoms in LB growth media can be released as water or metabolically-derived water. Is it possible that the second
otherwise solvent exchangeable atoms during biochemicalcomponent is something other than metabolic water? One
processing, many of the “organic” oxygen atoms found in possible source of a second, nonmetabolic component is
nutrients are released as €@he oxygen atoms in C{zan condensation. The cell cakes are stored20 °C, and it is
then exchange with intracellular water as a result of the theoretically possible that sufficient condensation forms on
enzymatic activity of carbonic anhydrase before the,CO the samples and/or tubes prior to extraction to alter the
diffuses into the atmospher8)( The best way to determine isotopic ratio of the cell cake water. However, the calculated
if the organic oxygen in the growth medium is a major isotope ratio of this second componedt®D = —3.5%o (21);
component of the oxygen atoms in metabolic water is to grow 6°H = —96%.] is not consistent with condensation of
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atmospheric water vapo#8).? In addition, when the cells  account for our data. While it is possible that any or all of
were chilled to 6C for 90 min prior to being harvested, the them influence the absolute values reported here, the simplest
fraction of extracted cell cake water that was isotopically explanation for our data is that metabolic activity does indeed
distinct from growth medium water was significantly reduced change the isotope ratio of intracellular water and that these
relative to that in cells that were not chilledl). Because changes are reflected in the isotope ratios of metabolites that
both the chilled and unchilled samples were the same sizederive oxygen and/or hydrogen atoms from water. Thus,
and were frozen and treated in an identical manner, it is despite the fact that various sources of error (or some
expected that the amount of condensation that would form combination of errors) cannot be ruled out, the available data
on the samples would be equal. The fact that the chilled cell support our hypothesis that a significant fraction of intrac-
cakes contained a significantly smaller fraction of isotopically ellular water in log-phask. coli cells is isotopically distinct
distinct water and the fact that the isotope ratios of this from growth medium water and is probably derived from
metabolically distinct water were inconsistent with meteoric metabolism.

water provide evidence that conflicts with the hypothesis that

condensation forms the second water component. CONCLUSION

Could there be components other than water that are |5 symmary, the data presented herein demonstrate that a
altering the isotopic ratio of the extracted cell cake water? significant fraction of the intracellular water in log-phase
The H/O ratios of the cell cake water as determined by TCEA +gji cells grown in X LB is derived from metabolic
indicate that if there are multiple components, they must be processes. Specifically, analysis of the hydrogen isotopes
cellular components that are volatile at physiological pH and gicates that~53% of the hydrogen atoms in intracellular
either have the same H/O ratio as water or are present inyater in log-phase cells are derived from metabolism. As
relatively low abundance. In addition, a variety of our data eypected, this percentage decreases in stationary-phase cells,
suggest that intracellular water truly is isotopically distinct dropping to~23%. The percentage of intracellular water that
from extracellular water, and it therefore seems unlikely that 5 gerived from metabolism is slightly lower when calculated
this is a significant source of error. Nevertheless, it is a using hydrogen isotopes (53 12%) instead of oxygen
possibility that cannot be completely ruled out. isotopes (71+ 19%). These differences may be due to
Itis important to note that both the hydrogen isotope ratio inherent error in the calculations or to the more rapid
of extracted fatty acids described herein and the oxygen exchange of protons with extracellular water. Significantly,
isotope ratio of isolated heme @9) suggest that intracellular  the isotope ratio of intracellular water is reflected in the
water can be isotopically distinct from growth medium water, sotope ratios of fatty acids, indicating that the hydrogen and
and our data suggest that the origin of this isotopically oxygen isotope ratios of metabolites can be used as an
distinct water is metabolism. The notion that metabolic water indirect probe for metabolic activity in living cells.
is present inside the cell is not surprising, as water is one of
the catabolic end products of aerobic respiration. What is ACKNOWLEDGMENT
perhaps surprising, however, is that the apparent fraction of . .
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