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ISOTOPE DETECTION AND USES THEREOF

I. CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of priority to U.S. Provisional Application No.
60/737,614, filed November 16, 2005 and Application No. 60/851,191, filed October 12,
2006, both of which are hereby incorporated herein by reference in their entirety.

II. STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

This invention was made with government support under Grant GM66236
awarded by the National Institutes of Health and Grant 56200013 awarded by the Federal
Bureau of Investigation. A portion of the work described herein was performed under
the Laboratory Directed Research and Development Program at the Pacific Northwest
National Laboratory, operated by Battelle for the U.S. Department of Energy under
Contract DE-AC05-76RL01830. The government has certain rights in the invention.

HIL.BACKGROUND

Cells can undergo numerous metabolic processes, many of which can alter
infracellular water composition either directly, by generating new water molecules (e.g.
dehydration reactions, respiration, etc.), or indirectly through the generation of CO,
(whose oxygen atoms can rapidly exchange with water due to the activity of carbonic
anhydrase) and other biomolecules such as carbohydrates capable of exchanging with
water. These metabolic processes can result in intracellular water that is isotopically
distinct from extracellular water.

Water can be transported into and out of cells through at least two different
mechanisms. The principal mechanism by which water was believed to enter and exit a
cell was via diffusion through the membrane. Although polar molecules, such as water,
are generally unable to diffuse across biological membranes, the small size of a water
molecule is believed to allow it to move through defects in the membrane as lipids
diffuse laterally. Water can also be transported via aquaporins, or membrane channel
proteins, at essentially diffusion-controlled rates. The rate at which these two processes
can theoretically occur has led to the generally accepted assumption that intracellular
water is isotopically indistinguishable from extracellular water. If the rate of one or

more of these processes should vary, the ypic composition of intracellular water
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could remain distinct from that of extracellular water. Any such variation could provide
important information about the metabolic processes within the cell. While techniques
exist to measure overall metabolic activity of an organism or an organ within an
organism, no methods currently exist for measuring the metabolic activity of a single cell
or small group of cells. Provided herein are compositions and methods for measuring the
isotopic ratio of *H/'H and/or '¥0/°0 in intracellular water and thus assessing the

metabolic activity of a cell.

IV.SUMMARY OF THE INVENTION

In accordance with the purpose of this invention, as embodied and broadly
described herein, this invention relates to compositions and methods for measuring the
isotopic ratio of 2H/*H and/or '80/'°0 in intracellular water and assessing the metabolic
activity of a cell. In this aspect, a method is provided for determining the metabolic rate
of a cell by obtaining a cell that contains a quantity of intracellular water, and analyzing
the intracellular water to determine the isotopic composition of the hydrogen and/or the
oxygen from the intracellular water. This isotopic composition can subsequently be
related to the metabolic activity of the cell.

In another aspect, a method is provided for measuring the isotopic ratio of *H/'H
in a probe species and assessing the metabolic activity of a cell. In one aspect, the
method of the present method comprises determining the isotopic ratio of hydrogen
and/or oﬁygen in both intracellular and extracellular water, determining the percentage of
isotopicélly distinct atoms, and determining the isotope ratio of metabolic water. In
another aspect, the method comprises determining the isotope ratio of *H/'H in fatty
acids, and relating such isotope values with intracellular water. In another aspect, the
present method is suitable for use in assessing metabolic processes in bacterium, such as
E. coli. In yet another aspect, the provided methods are suitable for assessing the
metabolic processes of a subject, such as a rat, by, for example, examining rat fibroblast
cells. In yet another aspect, the provided methods are suitable for assess the metabolic
processes of a human subject. In a further aspect, the provided methods are suitable for
examining the metabolic processes of a human subject via analysis of a fatty acid
sample, such as that contained in a blood sample.

In another aspect, the provided methods can provide metabolic information useful

for diagnosing metabolic anomalies, such as those observed in various cancers and
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weight disorders. In another aspect, the provided methods can provide useful
information for elucidating the flow of protons through hydrogen evolving organisms. In
another aspect, the provided methods can provide useful information on the metabolic

rate of “mats” or other biofilms.

Additional advantages will be set forth in part in the description which follows,
and in part will be obvious from the description, or may be learned by practice of the
aspects described below. The advantages described below will be realized and attained
by means of the elements and combinations particularly pointed out in the appended
claims. It is to be understood that both the foregoing general description and the

following detailed description are exemplary and explanatory only and are not restrictive.

V. BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and constitute a part of
this specification, illustrate several aspects described below. Like numbers represent the
same elements throughout the figures.

Figure 1 illustrates regression of the oxygen isotope ratio of extracted cell cake
water versus that of growth médium water. Data is from five experiments in which cells
were 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 representing the standard error
of measurement for each data point are concealed within the symbols on the graph.

Figure 2 illustrates 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 Figure 1.

Figure 3 illustrates regression of the calculated hydrogen isotope ratio of rat cell
fatty acid methyl esters versus that of culture water.

Figure 4 illustrates regression of the calculated hydrogen isotope ratio of water
derived from E.coli. cells versus that of culture water.

Figure 5 illustrates the oxygen isotope ratio of water extracted from yeast cells
grown in YPEG media of varying isotopic enrichment and harvested at either stationary
or log phase. Slope of log phase graph = 0.96508. Slope of stationary phase graph =
0.97763. These data indicate that yeast in log phase have a smaller percentage of their
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water being identical to extracellular water. In other words, log phase cells have a greater
percentage of intracellular water that is derived from metabolism.

Figure 6 illustrates regression of the hydrogen isotope ratio of extracted cell cake
water versus that of growth medium water. Data was pooled from five experiments in
which the cells were grown at 37 °C in 2X LB and harvested during mid-log phase.

Figure 7 illustrates regression of the calculated value of the hydrogen isotope
ratib of mtracellular water as determined from the washing experiments versus the
hydrogen isotope ratio of the growth medium water. The slope of 0.33 (with a 95%
confidence interval of 0.19) indicates that 48% - 86% of the water was generated during
metabolism, in agreement with the value calculated independently using the regression in
Figure 6.

Figure 8 illustrates data from experiments with eight different lab rats. Four of
the lab rats were raised on Salt Lake City (SLC) tap water and the remaining lab rats
were raised on slightly enriched water. Five different tissue samples were collected from
each of the rats. From the animals grown in slightly enriched water it can clearly be seen
that'the blood water has a very different isotope value for both O and H than the tissue
water. The lab rats grown on SLC tap water follow the same trend but the values are
mﬁch closer to each other (and are not separately labeled on this graph). This suggests
that the isotope ratio of the metabolic water is reasonably close to that of SLC tap water.
In the case of hydrogen, the signature of the food and tap water were similar thus
masking the difference between metabolic water and extracellular water. Note, however,
that tap water in other locations, such as, for example, Houston, can have different
isotope ratios.

Figure 9 illustrateé rat fibroblasts harvested in either log or stationary phase. Cell
cake Water was extracted and both the H and O isotope ratio was determined.
Significantly, slope is much bigger in the stationary (“stat”) phase cells than in the log
(“exp”) phase cells. This demonstrates that some of the water comes from metabolism,
and that as metabolism slows down, the percentage of metabolic water in the
intracellular water also decreases.

Figure 10 illustrates a repeat of the experiment shown in Figure 9 in duplicate.
The diamonds and the triangles are both log phase cell data. The squares and cross are

both stationary phase cell data. The log phase cells have a slope around 0.81 while the



10

15

20

25

30

WO 2007/106149 PCT/US2006/044263
5
stationary phase cells have a slope around 0.95. Again, this indicates that stationary

phase cells have less metabolic water in their intracellular water than do log phase cells.

VL.DETAILED DESCRIPTION

Before the present methods are disclosed and described, it is to be understood
that the aspects described below are not limited to specific methods, as such may, of
course, vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular aspects only and is not intended to be limiting,

Disclosed are materials, compounds, compositions, and components that can be
used for, can be used in conjunction with, can be used in preparation for, or are products
of the disclosed method and compositions. These and other materials are disclosed
herein, and it is understood that when combinations, subsets, interactions, groups, etc. of
these materials are disclosed that while specific reference of each various individual and
collective combinations and permutation of these compounds may not be explicitly
disclosed, each is specifically contemplated and described herein. For example, if an
inhibitor is disclosed and discussed and a number of modifications that can be made to a
number of R groups are discussed, each and every combination and permutation of the
inhibitor and the modifications to its R group that are possible are specifically
contemplated unless specifically indicated to the contrary. Thus, if a class of substituents
A, B, and C are disclosed as well as a class of substituents D, E, and F and an example of
a combination molecule, A-D is disclosed, then even if each is not individually recited,
each is individually and collectively contemplated. Thus, in this example, each of the
combinations A-E, A-F, B-D, B-E, B-F, C-D, C-E, and C-F are specifically
contemplated and should be considered disclosed from disclosure of A, B, and C; D, E,
and F; and the example combination A-D. Likewise, any subset or combination of these
is also specifically contemplated and disclosed. Thus, for example, the sub-group of A-
E, B-F, and C-E are specifically contemplated and should be considered disclosed from
disclosure of A, B, and C; D, E, and F; and the example combination A-D. This concept
applies to all aspects of this disclosure including, but not limited to, steps in methods of
making and using the disclosed compositions. Thus, if there are a variety of additional
steps that can be performed it is understood that each of these additional steps can be

performed with any specific embodiment or combination of embodiments of the
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disclosed methods, and that each such combination is specifically contemplated and

should be considered disclosed.

In this specification and in the claims which follow, reference will be made to a
number of terms which shall be defined to have the following meanings:

It must be noted that, as used in the specification and the appended claims, the
singular forms “a,” “an” and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to a fatty acid includes two or more
such fatty acids, mixtures of fatty acids, and the like.

“Optional” or “optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where the
event or circumstance occurs and instances where it does not. For example, the phrase
“optionally methylated” means that the substance can or can not be methylated and that
the description includes both methylated and un-methylated embodiments.

Ranges can be expressed herein as from "about" one particular value, and/or to
"about" another particular value. When such a range is expressed, another embodiment
includes from the one particular value and/or to the other particular value. Similarly,
when values are expressed as approximations, by use of the antecedent “about,” it will be
understood that the particular value forms another embodiment. It will be further
understood that the endpoints of each of the ranges are significant both in relation to the
other endpoint, and independently of the other endpoint. It is also understood that there
are a number of values disclosed herein, and that each value is also herein disclosed as
“about” that particular value in addition to the value itself. For example, if the value
“10” is disclosed, then “about 10” is also disclosed. It is also understood that when a
value is disclosed that “less than or equal to” the value, “greater than or equal to the
value” and possible ranges between values are also disclosed, as appropriately
understood by the skilled artisan. For example, if the value “10” is disclosed the “less
than or equal to 10”as well as “greater than or equal to 10” is also disclosed. It is also
understood that the throughout the application, data is provided in a number of different
formats, and that this data, represents endpoints and starting points, and ranges for any
combination of the data points. For example, if a particular data point “10” and a
particular data point 15 are disclosed, it is understood that greater than, greater than or
equal to, less than, less than or equal to, and equal to 10 and 15 are considered disclosed

as well as between 10 and 15.
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As used herein, a “wt. %”, “weight percent”, or “percent by weight” of a
component, unless specifically stated to the contrary, refers to the ratio of the weight of
the component to the total weight of the composition in which the component is
included, expressed as a percentage. 5

As used herein, a “mole percent” or “mole %” of a component, unless
specifically stated to the contrary, refers to the ratio of the number of moles of the
component to the total number of moles of the composition in which the component is
included, expressed as a percentage.

The term “ester” as used herein is represented by the formula —C(O)OA, where
A can be an alkyl, halogenated alkyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl,
cycloalkenyl, heterocycloalkyl, or heterocycloalkenyl group.

The term “cell”, as used herein, can refer to individual cells, cell lines, a primary
culture, or cultures derived from such cells unless specifically indicated. A “culture” or
“cell culture” refers to a composition comprising isolated cells of the same of a different
type and can refer to a population of cells grown on or in 2 medium such as agar or LB
broth.

A cell can be in vitro. Alternatively, a cell can be iz vivo and can be found in a
subject. A “cell” can be a cell from any organism including, but not limited to, a
bacterium or a mammal.

As used herein, by a “subject” is meant an individual. Thus, the “subject” can
include domesticated animals, such as cats, dogs, etc., livestock (e.g., cattle, horses, pigs,
sheep, goats, etc.), laboratory animals (e.g., mouse, rabbit, rat, guinea pig, etc.) and birds.
In one aspect, the subject is a mammal such as a primate or a human.

As used herein, “culture medium” or “growth medium” refer to a substance
suitable for growing cells or cell cultures, such as, for example LB broth.

As used herein, a “probe” refers to a molecule or substance that is a product, at
least in part, of a metabolic process, wherein a hydrogen, an oxygen, or a combination
thereof is incorporated from water at a rate proportional to the rate of the metabolic
process.

Stable isotope contents are expressed hefein by “delta” notation as & values jn
parts per thousand (%), where 6 %o = [(Ra/Rsig) — 1] * 1000%o, and Ra and Ry are the
molar ratios of the rare to abundant isotope (e.g. 2H/lH) in the sample and the standard,

respectively.
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By the term “effective amount” of a compound as provided herein is meant a
nontoxic but sufficient amount of the compound to provide the desired result. As will be
pointed out below, the exact amount required will vary from subject to subject,
depending on the species, age, and general condition of the subject, the severity of the
disease that is being treated, the particular compound used, its mode of administration,
and the like. Thus, it is not possible to specify an exact “effective amount.” However,
an appropriate effective amount can be determined by one of ordinary skill in the art
using only routine experimentation.

The calculations and equations described herein are exemplary and are not
intended to be limiting. Other mathematical formulae and approaches can be used to
achieve the same result and the present invention is not intended to be limited to the
specific equations and calculations recited.

The present invention provides methods for measuring the isotopic ratio of 2H/'H
and/or '¥'%0 in intracellular water and thus, assessing the metabolic activity of a cell.
The ability to asses such information can have a profound impact in the fields of
biochemistry, cellular biology, and biogeochemistry.

In a general description, the present invention provides a method for determining
the metabolic rate of a cell by obtaining a cell that contains a quantity of intracellular
water, and analyzing the intracellular water to determine the isotopic composition of the
hydrogen and/or the oxygen from the intracellular water. This isotopic composition can
be correlated with metabolic activity of the cell using the steps described below.

An alternative method may be employed wherein a probe molecule, such as fatty
acid, is analyzed in a similar manner and correlated with metabolic activity.

In an exemplary aspect, and not intended to be limiting, the general steps of the
method comprise determining the isotopic ratio of hydrogen and/or oxygen in both
intracellular and extracellular water, determining the percentage of isotopically distinct
atoms, and determining the isotope ratio of metabolic water. In another aspect, the
method comprises determining the isotope ratio of ?H/!H in a probe, such as fatty acids,
and correlating such isotope values with intracellular water.

In one aspect, the disclosed methods are suitable for use in assessing metabolic
processes in bacterium, such as E. coli. In another aspect, the disclosed methods are
suitable for assessing the metabolic processes of a subject, such as a rat, by, for example,

examining rat fibroblast cells. In yet another aspect, the disclosed methods are suitable
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for assess the metabolic processes of a human subject. In a further aspect, the disclosed
methods are suitable for examining the metabolic processes of a human subject via
analysis of a sample comprising a probe, such as a fatty acid, such as that contained in a
blood sample.

In another aspect, the disclosed methods can provide metabolic information
useful for diagnosing metabolic anomalies, such as those observed in various cancers and
weight disorders. In a specific aspect, the disclosed methods can provide metabolic
information useful for diagnosing cancer such as lymphomas (Hodgkins and non-
Hodgkins), B cell lymphoma, T cell lymphoma, leukemias, myeloid leukemia,
carcinomas, carcinomas of solid tissues, squamous cell carcinomas, squamous cell
carcinomas of the mouth, throat, larynx, and lung, adenocarcinomas, sarcomas, gliomas,
high grade gliomas, blastomas, neuroblastomas, plasmacytomas, histiocytomas,
melanomas, adenomas, hypoxic tumours, myelomas, ATDS-related Iymphomas or
sarcomas, metastatic cancers, mycosis fungoides, bladder cancer, brain cancer, nervous
system cancer, lung cancers such as small cell lung cancer and non-small cell lung
cancer, ovarian cancer, pancreatic cancer, prostate cancer, hepatic cancer, colon cancer,
cervical cancer, cervical carcinoma, breast cancer, and epithelial cancer, renal cancer,
genitourinary cancer, esophageal carcinoma, head and neck carcinoma, large bowel
cancer, hematopoietic cancers, or testicular cancer.

Through the appropriate selection of cell and/or probe samples, a variety of
disorders and/or metabolic variations can be identified, diagnosed, or monitored. One of
skill in the art would be able to select an appropriate cell and/or probe sample to identify,
diagnose, or monitor a specific metabolic disorder.

In another aspect, the disclosed methods can provide useful information for
elucidating the flow of protons through hydrogen evolving organisms. In another aspect,
the disclosed methods can provide useful information on the metabolic rate of “mats” or
other biofilms.

It should be noted that not all of the steps and/or experiments described herein are
required to assess metabolic activity. Many of the steps and experiments are not required
and can be optionally performed to provide further data or refine existing data. The steps

can be performed in any order that will provide the desired result.
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A. Isotopically Distinct Intracellular Water

A large percentage of both the hydrogen and oxygen atoms in intracellular water
can be derived from metabolic processes. According to the accepted mechanisms of
heme O biosynthesis, the oxygen atom of the 17 -hydroxyethylfarnesyl moiety is derived
from water. Heme O molecules in Escherichia coli cells grown in 95% H, %0, however,
do not typically contain the expected quantity of labelled oxygen atoms, indicating that
an additional source of water exists and that the isotope ratio of intracellular water can be
different ﬁoﬁ extracellular water. The isotopic composition of, for example, 30/'°0 in
intracellular water can be determined with any suitable means capable of quantifying
isotopically distinct atoms at the levels described herein, such as i1sotope-ratio mass
spectrometry (IRMS). According to IRMS analysis, approximately 70% of the
intracellular water oxygen atoms extracted from lo g-phase E. coli cells grown in 2X LB
are derived from metabolic processes and can therefore be isotopically distinct from
extracellular water.

While protons can diffuse across membranes independently from oxygen atoms
(e.g. through proton channels), the hydrogen isotope ratio of intracellular water in E. coli
cell can also be distinct from that of growth medium water, and thus, be a function of
metabolic activity of the cell. Hydrogen from intracellular water can also be
incorporated into certain molecules, such as fatty acids, during cell metabolism. These
molecules can be used as probes to indirectly ascertain information on the metabolic
processes within the cell. Any probe species that can incorporate an 1sotopically distinct
atom during a metabolic process can be utilized in this method. One of skill in the art
would be able to readily select an appropriate probe species.

In rapidly metabolizing organisms, intracellular water can be significantly

different from extracellular water.

B. Isotope Ratio of Intracellnlar vs. Extracellular Water

Water molecules can enter a cell via diffusion from the i;ulture medium water or
be generated during metabolic reactions. An isotopic gradient of water can be
maintained during the harvesting of cells by, for example, filtration, and the water
extracted from the filtered cell cake can be modeled as a two-component mixture of

medium and metabolic water in which

Ocell cake =f(8medium) + (l'f)(ametabolic)s Equation 1
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where Scelj cate> Omediums A1 dmetabotic are the hydrogen isotope ratios of the water extracted

from the cell cake, the culture medium, and the metabolic water, respectively, and fis the

fraction of the cell cake water that is identical to the culture medium water. The

composition of the culture medium, and thus, §yedium, can be manipulated and S¢ef cake

measured to yield a straight line of slope f.

Cell cultures can be grown to a specific point or phase, for example mid-log
phase, in a suitable medinm, such as 2X LB, made with isotopically varying water. The
mid-log phase cells can be harvested on filters and the resulting cakes removed and
sealed for subsequent analysis and comparison to the spent culture medium. Water from
both the cell cake and the spent medium can be analyzed as described herein to
determine the isotope ratio of hydrogen, oxygen, or both, and determine the percentage
of isotopically distinct atoms.

Cell cultures can also be grown and harvested after the cells have entered the
stationary phase, such as approximately 12 hours post-inoculation, to determine the
correlation of hydrogen isotope ratio with metabolic activity. The effect of metabolic
rate on the isotope ratio can be further assessed by comparing intracellular water from

cells grown at varying temperatures.

C. Percentage of Isotopically Distinct Atoms

The percentage of intracellular water isotopically distinct from growth medium
water is presumed to derive from metabolism. As the cell cake can contain both
intracellular and extracellular water, the extracted cell cake water can be modeled as a
two-component mixture of intracellular and extracellular water:

Becell cake = fBextraceltutar) + (1/)(Bintraceitutar), (Equation 2)
where f'is the fraction of the cell cake water that is extracellular water, and Sextraceliular and
Bintracellular are the oxygen isotope ratios of the extracellular and intracellular water. If
Sextraceliutar S Manipulated and 8¢ep care measured, Equation 2 becomes the equation of a
straight line where the slope is equal to f.

To further vary the composition of extracellular water, a cell culture can be
grown to, for example, mid-log phase in a suitable medium, divided into multiple
aliquots, and harvested on separate filters. The dry or semi-dry cell cakes can then be
washed with fresh growth medium made with isotopically distinct water, replacing the

extracellular water in the cake with the isotopically distinct wash water. The extracted
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water from the washed cell cakes can then be analyzed to determine 8?H and/or 8120

values and be regressed onto the wash water as depicted in Table 1 below.

This procedure can be performed by examining hydrogen, oxygen, or both. As
the aliquots each contain the same percentage of intracellular water, no statistical
difference should be expected between the samples for each of the hydrogen and oxygen
analyses. This data can then be used to calculate the fraction of hydrogen and/or oxygen
atoms in the infracellular water that derived from metabolic processes in log-phase cells.

Similar experiments can be performed on cells harvested in stationary phase.

D. betermining the Isotope Ratio of Metabolic Water

At least two independent methods exist for calculating the isotope ratio (e.g.
hydrogen) of intracellular water. The first method derives from Equation 1, [8cei cake =
SBmedium) + (1) (Smetabotic)], above. If Smedium is manipulated, as described above, Spetabotic
can be calculated by dividing the intercept value by (1-f).

The second method for estimating 8 etanoic Uses data from the wash experiments,
as described above. The 8°H value of intracellular water can be calculated and then,
using Equation 2, the intercept value can be divided by (1- /) to yield an estimate of the
8°H value of the intracellular water, as depicted in Table 1 below. Thus, the isotope ratio
of the intracellular water can be represented as:

intracettutar = (2)growth medivm + (1-)Smetabolics Equation 3
where £ is the fraction of intracellular water that originated from the growth medium. A
plot of the calculated Sipiracennuiar Values versus the measured Sgrowth medium Values can yield
a regression slo;e representing 4, as illustrated in Figure 7. The 6°H value of the

metabolic water is equal to the y-intercept value divided by (1-4).

E. Isotope Ratio of Atoms in Probes, such as Fatty Acids, Correlates with

Intracellular Water

The percentage of intracellular water that is isotopically equivalent to culture
medium water typically increases as the culture progresses from log to stationary phase.
The difference in contribution from culture medium water to intracellular water can be
reflected in the hydrogen isotope ratios of probes, such as fatty acids, that are

biosynthesized during log phase or later in the life of the culture. For example, the probe
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can be a metabolic product that is specific to a tissue type or tumor. For example, the

probe can be prostate specific antigen (PSA).

The isotopic relationship between culture water, nutrients, and lipids can be
expressed in the equation

Rpa = fwaterOwaterRowater + (1+fvater) OnutrientsRnutrients, Equation
4
where Res, Rwater, and Rounients Tepresent the hydrogen isotope ratios (R values) of the fatty
acid, culture water, and nutrients, respectively; fuater is the fraction of the fatty acid
hydrogens that derive from water; and Oyater and Ogutrients (defined as Re/Ryater and
R2/Ruutrients) are the isotope fractionation factors between water and the fatty acid, and
nutrients and the fatty acid, respectively. A regression of Rg {fersus Ruyater can yield a
line of slope fiaerOtwater With an intercept of (1-fivater) CnutrientsRuutrients: 1f Chwater 1S assumed to
be relatively constant between log and stationary phases, then a change in the slope of
the regression using the R values of fatty acids harvested from log- or stationary-phase
cells can be ascribable to a change in fater.

Probes, such as fatty acids, can be prepared as described in the Examples below,
from log-phase and/or stationary-phase cells, such as those above. Depending upon the
analysis method, the specific preparation method of a fatty acid can vary. In one aspect,
the fatty acid sample can be methylated. In this aspect, the methylated fatty acids can be
analyzed via Gas Chromatography-Mass Spectrometry (GC-MS) to identify the fatty
acid methyl ester components. The hydrogen isotope ratios of individual fatty acids can
then be determined by GC-IRMS. Other preparation and/or derivation steps can be used
to render the probe species in a suitable form for analysis. One of skill in the art would
be able to select an appropriate preparation method for a probe species. The data
illustrated in the Examples below demonstrates that a significant fraction of the
intracellular water in log-phase cells grown in 2X LB can derive from metabolic
processes. The isotope ratio of metabolic water is also reflected in fatty acids, indicating

that metabolites can be used as an indirect probe for metabolic activity in living cells.

F. Energy Balance and Metabolism
Doubly-labeled water is commonly used by researchers to study metabolism and
energy balance of humans and animals. After an initial dose of *H,'30, 2H is eliminated

only as water and 130 is eliminated as water and CO,. The difference in elimination
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rates between the *H and the '®0 is a measure of CO, production. COs, is the final
product of energy catabolism within the cell. Thus, estimates of CO, production can be
used to investigate energy balance and metabolism. At this time, the influence of diet
composition on energy balance is not clear. Funding agencies such as NIH are interested
in further investigating energy balance and metabolism in humans because of the
increased rates of obesity in the US. To this end, researchers continue to use doubly-
labeled water to investigate energy balance in humans and in model animals such as
laboratory rats. The herein disclosed ability to measure the isotopic composition of the
body water pool of the whole animal and the isotopic composition of the tissue water,
where metabolism directly occurs, allows for an increase in the understanding of how
diet composition directly influences energy balance. Likewise, the disclosed ability to
measure differences in the isotopic composition of the tissue water can allow a better

understanding of the mechanisms involved in excessive weight gain.

G. EXAMPLES

The following examples are put forth so as to provide those of ordinary skill in
the art with a complete disclosure and description of how the compounds, compositions,
articles, devices, and/or methods described and claimed herein are made and evaluated,
and are intended to be purely exemplary and are not intended to limit the scope of what
the inventors regard as their invention. Efforts have been made to ensure accuracy with
respect to numbers (e.g., amounts, temperature, etc.) but some errors and deviations
should be accounted for. Unless indicated otherwise, parts are parts by weight,
temperature is in °C or is at ambient temperature, and pressure is at or near atmospheric.
There are numerous variations and combinations of reaction conditions, e.g., component
concentrations, desired solvents, solvent mixtures, temperatures, pressures and other
reaction ranges and conditions that can be used to optimize the product purity and yield
obtained from the described process. Only reasonable and routine experimentation will

be required to optimize such process conditions.

Example 1: Oxygen isotopes indicate most intracellular water in log-phase

Escherichia coli is derived from metabolism.

Materials and Methods
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Cultures: E. coli BL21 (DE3) cultures were grown in 2X Miller Luria-Bertani
(LB) broth (EMD Chemicals) at 37 °C with shaking at 225 rpm. The culture volume was
one-tenth the flask volume. The 2X LB contained 20 g tryptone, 10 g yeast extract, and
20 g NaCl per liter and had an osmolality of 838 mosmol/kg, as measured on a Wescor

5500 vapor pressure osmometer. Batches of LB were made with isotopically varying

“water.

To determine the optical density readings associated with mid-log phase, growth
of cultures were monitored in 2X LB, regular absorbance measurements taken at 600 nm
on a Hach Odyssey spectrophotometer. Mid-log phase was associated with ODgg
readings of 0.8 to 1.0 and a doubling time of approximately 30 minutes. Stationary
phase cells were harvested about 12 hours after inoculation, when the ODggp of a 1:10
dilution of the culture had been about 0.7 for 3 hours. Cell cakes were harvested by
pouring the culture through a 0.2 pm NL 16 filter (Schleicher and Schuell, Dassel,
Germany) 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 (Ingraham, N. L. & Shadel, C. 1992;
Araguas-Araguas, L., et al. 1995). Vials containing frozen cell pellets or medium were
placed inside a heavy-walled Pyrex 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 the
vacuum pump via a valve. The test tube containing the sample vial was then submerged
in liquid nitrogen for several minutes, following which the valve to the vacuum pump
was opened and the assembly evacuated. The test tube and cold finger were then re-
isolated from the vacuum pump and checked for constant vacuum with an in-line
vacuum gauge. Water was then completely 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 about an hour. Once distillation was complete, the distilled water
was placed in crimp-top vials, sealed, and stored in a cold room prior to stable isotope

ratio analysis.
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Stable isotope ratio measurements. Stable isotope ratios were measured relative
to internationally recognized standards. Laboratory standards were calibrate to the
international standards, and then the laboratory standards included as internal standards
in every run. Stable isotope contents are expressed in “delta” notation as & values in
parts per thousand (%o), where 8%o = (Ra/Rsta — 1) * 1000%o, and R4 and Rgy are the
molar ratios of the rare to abundant isotope (e.g. '*0/'°0) in the sample and the standard.
The standard used for both oxygen and hydrogen is Vienna Standard Mean Ocean Water
[VSMOW] (Coplen, T. B. 1996).
Oxygen stable isotope ratios were determined on a ThermoFinnigan-MAT Delta
Plus XL isotope ratio mass spectrometer (IRMS, Bremen, Germany) equipped with a

Thermo Chemical Elemental Analyzer (ThermoFinnigan-MAT, Bremen Germany) and a

~ GC-PAL autosampler (CTC Analytics, AG, Zwingen, Switzerland) (Gehre, M., et al.

2004). Injection volume was 0.5 pl. Water samples were analyzed in duplicate and the
results averaged. The average standard deviation of repeated measurements of water
standards was 0.2%o.

Results

Cellular Water Can Be Isotopically Distinct from Growth Media Water: Water
molecules can enter a cell via diffusion from the culture medium water or be generated
during metabolic reactions. If an isotopic gradient could be maintained during
harvesting 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

Scett cake = f{Bmedium) + (1) (Bmetabotic) (Equation 1)
where Scelt cakes Omedium> a0 Smetavotic are the oxygen isotope ratios of the water extracted
from the cell cake and the culture medium, and of the metabolic water, respectively, and
S 1s the fraction of the cell cake water that is identical to the culture medium water. If
Smedium 18 manipulated and Scey cake measured, Equation 1 becomes the equation of a
straight line where the slope is equal to f.

Four cultures of E. coli were grown to mid-log phase in 2X LB medium made
with isotopically varying water, and the cells harvested 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.
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The slopes of S cake VEISUS Oedium Values obtained in the five experiments were
not significantly different (F = 1.03, where Fo 05 = 3.63) (Sokal, R. R. & Rohlf, F. J.
1995), and the data from the five experiments were therefore combined (Figure 1). The
slope of the regression line of the pooled data is 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, since evaporation generally increases the isotope ratios of the residual water
(Farquhar, G. D. & Lloyd, J. 1993; Farquhar, G. D., et al. 1993; Farquhar, G.D. &
Cernusak, L. A. 1989). These 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 compared to 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 Equation 1. The slope of 0.90 indicates that
approximately 10% of the oxygen atoms extracted in the cell cake water were
1sotopically distinct from the growth medium water.

The Presence of Isotopically Distinct Water Is Correlated with Metabolic
Activity: To test whether this isotopically distinct water was generated from metabolism,
two experiments were performed in which water was extracted from cells that were less
metabolically active than cells harvested in log phase. It was expected 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, cells were harvested at stationary phase (after ~12
hours 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.

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 experiments different from the
growth stage at Slope of  R*value of Standard (four cultures 37°C log-phase
time of harvest regression  regression  error of slope  per experiment) experiments*

37°C, log phase 0.90 0.99 0.019 5 -
37°C, stationary 0.96 0.99 0.011 2 0.017
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phase
6°C, log phase 0.98 0.99 0.015 1 0.05*

10

15

20

25

*Confidence level determined in an F test.
TF =838, Foo = 7.88
1P =7.60, Fyos=4.38

In the second test, cultures were grown to mid-log phase at 37 °C as before, but
then each culture split into two equal parts. One part was harvested immediately, while
the second part was transferred to a chilled flask and put on a shaker at 6 °C for 90
minutes prior to 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
between intracellular water and growth water in this experiment was the same as in the
five log-phase experihments 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 prior to 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 indicate that some of the water extracted from
the cell cakes 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. The data indicate that 10% of the total water extracted from lo g-
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, it first had to be 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:

8c§11 cake =f(sextracellular) + (l'jf)(gintracellular): (Equaﬁon 2)
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where fis the fraction of the cell cake water that is extracellular water, and Oextraceliular and

Ointracellular A€ the 0xygen isotope ratios of the extracellular and intracellular water. If

Oextracellular 1S manipulated and Sy c;ke measured, Equation 2 becomes the equation of a

straight line where the slope is equal to f.

A culture of E. coli was therefore grown to mid-log phase in 2X LB, the culture
split into four aliquots and immediately harvested 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 ratios of the water
in the 2X LB used to wash the cell cakes (Swagh solution) Was therefore equal to Sexgraceiiular i
Equation 2. Water was extracted from the washed cell cakes and the wash solutions,
their 5'°0 values measured, and the cell cake water values regressed onto the wash water
(Table 2). This experiment 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.

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

Slope of extracted Calculated §'%0
8'%0 of growth cell water versus R? of Y intercept of intracellular .
medium water, %o wash water regression value’ water, %o*"

~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 -0.44 -0.55
16.1 0.86 0.99 +0.32 2.26
' Average = 0.86}
Standard Error = 0.025

20

* The §"°0 value of intracellular water = (v intercept)/(1 — slope). Intracellular water is itself a combination of
growth medium water and intracellular water as described by Eq. 3.

T Average and standard error are not presented, because the y intercept values and the 8'®0 values of the

intracellular water are expected to be different as a result of the different 6'°0 values of the growth medium
waters.

 These slopes are not statistically different (F = 1.59; Fy 5 = 4.35).

The fraction of intracellular water derived from metabolism is equal to the
fraction of total cell cake water derived from metabolism (0.10, Figure 1) divided by the
fraction of total cell cake water that is intracellular (0.14, Table 2). Therefore,
approximately 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
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water) are used in a propagation of errors calculation (Shoemaker, D. P., et al. 1989). A

71% estimate of the oxygen atoms in intracellular water being derived from metabolism

is consistent with and explains previous in vivo heme O labelling results (Brown, K. R.,

. etal. 2003).

Two wash experiments were also performed 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, Fo.0s = 4.84).
Therefore, the result reported above in which the water extracted from stationary-phase
cell cakes had a smaller contribution from metabolic water was not a consequence of a
greater contribution of extracellular water to the cell cake water.

The 5'%0 value of metabolic water can be estimated by two independent methods
using either the data from the growth experiments or the data from the washing
experiments. According to Equation 1, the y-intercept term is equal to (1-H)Smetavotic,
where fis the slope of the line and Speapoiic is the oxygen isotope ratio of the metabolic
water. In Figure 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 5'°0 value of metabolic water from the washing experiment data

requires that the 3'°0 value of intracellular water first be calculated. In Equation 2, the

y-intercept from the washing experiments is equal to (1-/)(Sintraceitutar) Where fis the slope

of the line. Thus, dividing the intercept value by (1-f) yields an estimate of the §'0
value of the intracellular water (Table 2). According to the dislcosed model, the isotope
ratio of the intracellular water can be represented as:

Sintraceltutar = (€)Bgrowth medium + (1-2)Smetabotics (Equation 3)
where g is the fraction of intracellular water that originated from the growth medium. A
plot of the calculated Sinracenutar Values versus the measured Ogrowth medium Values vielded a
regression slope of 0.29, representing g (Figure 2). The 8'°0 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 Figure 1 but derived using independent
data.

Significantly, the data from the washing experiments also support the previous

estimate of the fraction of intracellular water derived from metabolism. From Equation

3, the fraction of intracellular water generated from metabolism is equal to (1-g), or 0.71.
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This estimation that 71% of intracellular water is derived from metabolism is identical to
that reached using the slope of the regression in Figure 1.
Similar tests and results have been performed with eukaryotic cells and are

represented in Figure 5. |

Example 2: Metabolic Processes Account for the Majority of the Intracellular

Water in Log-Phase Escherichia coli Cells As Revealed by Hydrogen Isotopes

Cell Cultures: E. coli BL21 (DE3) cultures were grown in 2X Miller Luria-
Bertani (LB) broth (EMD Chemicals) at 37 °C to either mid-log or stationary phase. The
cells were then collected via filtration, transferred to a vial, sealed and frozen. Water
was then extracted cryogenically from the cell pellets and spent medium samples. The
desiccated cell pellets were stored at room temperature prior to lipid extraction.

Fatty Acid Extraction and Analysis: Fatty acids were extracted from desiccated
cell pellets, such as those prepared in Example 1, by saponification and then converted to
methyl esters for structural analysis by gas chromatography/quadrupole mass
spectrometry (GC-MS) and for isotope ratio measurements by gas chromatography-
isotope ratio monitoring mass spectrometry (GC-IRMS). The extraction and methylation
were performed in glassware that had been baked at approximately 500 °C for
approximately 8 h to remove organic contamination. All aqueous solutions were
extracted 5 times with hexane prior to use, and organic solvents were of the highest
grade and used without further purification. Control blank extractions showed no
contamination when analyzed by GC-MS.

Preparation of Fatty Acid Methyl Esters: Desiccated cell pellets were saponified
in 5 mL of 0.5 M NaOH for 2 h at 70 °C in 16 x 125 mm test tubes with Teflon-lined
caps. The solution was then acidified to a pH of 3 — 6 by the dropwise addition of 4 M
HCl. 2.5 mL of an aqueous 5% NaCl solution was added, and the mixture was extracted
3 times with methyl zert-butyl ether (MTBE). The extracted organic layers were
combined in a pear-shaped flask and the majority of the MTBE removed by rotary
evaporation. The remaining solution was transferred to a borosilicate glass vial and
evaporated to dryness under a stream of N;. 1 mL of approximately 3% BF; in
anhydrous methanol (Burdick and J ackson, Muskegan, MI) was added to the vial, which
was capped with a Teflon-lined cap and sealed with Teflon tape. Methylation reactions

were incubated for 2 h at 100 °C. The reaction mixture was transferred to a 16 x 125 mm
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test tube. The vial was rinsed 3 times with methanol and 3 times with hexane, with the
rinse solutions added to the test tube. 2 mL of an aqueous 5% NaCl solution was added
to the tube and the mixture was extracted three times with 3 mL hexane. The volume of
the combined organic layers was subsequently reduced to approximately 100 - 200 pL
by evaporation under a stream of N,. The identity of major components of the mixtures
was determined by GC-MS analysis of 1 pL samples on a ThermoFinnigan Trace GC-
MS equipped with a 30 m DBS5 column.

Stable-Isotope Ratio Measurements: Stable-isotope ratio measurements were
made at the Stable-Isotope Ratio Facility for Environmental Research at the University
of Utah in Salt Lake City. Stable-isotope ratios were measured relative to Vienna
Standard Mean Ocean Water (VSMOW), an internationally recognized standard.
Laboratory standards were calibrated to the VSMOW standard, and included as internal
standards in every analysis. Stable isotope contents are expressed in “delta” notation as
b values in parts per thousand (%o), where 8%o = [(Ra/Rsw) — 1] * 1000%o, and R, and
Rsta are the molar ratios of the rare to abundant isotope (e.g. H/'H) in the sample and the
standard, respectively. The 3 notation is non-linear with respect to isotopic abundances,
which can lead to large errors in calculation based on § values if the range in isotope
ratios is large, as is often the case with H. All calculations were made using R values
and were reported in & values. No difference was observed in the slopes calculated based
on R or 6 values at the level they reported.

Analysis of Water Samples: The hydrogen stable isotope ratios of water samples
were determined on a ThermoFinnigan-MAT Delta Plus XL isotope ratio mass
spectrometer (IRMS, Bremen, Germany) equipped with a Thermal Conversion
Elemental Analyzer (TCEA, ThermoFinnigan-MAT, Bremen Germany) and a GC-PAL
autosampler (CTC Analytics, AG, Zwingen, Switzerland). The injection volume was 0.5
nL. Water samples were analyzed in duplicate and the results averaged. The average
standard deviation of repeated measurements of water standards was 2%o.

Analysis of Lipid Samples: Stable hydrogen isotope ratios of lipids were
measured on a ThermoFinnigan-MAT Delta Plus XL IRMS equipped with a Hewlett-
Packard GC with a 30 m DB1 column coupled to a GC-TCIII interface. In this
instrumental configuration, samples were injected into the GC and components of the

mixture separated on the GC column. The separated components enter the pyrolysis
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reactor sequentially and their hydrogen atoms are converted to Hj gas. Each peak of H,
enters the IRMS where its isotope ratio is determined; thus the hydrogen isotope ratio of
each well-separated compound present in sufficient quantity can be measured.

An instrumental correction for H; was determined daily from injections of a
standard alkane mixture. The standard alkanes and fatty acid isotope ratio values were
standardized against pulses of reference hydrogen gas (§°H = -202.45%o0) injected at the
beginning and end of every run. The average absolute error of measurements of the
isotope ratio values of the individual standard alkane peaks was 4.5%o, with a standard
deviation of 4.2.

The correction factor for the three hydrogen atoms added to the fatty acids during
the methylation step was determined 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. The fatty acid was then methylated using the procedure
described above and the hydrogen isotope ratio of the fatty acid methyl ester measured
by GC-pyrolysis-mass spec. By comparing the hydrogen isotope ratios of the methylated
and ﬁn—methylated forms of the fatty acid, it was determined that the %o 2H value of the
three hydrogen atoms added during methylation was -100%.. This calculation ignored
the hydrogen atom on the carboxylic acid group, the isotope ratio of which could not be
separately measured because it would have been lost during the methylation procedure.
The 8°H value of the fatty acid is assumed to be a function of its 17 alkyl hydrogen
atoms that contributed to the value of the ester. The ignored hydrogen atom was one of
18, is not expected to contribute significantly to the experimental error, and would not
alter the correlation between the isotope ratios of the fatty acids and growth medium.

Cell cultures grown to mid-log and stationary phase: Four cultures of E. coli
were grown to mid-log phase in 2X LB medium made with isotopically varying water,
and the cells harvested 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 hydrogen isotope
ratios determined. This experiment was conducted five times.

The slopes of dceij caxe VETSUS Smegium Values obtained in the five experiments were
not significantly different (F = 0.19, where Fy o5 = 3.48), and the data from the five

experiments were combined, as illustrated in Figure 6. The slope of the regression line
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of the pooled data is 0.92 with 2 95% confidence interval of 0.03. This result suggests
that approximately 8% of the hydrogen atoms in extracted cell cake water were
isotopically distinct from extracellular water. This result is consistent with oxygen
analysis that indicates that about 10% of the oxygen atoms in similar samples were
metabolic. The average slope of the oxygen experiments was 0.90 with 2 95%
confidence interval of 0.04. The average slopes of the oxygen and hydrogen regressions
are not significantly different (F = 0.06 where Fp o5 = 4.1).

This experiment was repeated to determine the correlation between the hydrogen
isotope ratio of intracellular water and metabolic activity. In the repeated experiment,
the cells were harvested after they had entered stationary phase, at about 12 hours post-
inoculation. The slope of the pooled data from two trials was 0.965, significantly
different from the log-phase slope (F = 16.8 where Foo; = 7.8). The results of this
experiment indicate that when E. coli cells were harvested in stationary phase, 3.5% of
the hydrogen atoms in the extracted cell cake water were isotopically distinct from
growth medium water instead of 8%, very similar to oxygen isotope ratio experiments
where the average slope of the stationary phase experiments was 0.961.

In an additional experiment, the effect of metabolic rate was assessed by
comparing intracellular water from cells grown at different temperatures. Two identical
cultures were prepared; one was incubated at the standard 37 °C temperature while the
second was incubated at 18 °C. The cells were harvested at log phase, and the water was
cryogenically extracted in a fashion identical to that above; the only difference between
the two cultures being the incubation temperature and therefore the metabolic rate. A
plot of cell cake water versus growth medium water yielded a slope that was
significantly larger for the 18 °C cells than for the 37 °C cells, indicating that a
substantially smaller fraction of intracellular water is isotopically distinct from growth
medium water when the cells are incubated at a reduced temperature. Together, these
data are consistent with the hypothesis that the isotopically distinct hydrogen atoms are
derived from metabolism.

Percentage of Isotopically Distinct Hydrogen Atoms: To determine the
percentage of intracellular water that was isotopically distinct from growth medium
water and presumably derived from metabolism, it is necessary to account for the fact
that water extracted from a cell cake can contain both intracellular and extracellular

water.
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A culture of E. coli was grown to mid-log phase in 2X LB, at which time the
culture was split into four aliquots and immediately harvested on separate filters. As
soon as the cell cakes appeared dry on the filters, they were washed with fresh 2X LB
made with isotopically distinct water. This washing procedure replaced most of the
extracellular water in the cake, and the isotope ratios of the water in the 2X LB used to
wash the cell cakes (Swash solution) Was therefore equal to Sexaceitutar (as in Equation 2
above). It is preferred to replace all of the extracellular water in the cake to prevent
error. Water was extracted from the washed cell cakes and the wash solutions, and the
8%H values subsequently measured. The cell cake water values were then regressed onto
the wash water as illustrated in Table 3 below. This experiment 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.

Table 3: Regression statistics from washing experiments:
Extracted cell cake water versus wash water.

2 Z
Growth 52H culture Slope of 6°H extracted R of Yy .Calculated 0°H of
cell cake water versus . intercept intracellular water,
phase of cells  water, %o regression o tit
wash water value %0

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 7.8 557
Average* 0.85; SE=0.21
Statiopary’ =~ -120 . 0.88 0.99 -17.4 ND
Stationary®  -119 0.87 1.0 -14.3 ND

SE: standard error

ND: not determined

*Average slope of log-phase experiments; SE = standard error. The slopes of the individual log-phase
experiments are not statistically different [F = 0.88 where Fy g5 = 4.35].

$The slopes of the stationary-phase experiments were not statistically different from the log-phase
experiments (F = 0.56 where Fo o5 = 4.1).

*The & H/'H value of intracellular water = (y intercept)/(1 — slope) in Equation 2. Intracellular water is
itself a combination of growth medium water and metabolic water as described by Equation 3.

*Average and standard error are not presented because the y-intercept values and the & H/"H values of the
intracellular water are expected to be different due to the different & 2H/'H values of the growth medium
waters.

The average slope was 0.85 (Table 1), indicating that 15% of the total cell cake
water was intracellular. This result was similar to oxygen experiments, where the
average slope of washing experiments was 0.86. An F test showed that the slopes of the
oxygen and hydrogen regressions of wash water onto extracted cell cake water were not
statistically different (F = 0.005 where Fo s = 4.1). Two experiments with stationary-
phase cells yielded slopes that were statistically indistinguishable from the slopes
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obtained with log-phase cells, indicating that the same percentage of cell cake water was
intracellular when the cells were harvested at stationary phase (F = 0.56, where Foos =
4.1).

The fraction of hydrogen atoms in intracellular water that derived from
metabolism in log-phase cells can then be calculated as 0.08 (the fraction of hydrogen
atoms that were distinct from medium water; Figure 6) / 0.15 (the fraction of hydrogen
atoms that were intracellular; Table 1) = 0.53, or 53%. The total error in this estimation
is 12% when the standard error of the two slopes (0.014 for metabolic water and 0.021
for intracellular water) is used in a propagation of errors calculation. Oxygen isotope
analysis showed that approximately 71% of the oxygen atoms in intracellular water
derived from metabolism during log-phase growth, with a total error in the estimate of
19%.

At stationary phase, the slope of the extracted cell cake water versus medium
water was 0.965. Thus, the fraction of cell cake water derived from metabolism is
0.035/0.15, or 23%. The total error in this estimation is 5% when the standard error of
the two slopes (0.007 for the stationary phase metabolic water and 0.014 for the
intracellular water) are used in a propagation of errors calculation. Again, this compares
well with oxygen analysis data that indicated only ~29% of the oxygen atoms in
intracellular water were derived from metabolism in stationary-phase E. coli cells.

Calculating the Hydrogen Isotope Ratio of Metabolic Water: In the growth
experiments described above, Smedium Was manipulated so that the slope of the graph in
Figure 6 would be equal to fand the intercept equal to (1-/)(Smetavotic). Therefore, Spmetabotic
can be calculated by dividing the intercept value, -7.43, by (1-f), giving a result of about
-93%o. The total error in this estimate is about 40%o as determined in a propagation of
errors calculation using the standard errors of measurement of the slope (0.014) and the
intercept (2.8).

The second method for estimating 8 metanotic Uses data from the wash experiments.
A plot of the calculated Sintracenuiar Values versus the measured Sgrowth medium Values yielded
aregression slope of 0.33, representing & (Figure 7). The 8°H value of the metabolic
water is equal to the y-intercept value divided by (1-%). This value is -96%o, almost
identical to the value estimated from the data in Figure 6, but derived using independent
data.
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The data in Figure 7 is also consistent with the estimate of the fraction of
intracellular water that is derived'from metabolism. From Equation 3, that fraction of
intracellular water is equal to (1-%), or 0.67. The 95% confidence interval for the slope
shown in Figure 7 is 0.19, giving a range of values for (1-4) of 0.48 — 0.86, consistent
with the previous estimate of 0.53 £ 0.11. When data from the stationary-phase growth
experiments was used (slope = 0.965; y-intercept = 6.38), a value of -179%o for §°H of
metabolic water at stationary phase was calculated. The total error in this calculation is
54.5%o (standard error of slope = 0.007 and of intercept = 1.4) as determined by a
propagation of errors calculation.

Correlation of Isotope Ratio in Fatty Acids with Intracellular Water: According
to the model described herein, if approximately 53% of the hydrogen atoms in log-phase
intracellular water originate from metabolic activity, then the remaining 47% are
equivalent to the culture medivm water. Likewise, in stationary phase about 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 equivalent to culture medium water increases as the culture progresses from
log to stationary phase, and thus, the difference in contribution from culture medium
water to intracellular water would be reflected in the hydrogen isotope ratios of fatty
acids biosynthesized during log phase or later in the life of the culture.

Fatty acids were prepared and methylated from the cell pellets of the experiments
above. These samples comprised two independent sets of four log-phase and four
stationary-phase cultures produced in 2X LB made with isotopically varying water (16
total cultures). The hydrogen isotope ratio of the growth medium water at the time the
cells were harvested had previously been determined.

The identity of various fatty acid methyl ester peaks was established by GC-MS.
The hydrogen isotope ratios of individual fatty acids was determined by GC-IRMS,
making a minimum of three independent measurements of each preparation. The
average standard deviations of the triplicate measures of 14:0 and 16:0 fatty acid methyl
esters from all four preparations was 3.4 %o.. A comparison of the slopes of the
regressions of Ry, VS Ruater 0f 14:0 and 16:0 fatty acids isolated from log- and stationary-
phase cells (Table 4) shows that the slope of the regression of R¢, onto Rygter is

significantly greater in stationary phase. In other words, a greater percentage of the
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hydrogen atoms in 14:0 and 16:0 fatty acids are derived from extracellular water when

the cells are in stationary phase, or conversely, fatty acids in log-phase cells contain more

water from metabolic water.

i

Table 4: Regression data of Rty acia Versus Rmedium water Of 14:0 and 16:0 fatty acids
prepared from two independent sets each of log-phase and stationary-phase cells.

. Set A SetB Aand B
Faity acid / growth phase  Slope SE-L Slope SE-L Slope SE-L
14:0 / log phase 0.58 0.03 0.54 0.01 0.56 0.02
14:0 / stationary phase 0.76 0.01 0.70 0.02 0.73 0.02
16:0 / log phase 0.61 0.03 0.55 0.02 0.58 0.03
16:0 / stationary phase 0.75 0.00 0.69 0.01 0.72 0.01

The “A and B” column shows the slopes and intercepts of the relationships when the data from the two sets
of cultures were pooled. The R values were calculated from the § values according to the equation 6 =
-[lgls{f;m?plsegﬁgl;jlgsorl_,ooo, where Ryg = Rysmow = 0. 0.0001558.

Metabolic Water: The isotopic distinction of intracellular water from
extracellular water can be determined using a probe species. Approximately 53% of the
hydrogen atoms from intracellular water in log-phase E. coli cells are isotopically
distinct from extracellular water, these isotopically distinct hydrogen atoms being formed
during metabolic processes. When the cells reached stationary phase, however, only
23% of the intracellular hydrogen atoms were derived from metabolism, indicating that
the ability to maintain a large isotope gradient depends on the metabolic rate.

The methods described herein illustrate the calculation of the isotopic ratio of
metabolically-derived hydrogen atoms in intracellular water. Interestingly, the hydrogen
isotope ratio of metabolically formed water is -96%o in log-phase cells, but §*H is -179%o
in stationary-phase cells. It is important to note that metabolic water can consist of
individual hydrogen and oxygen atoms within the pool of intracellular water molecules
that did not originate as culture water, but rather were derived from metabolic reactions.
The source of the hydrogen atoms in metabolic water detected in these experiments can
be the hydrogen atoms in the nutrient molecules of the yeast extract and tryptone (an
enzymatic hydrolysate of casein) supplied in the LB medium. Over the life cycle of a
culture growing in LB, pools of specific substrate molecules can be depleted, so that the
bacteria would be metabolizing different mixtures of molecules with potentially differing
hydrogen isotope ratios at different times. Thus, one possible factor contributing to the

difference in the 8°H values of metabolic water at lo g and stationary phases could be the

changing substrate pools and accompanying changes in metabolic pathways.
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Another factor that could contribute to the difference in apparent 8°H values of
metabolic water at log and stationary phases is proton pumping, which can alter the
hydrogen isotope ratio of intracellular water. The pK, for H,O is 14.00, while that of
D,0 is 14.9, indicating that D,0 tends to dissociate almost ten times less than H;O.
Thus, proton pumping might serve to enrich intracellular water by removing
proportionally more protons than deuterons. If proton pufnping is more active in log
phase than in stationary phase, the isotope ratio of intracellular water in log-phase cells
would be more enriched than that of stationary-phase cells, consistent with the data.

Isotopic Signature of Intracellular Water in Fatty Acids: The biosynthesis of
saturated acyl fatty acids consists of repeated cycles of a 4-step process in which (1) an
acetate unit is added to the growing acyl chain in a trans-acylation reaction, (2)' the
carboxyl group of the acetate moiety is reduced, (3) the resulting hydroxyl and a
hydrogen from the adjacent carbon is removed to generate a double bond, and (4) the
double bond is then reduced. Sfeps 2, 3, and 4 of this process comprise reactions in
which hydrogen atoms are either added (steps 2 and 4) or removed (step 3) from the
intermediate, and it is therefore expected that the hydrogen isotope ratio of fatty acids
will be affected by the isotope ratio of the intracellular water at the time of biosynthesis.
A complicating issue, however, is that hydrogen isotope fractionation at steps 2 - 4 will
each contribute to the value of Ciater, Which represents the cumulative isotopic
fractionation between culture water and the resulting fatty acid.

One interpretation of the regression coefficients in Table 4 is that they reflect a
larger contribution of hydrogen atoms from culture water to the hydrogen atoms of fatty
acids in stationary phase than in log phase. This interpretation assumes that the
differences are not caused by differences in 4yeer between lo g and stationary phases.
Isotopic fractionation in biochemical processes arises from unequal zero-point energies
of bonds to heavy and to light isotopes resulting in different activation energies. Thus,
fractionation factors (c) are a function of both temperature and the energetics of the
individual enzyme—catalyzed‘reactions that comprise the pathway. The culture growth
temperature was held constant throughout the experiments described herein, and
consequently the value of Ctyaier should not change if the enzymology of fatty acid

biosynthesis remains constant. No evidence suggests that the enzymology of faity acid
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biosynthesis differs between log and stationary phases, and it is therefore reasonable to

presume that there is no difference in iy, between log and stationary phase.

The contribution of culture medium water to intracellular water increases as the
culture progresses from log to stationary phase. Thus, hydrogen atoms in fatty acids
from cells harvested during log phase will have a greater contribution from metabolic
water than fatty acids harvested from cells in stationary phase. This prediction is
consistent with the data illustrated in Table 4. Due to the number of unknown variables
in Equation 4, the data in Table 4 cannot be used to directly calculate the fraction of
intracellular water derived from metabolism. Nevertheless, these data confirm that the
isotope ratios of metabolites can be used as indirect probes of metabolic rate in living
cells.

Comparing Oxygen and Hydrogen Isotope Data: As noted above, approximately
53% of the hydrogen atoms found in intraceliular water extracted from log-phase E. coli
cells grown in 2X LB are isotopically distinct from extracellular water. Measuring the
B0/'0 ratio of intracellular water from E. coli cells grown under the same conditions,
however, yields that 71 + 19% of the oxygen atoms were isotopically distinct from
growth medium water and were generated during metabolic processes. Both sets of data
indicate that metabolically generated water is an important and substantial component of
intracellular water in E. coli.

Two explanations can account for the difference percentage of hydrogen and .
oxygen atoms in intracellular water that is derived from metabolism. The first is that
within experimental error (which were calculated from propagation of error in the slopes
of the regressions, these numbers are not different at all. The second is that hydrogen
atoms and oxygen atoms in metabolic water exchange with extracellular water at
different rates. When water diffuses into or out of a cell either directly across the
membrane or through aquaporin channels, both hydrogen and oxygen atoms are
exchanged. These processes would therefore be expected to maintain parity between
calculated percentages of intracellular water that is derived from metabolic processes
using either hydrogen isotopes or oxygen isotopes. In addition to transport with water,
however, hydrogen ions can also pass through membranes independently from oxygen
atoms. The mechanisms by which protons can be transported across membranes include,
but are not limited to, (1) proton permeation through membranes, (2) active transport via

proton-pumping enzymes (e.g. cytochrome  oxidase), (3) diffusion via voltage-gated
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proton channels, and (4) difﬁlsion via proton-permeable ion channels (e.g. gramicidin).
Thus, a variety of pathways exist by which protons in metabolic water can exchange with
extracellular water, many of which are not available to oxygen ions, and therefore there
is no requirement that the percent of metabolic water calculated using these two different
isotopes be equivalent. Nevertheless, the majority of intracellular water in lo g-phase E.
coli cells is generated during metabolic processes is supported by both sets of data.
Sources of Hydrogen and Oxygen in Metabolic Water: An important facet in the
generation of metabolic water is the initial source of the hydrogen and oxygen atoms. As
discussed above, the source of the protons in metabolic water is the LB growth medium.
The oxygen atoms, however, can have more than one potential source. In addition to the
LB medium, oxygen atoms in metabolic water can also come from O, during respiration
as the O, is reduced to water. A sighiﬁcant fraction of the water generated by the action
of cytochrome ¢ oxidase in Rhodobacter sphaeroides is released into the periplasmic
space, which would rapidly equilibrate with extracellular water. However, even if
cytochrome bos of E. coli also releases water towards the “outside” of the cell, similar to
R. sphaeroides, isotopically distinct intracellular water can exist in the periplasmic space.
It is also possible that water released in this way diffuses or is transported back into the
cytoplasm.
Another potential source of oxygen atoms in metabolic water is the LB medjum.

While both hydrogen and oxygen atoms in LB growth media can be released as water or

- otherwise solvent exchangeable atoms during biochemical processing, many of the

“organic™ oxygen atoms found in nutrients can be released as CO,. The oxygen atoms in
CO; can then exchange with intracellular water as a result of the enzymatic activity of
carbonic anhydrase before the CO, diffuses to the atmosphere.

Potential Sources of Error: Both hydrogen and oxygen isotope ratios of water
extracted from the cell cakes described in the Examples above are distinct from growth
medium water. One mechanism that can produce isotopic changes in cell cake water is
evaporation. However, evaporation usually results in an increase in heavy isotopes in the
residual water, and the cell cakes described here were not uniformly enriched. While
some samples were isotopically enriched relative to growth medium water, others sample
were isotopically depleted. In addition, the slopes calculated from Equation 2 using both
hydrogen and oxygen isotope data (see Table 3) are essentially identical. This provides

additional evidence that evaporation is not a major artifact in our experiments because
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hydrogen and oxygen have different evaporative fractionations, and the two data sets

would have had different slopes. While evaporative enrichment can be ruled out as a

primary source of error, evaporation can potentially modulate the magnitude of the final

results.

The proton pumping mentioned above would also cause the isotope ratio of
intracellular water to be different from that of extracellular water. Again, however, the
hypothesized isotopic enrichment due to proton pumping should cause the isotope ratio
of intracellular water to be enriched compared to that of growth medium water in every
sample. This was not observed. In addition, proton pumping cannot explain the data
obtained for the oxygen isotope ratio of water extracted from cell cakes, which is
consistent with hydrogen isotope ratio data.

Another mechanism that could cause the isotope ratios of extracted cell cake
water to be different from the growth medium water is incomplete extraction of water
from the cell cakes. Extraction of water from samples was accomplished by distillation
in which the samples were heated under vacuum and the water vapor collected in a cold
finger. Distillation follows Rayleigh kinetics, and if the process is incomplete, the

remaining water is isotopically enriched while the distillate is isotopically depleted

relative to the initial pool. The extracted cell cake water in the samples was not

uniformly isotopically depleted relative to growth medium water. Furthermore, if a pool
of non-exchangeable and unextractable water does exist in the cell, it would have to be
isotopidally distinct from growth medium water to account for our data.

The data herein is consistent with a two-component mixture, wherein the second
component is metabolically-derived water. One possible source of a second, non-
metabolic component is condensation. The cell cakes were stored at -20 °C, and it is
theoretically possible that sufficient condensation formed on the samples and/or tubes
prior to extraction to alter the isotopic ratio of the cell cake water. However, the
calculated isotope ratio of this second component (8'30 = -3.5%o; 5°H = -96 %o) is not
consistent with condensation of atmospheric water vapor. In addition, when the cells
were chilled to 6 °C for 90 minutes prior to harvesting, the fraction of extracted cell cake
water that was isotopically distinct from growth medium water was significantly reduced
relative to cells that were not chilled. Because both the chilled and unchilled samples

were the same size and were frozen and treated in an identical manner, it is expected that
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the amount of condensation that would form on the samples would be equal. The fact
that the chilled cell cakes contained a significantly smaller fraction of isotopically
distinct water, and the fact that the isotope ratios of this metabolically distinct water were
inconsistent with meteoric water, provides evidence against the hypothesis that
condensation forms the second water component.

The H:O ratios of the cell cake water as determined by TCEA indicate that if
there are multiple components, that they must be cellular components that are volatile at
physiological pH and either have the same H:O ratio as water or be present in relatively
Jow abundance. It is important to note that both the hydrogen isotope ratio of extracted
fatty acids described herein and the oxygen isotope ratio of isolated heme O suggest that
intracellular water can be isotopically distinct from growth medium water, and the data
herein suggests that the origin of this isotopically distinct water is metabolism. The
apparently large fraction of metabolically-derived hydrogen atoms in intracellular water
is surprising.

Similar tests and results have been performed with eukaryotic cells and are

represented in Figure 3.

Example 3:

Figure 8 illustrates data from experiments with eight different lab ra;ts. Four of
the lab rats were raised on Salt Lake City (SLC) tap water and the remaining lab rats
were raised on slightly enriched water. Five different tissue samples were collected from
each of the four rats. From the animals grown in slightly enriched water it can clearly be
seen that the blood water has a very different isotope value for both O and H than the
tissue water. The lab rats grown on SLC tap water follow the same trend but the values
are much closer to each other (and are not separately labelled on this graph). This
suggests that the isotope ratio of the metabolic water is reasonably close to that of SLC
tap water. In the case of hydrogen, the signature of the food and tap water were similar
thus masking the difference between metabolic water and extracellular water. Note,
however, that tap water in other locations, such as, for example, Houston, can have
different isotope rati(;s.

Figure 9 illustrates rat fibroblasts harvested in either log or stationary phase. Cell

cake water was extracted and both the H and O isotope ratio was determined.
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Significantly, the slope is much bigger in the statibnary (“stat”) phase cells than in the
log (“exp”) phase cells. This demonstrates that some of the water comes from
metabolism, and that as metabolism slows down, the percentage of metabolic water in
the intracellular water also decreases.

Figure 10 illustrates a repeat of the experiment shown in Figure 9 in duplicate.‘
The diamonds and the triangles are both log phase cell data. The squares and cross are
both stationary phase cell data. The log phase cells have a slope around 0.81 while the
stationary phase cells have a slope around 0.95. Again, this indicates that stationary
phase cells have less metabolic water in their intracellular water than do log phase cells.

Table 5 shows calculated amount of water in various tissue that comes from
either food, Oz, or the water that the lab rats drink. Data from eight rats was used in this
model calculation; f§ux rats on tap water and four rats on slightly enriched water. Note
that the sum of food plus O, gives the percent of the water from the tissue that is
metabolic. Note also that this is a lower limit because this is total extracted water -- it
includes both intracellular water and extracellular water (i.e. blood). Finally, note that
these values represent oxygen isotope values only.

Table 5. Amount of water in various tissue that comes from
either food, O,, or the water that the lab rats drink

TISSUE Source %
BRAIN Food 0.21
0, 0.43
H;O 0.36
Metabolic 0.64
MUSCLE Food 0.22
0, 0.45
H,O 0.33
, Metabolic 0.67
LIVER Food 0.22
0)3 0.45
H,O 0.33
Metabolic 0.67
FAT Food 0.19
0, 0.37
H,O 0.44
Metabolic 0.56

Throughout this application, various publications are referenced. The disclosures

of these publications in their entireties are hereby incorporated by reference into this
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application in order to more fully describe the compounds, compositions and methods
described herein.

Various modifications and variations can be made to the compounds,
compositions and methods described herein. Other aspects of the compounds,
compositions and methods described herein will be apparent from consideration of the
specification and practice of the compounds, compositions and methods disclosed herein.

It is intended that the specification and examples be considered as exemplary.
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VIL. CLAIMS
What is claimed is:
1. A method for determining the metabolic rate of a cell comprising

(a) obtaining a cell comprising a quantity of intracellular water, and

(b) analyzing at least a portion of the quantity of intracellular water to determine
an isotopic composition of at least one of hydrogen or oxygen,

wherein the isotopic composition of at least one of hydrogen or oxygen is related

to a known standard.

2. The method of claim 1, wherein the isotopic composition comprises a molar ratio of
H/'H.

3. The method of claim 1, wherein the isotopic composition comprises a molar ratio of
#o/'0.

4. The method of claim 1, wherein the isotopic composition comprises a molar ratio of

’1/'H and a molar ratio of 18o/160,

5. The method of claim 1, wherein the cell is bacterial.
6. The method of claim 1, wherein the cell is mammalian.
7. The method of claim 6, wherein the cell is obtained from a mammal selected from the

group consisting of human, chimpanzee, monkey, cow, horse, pig, dog, cat, rat,

guinea pig, and mouse.

8. The method of claim 1, wherein the cell is cancerous.

9. The method of claim 8, wherein the cancerous cell is selected from the group of

cancers consisting of lymphomas (Hodgkins and non-Hodgkins), B cell lymphoma, T
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cell lymphoma, leukemias, myeloid leukemia, carcinomas, carcinomas of solid
tissues, squamous cell carcinomas, squamous cell carcinomas of the mouth, throat,
larynx, and lung, adenocarcinomas, sarcomas, gliomas, high grade gliomas,
blastomas, neuroblastomas, plasmacytomas, histiocytomas, melanomas, adenomas,
hypoxic tumours, myelomas, AIDS-related lymphomas or sarcomas, metastatic

cancers, mycosis fungoides, bladder cancer, brain cancer, nervous system cancer, lung

" cancers such as small cell lung cancer and non-small cell lung cancer, ovarian cancer,

pancreatic cancer, prostate cancetr, hepatic cancer, colon cancer, cervical cancer,
cervical carcinoma, breast cancer, and epithelial cancer, renal cancer, genitourinary
cancer, esophageal carcinoma, head and neck carcinoma, large bowel cancer,

hematopoietic cancers, and testicular cancer.

A method for diagnosing an abnormal physical condition in an organism comprising:

(a) obtaining a probe comprising at least one hydrogen or oxygen resulting from
a metabolic process of the organism,

(b) analyzing at least a portion of the probe to determine an isotopic composition
of at least one of hydrogen or oxygen, and

(c) calculating the rate of the metabolic process using the isotopic composition of
the at least one of hydrogen or oxygen,

wherein the rate of the metabolic process is related to a standard to provide a

statistical probability for the existence of the abnormal physical condition.

The method of claim 10, wherein the probe is a fatty acid obtained from a mammalian
subject, and wherein the analyzing comprises determining the isotopic composition of

the hydrogen in at least a portion of the fatty acid.

The method of claim 11, wherein the mammalian subject is selected from the group
consisting of human, chimpanzee, monkey, cow, horse, pig, dog, cat, rat, guinea pig,

and mouse.
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The method of claim 11, wherein the obtaining step further comprises isolating and

methylating the fatty acid probe.

The method of claim 11, wherein the fatty acid is obtained from a mammalian blood

sample.

The method of claim 10, wherein the isotopic composition comprises at least one rare
isotope and at least one abundant isotope, and wherein the isotopic composition can

be expressed as a molar ratio of the rare isotope to the abundant isotope.
The method of claim 10, wherein the probe is a prostate specific antigen.

The method of claim 10, wherein the abnormal physical condition is a cancer selected
from the group of cancers consisting of lymphomas (Hodgkins and non-Hodgkins), B
cell lymphoma, T cell lymphoma, leukemias, myeloid leukemia, carcinomas,
carcinomas of solid tissues, squamous cell carcinomas, squamous cell carcinomas of
the mouth, throat, larynx, and lung, adenocarcinomas, sarcomas, gliomas, high grade
gliomas, blastomas, neuroblastomas, plasmacytomas, histiocytomas, melanomas,
adenomas, hypoxic tumours, myelomas, AIDS-related lymphomas or sarcomas,
metastatic cancers, mycosis fungoides, bladder cancer, brain cancer, nervous system
cancer, lung cancers such as small cell lung cancer and non-small cell lung cancer,
ovarian cancer, pancreatic cancer, prostate cancer, hepatic cancer, colon cancer,
cervical cancer, cervical carcinoma, breast cancer, and epithelial cancer, renal cancer,
genitourinary cancer, esophageal carcinoma, head and neck carcinoma, large bowel

cancer, hematopoietic cancers, 'de testicular cancer.

The method of claim 10, wherein the abnormal physical condition is a weight

disorder.
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