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This review is concerned with the isotopic relation-
ships between organic compounds produced by asingle
organism, specifically their enrichmentsor depletionsin13C
relative to total-biomass carbon. These relationships are
biogeochemically significant because

(1) Anunderstanding of biosynthetically controlled, be-
tween-compound isotopic contrastsisrequired in order to
judgewhether plausibly related carbon skeletonsfoundin
anatural mixture might come from asingle source or in-
stead require multiple sources.

(2) Anunderstanding of compound-to-biomassdifferences
must underlietheinterpretation of isotopic differences be-
tween individual compounds and total organic matter ina
natural mixture.

My approachispedagogic. The coverageismeant to
bethorough, but the emphases and presentation have been
chosen for readers approaching this subject as students
rather than as research specialists. In common with the
geochemistsin my classes, many readersof this paper may
not be very familiar with biochemistry and microbiology. |
have not tried to explain every concept from those subjects
and | have not inserted referencesfor pointsthat appear in
standard texts in biochemistry or microbiology. Among
such books, | particularly recommend the biochemistry text
by Garrett and Grisham (1999) and the microbiol ogy text
by Madigan et al. (2000). The biochemistry text edited by
Zubay (1998) isdso particularly elegant and detailed. White
(1999) haswritten asuperb but condensed text on the phys-
iology and biochemistry of prokaryotes.

A schematic overview of the relevant processes is
showninFigure 1. Plantsand other autotrophsfix CO,.
Animalsand other heterotrophs utilize organic compounds.
If the assimilated carbon is a small molecule (like CO.,),
CH,, or acetate), significant isotopic fractionationislikely
to accompany thefixation or assimilation of C. Such frac-
tionations establish the isotopic relationship between an

organism and its carbon
source. Those associat-
ed with photosynthesis
encodeinformation about
chemical and physical
conditionsintheenviron-
ment of fixation. Logi-
caly, therefore, they are
treated herein the chap-
ter dealing with the bio-
geochemistry of marine
basins (Freeman, thisvol-
ume).

The initial products
formed by autotrophsare
small carbohydrates
(“thephotosynthate’). In
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heterotrophs, if acarbon
skeleton is not destined
for incorporationin bio-
masswith littleor no al-
teration, it is commonly
broken down to yield
two- and three-carbon “ metabolic intermediates.” Depend-
ing on whether we' re talking about an autotroph or a het-
erotroph, either the small carbohydratesor the metabolic
products then serve as inputs to downstream processes.
Theseinvolveoxidation, reduction, bond formation, and bond
cleavage. Some of these processes produce energy and
othersconsumeit. They are balanced against each other,
and theorganismwill remain viable aslong asnet yields of
energy are adequate for maintenance. Growth —the pro-
duction of additional biomass—will be possibleif photosyn-
thate or metabolites remain after adegquate quantities of
energy have been produced. Thiswill depend not only on
the magnitude of the supply but also on the range of ener-
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Figure 1. The roles of biosynthesis in
autotrophic and in heterotrophic organisms.
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Figure 2. A network of chemical reactions. Letters indicate carbon posi-
tions within reactants and products. Isotopic compositions of these posi-
tions are indicated by Js with alphabetical subscripts. Reactions are desig-
nated by numbers and the J, ¢s, and &s with numerical subscripts indi-
cate respectively isotopic compositions of the carbon being transmitted by
a reaction, the flux of carbon being transmitted (moles/time), and the
isotope effect associated with the reaction. The latter value is expressed in
%o and ¢ is defined in the text accompanying equation 1.

gy-producing processes accessible (for example, whether
theavailability of O, permitsaerobicrespiration). Remaining
supplies, and themixture of further energy-producing and
energy-consuming processes, will then be managed so that
a portion of the available carbon flows through the net-
work of reactions required to produce the mixture of nu-
cleicacids, proteins, carbohydrates, and lipidsthat together
form biomass. It is the isotopic budget for that reaction
network that concerns us here.

Isotopes in Reaction Networks
Isotope effects and mass balance

An arbitrary sequence of reactionsisindicated sche-
matically inFigure2. Anaysisof thissysemwill providea
useful introduction to studies of real organisms. Reactant
A could, for example, represent a particular carbon posi-
tion in atwo- or three-carbon product of metabolism or
photosynthesis. If there were no isotope effect associated
with reaction 1 (¢, = 0), then the isotopic composition of
the carbon being transmitted by reaction 1 would be equal
tothat of reactant A. Thisfollowsfrom ageneral relation-
ship! which can bewritten as

0,=0,-¢ @
where 9, and 9, are theinstantaneous i sotopic composi-
tions of aproduct and reactant and ¢ (expressed in %o) is
the isotope effect associated with the reaction linking R
andP. Herewehaved, =9, - ¢ and, frome =0, §, = 9J,.
To provide aquantitative basis for downstream dvalues,
wewill define &, = 0%o.

1 In order to focus on the principles, we will adopt the
approximation represented by eguation 1. The precise
relationship, which should be used in order to avoid errors
in practical work, is given by & = 10%(a - 1), where

=[(3, + 1000)/(3, + 1000)].
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Figure 3. Isotopic compositions as a function of time. Time is expressed
in units of 7, the time constant for the system. As noted, T = m/@, where
m s the quantity of intermediate present at steady state. Values of drefer
to reactant A (broken line), product B (upper solid line), and the carbon
transmitted by reaction 2 (lower solid line).

Theexampledepictedin Figure 2 indicatesthat B isan
intermediate between A and C. Thereisnodivisionof the
carbon flow, but thereisasignificant i sotope effect associ-
ated with reaction 2, which transforms B toyield C. Two
reguirements then seem to collide. From eguation 1, we
know that &, = J; - €, From conservation of mass we
have §, = 9,. Since €, = 25%o, this requires d, = +25%o
even though d, (thed value of the carbon flowing to B) =
0%o. At steady state, thismust betrue. Initialy, it cannot
be. Theresolution of these requirementsisshown in Fig-
ure 3, which depictsisotopic compositions asafunction of
time. Initially 3, = 0and J, = -25%0. Asaresult of this
imbalance, d; risesuntil §,= ;. Thetime constant for an
adjustment of thiskindisgiven by 7=m/¢, wheremrepre-
sentsthe quantity of theintermediate (B inthiscase) present
at steady state and ¢ istheflux (e. g., moles/time) of ma-
teria through the intermediate pool. Whenever standing
stocksare small relativeto throughputs, steady-state con-
ditionsmust be dominant in biosyntheti c-reaction networks.

Theflow of carbon dividesat C, which liesat branch
pointinthe network. From equation 1 and theisotope ef-
fects specified for reactions 3 and 4, we have &, = & -
15%0 and 9, = & - 35%0. Mass balance requires also that
thetotal amounts of 1°C and 23C flowing to and from C are
equal. In mathematical terms, the mass balance for total
carbonisspecified by

$,=9s+ 9, @
The massbalance for carbon-13 is specified by
$,0,= $30;+ 9,0, ©)

At steady state, the flux terms can be replaced by a coef-
ficient thet describesthedivision of thecarbon flow interms
of abranching ratio, f, = ¢./¢,, wheref; isthefraction of
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Figure 4. Isotopic compositions of carbon
flows, and of reactant C, at the C branch point.
As shown by the graph, values of dvary with
f,, a parameter equivalent to the fractional
yield of D. The zero point of the J scale is
arbitrarily set by the isotopic composition of
the input carbon flow, &,. The diagram at the
left of the graph indicates &,, the isotopic
composition of the carbon flowing to the
branch point, and its relationship to &,

Hayes, Fractionation of the Isotopes of Carbon and Hydrogen in Biosynthetic Processes, Page 3

C that flowsthrough re-
action3toyieldD.
0,=1,0,+(1-1)9,(4)
Thereaultingrelaion-
ship, in which theisoto-
pic composition of the
carbon flowingto D and
E dependsonf,, issum-
marized graphically in
Figure 4. As shown, at
steady state, C can be
either enriched or deplet-
edin3Crelativeto B.

Isotopic shifts im-
posed on E propagate
downstream. As are-
sult, theisotopic compo-
dtionsof E, F,G,H, and
| are all affected by f,.
Any investigator seeking
to understand the isoto-
pic composition of |, and
perhaps focusing his or
her attention on reactions
1,2,4,5,7, and 8 (the
pathway linking A and 1),

state, H isenriched rela-
tivetol.

Carbon positions vs.
whole molecules
Important words ap-
pear inthecaptionto Fig-
ure 2: “Letters indicate
carbon positions within
reactants and products.”
For example, C could
represent the C-2 (car-
bonyl) position in pyru-
vate. D and E would
then represent the fates
of that position in prod-
ucts derived from the
pyruvate. Reactionsoc-
cur between molecules
but isotopic selectivity is
expressed as chemical
bonds are made or bro-
ken at particular carbon
positions. Isotopeeffects
pertain to those specific
processes and control
fractionationsonly at the

g,+20
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Figure 5. Isotopic compositions of carbon
flows, and of components of the E-F equilib-
rium, at the F branch point. Values of dvary
with £, the fractional yield of G, and are ex-
pressed relative to J,, the isotopic composi-
tion of the carbon flowing to the E S F equi-
librium. Values of dshown on this graph can-
not be expressed relative to &, unless £ has
been specified (see Fig. 4, which shows that
9, is a function of £).

would haveto remember
also that the yield of D, a byproduct in this reaction net-
work, could have animportant effect on J,.

The appearance of graphslike Figure 4 is controlled
largely by the relative magnitudes of the isotope effects.
The lines representing the isotopic compositions of the
branching flowswill be separated vertically by the differ-
ence between the isotope effects. If f expressesthe frac-
tion of the depleted product, thelineswill have apositive
dope. The slope will be negative if f expressesthe frac-
tion of the enriched product (compare Figures4 and 5).

Substances E and F are in equilibrium. As aresult,
their isotopic compositionswill vary together, the differ-
ence being controlled by theisotope effect associated with
theequilibrium. Intheexampledepicted by Figure2, F will
awaysbeenrichedin 13C by 8%. relativeto E. Thebranch
point at F issimilar tothat at C. Inthiscase, the absence
of an isotope effect at reaction 7 means that the carbon
flowing to H will have anisotopic composition equd to that
of F, but the presence of a branching pathway with an
unequal isotope effect (£;# ;) meansthat significant frac-
tionation can still occur. The resulting isotopic relation-
shipsare summarized graphicaly in Figure 5 and show that
G providesasecond example of abyproduct whoseyield
caninfluencetheisotopic composition of |.

A substantial isotope effect isassociated with reaction
8, but the absence of abranching pathway meansthat the
isotopic composition of | iseffectively controlled by &, (g
=4,). Theonly effect of ;> Oistorequirethat, at steady

reaction site, not throughout the molecule. To calculate
changesin theisotopic compositions of wholemolecules,
wemust first calculate the change at the reaction site, then
make allowancefor therest of the molecule. 1ndoing so,
weinevitably find that the site-specificisotopic shift isdi-
luted by admixture of the carbon that wasjust along for the
ride. It follows that the isotopic differences that can be
observed between molecules“ must berelated to, indeed,
must be the attenuated and superficial manifestations of,
isotopic differenceswithin molecules’ (Monson and Hayes,
1982a).

Useful lessons

Generalities can be drawn from the foregoing discus-
sion. First, isotopic compositions of intermediates (e. g.,
B) can differ substantially from those of final products (e.
g.,1). Second, thedivision of carbon flowsat branch points
can strongly affect isotopic compositionsdownstream. As
aresult, itispractically impossible to predict theisotopic
compositionsof final, biosynthetic productsonthe basis of
observed isotopic compositions of intermediates. Inplain
words, if youwant to know about theisotopic composition
of lipids, it'svery risky torely entirely on analyses of ace-
tate, even though most lipids are produced from acetate.

On the other hand, if you want to know, for example,
why lipidsare depleted in 13C rel ative to other biosynthetic
products, it will be necessary to examine evidence capable
of revealing the structure and characteristics of therelated
network of reactions. Two complementary approaches
have been developed thus far. Most straightforwardly,
DeNiro and Epstein (1977) devised experiments for the



determination of isotope effects at key pointsin the reac-
tion network that linksn-alky! lipidsto metabolites derived
from carbohydrates and from some amino acids. In con-
trast, Abel son and Hoering (1961) pioneered the examina-
tion of intramolecul ar patterns of isotopic order. They stud-
ied the biosynthesisof amino acids, analyzing only theend
products. However, they determined not only the dvaues
of theindividual moleculesbut also (to the extent possible)
the distributions of 3C within the molecules. A similar
approach waslater used by Monson and Hayes (1982a) to
study isotopic fractionationsin lipid biosynthesis.

These reaction-based and product-based lines of in-
vestigation are complementary because neither can be per-
fect or complete and becauseinferences drawn from their
resultsmust be consistent. Evenif it were possibleto de-
termine the isotope effect at each carbon position for ev-
ery single step in areaction sequence, and eveniif it were
possibleto recognizein advance every significant feature
of the network, it would never be possible to be sure that
studying the reactionsin isolation was areliable guide to
their characteristicsin vivo. On the other hand, evenif it
were possi bleto determine theisotopic composition at ev-
ery single carbon position within all therel ated products of
anetwork, it would never be possible to assign each ob-
served variation reliably to causesthat might lie many steps
upstream in the sequence of reactions. More positively,
results of intramolecular isotopic analyses could show that
reaction-based investigations must have overlooked akey
step. And, if multiplereaction steps havesignificantly in-
fluenced i sotopic compositionsin end products, quantita-
tiveinterpretation of intramol ecular patterns of isotopic or-
der requires information devel oped from reaction-based
studies. Exampleswill be provided in subsequent sections
of thisreview.

Further General Factors Affecting Isotopic

Compositions
Compartmentalization

A cell isnot a stirred reaction vessel. In eukaryotic
algae, for example, CO, isfixed and initial carbohydrates
are produced inthe chloroplast (also called plastid). Fatty
acidsare produced in the chloroplast and then exported for
use elsewhere in the cell (Ohlrogge and Jaworski, 1997)
and all of the C,, and C,, isoprenoid carbon skeletonsre-
quired by the photosynthetic apparatus are plastidic prod-
ucts (Kleinig, 1989). In contrast, sterols, which are de-
rived from aC,, isoprenoid carbon skeleton, are produced
inthecytosol (Lichtenthaler, 1999). In higher plants, the
carbon feedstocks required to support biosynthesisoutside
the chloroplast are exported mainly asthe C, carbohydrate
derivative, dihydroxyacetone phosphate (Schleucher et al .,
1998). Asaresult of these factors, plastidic fatty acids
and cytosolic sterols, both derived from acetate, can have
different isotopic starting points. Moreover, even when
starting points and downstream processesare closely sm-
ilar, the separation of pathways between compartmentscan
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mean that divisions of carbon flowsat branch pointsdiffer
significantly and, therefore, that final isotopic compositions
differ sharply.

Smaller and larger organisms can present correspond-
ingly smpler and more complex isotopic relationships.
Prokaryotic cells, those of Archaeaand Bacteria, are much
smaller and lack theinternal boundariesthat stabilize chem-
ical compartmentalization in Eukarya. Asaresult, com-
poundswith similar structures and deriving from the same
biosynthetic pathway usually have similar isotopic com-
positions (but see“ Timing,” below). Incontrast, for higher
organismswith differentiated cells, it isentirely possible
that two compounds with identical carbon skeletons and
biosynthetic origins (same pathway of synthesis, samelo-
cation within the cell) but from different cell types (leaf
epidermisvs. palisade cell) would have very different iso-
topic compositions even though both were products of the
same organism.

Timing and reversibility

The concept of steady state was stressed in the dis-
cussion of Figures2-5. But even bacteria populationshave
phases of growth (lag, exponential, stationary, and death)
and, within a single cell, the production of one or more
enzymes need not be uniform over thelifeof acell. Asa
result, isotope effectsat one or moreimportant branch points
may change. If an enzyme with a small isotope effect
substitutesfor onewith alarge effect, theisotopic compo-
sitions of downstream products will change. A specific
exampl e of thishasbeen identified in methanotrophic bac-
teria(Summonset al., 1994) and isdiscussed in aconclud-
ing section of thisreview.

Reversibility of carbon flows must also play arolein
controlling isotopic compositions of biosynthetic products.
If carbon flowsonly to aparticular product, it will be nec-
essary only to consider isotope effects and branching ra-
tios on the synthetic pathway. On the other hand, theiso-
topic compositions of compoundsthat are constantly being
degraded as well as produced — compounds which “turn
over” within the organism —will be shaped in addition by
the isotopic characteristics of the degradative processes.
Moreover, the degree of reversibility will be important.
Molecular catalystsfor which needs change over thelife-
time of an organism —enzymes—turn over rapidly. Struc-
tural components such aslignin, cellulose, and some pro-
teins (built from the same amino acids also found in en-
zymes) turn over much more slowly. Thereis evidence
that the flow of carbon to thefatty acidsin bacterial mem-
branesisessentially unidirectional (Cronan and Vagelos,
1972) and that somefatty acidsinvolved in theregulation
of membranefluidity in higher plantsturn over quiterapidly
(Monson and Hayes, 1982b), perhapsin responseto diur-
nally cycling temperatures.

Isotopic Compositions of Compound Classes

Relative to Biomass
The most basic sorting of isotopes occursin the distri-
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Figure 6. An overview of metabolic relationships. The arrows indicate
dominant directions of carbon flow in, for example, a growing algal unicell.
Most of the pathways indicated are, however, found in nearly all living or-
ganisms and are reversible to some degree. The three-letter abbreviations
designate amino acids and are decoded in Table 1. As indicated, iso-
prenoid lipids can be made from either C, (acetyl-CoA) or C, precursors
(see discussions of Table 4 and Figure 29). The reversibility of the path-
ways related to the amino acids is indicated explicitly because those com-
pounds turn over most rapidly and in practically all organisms.

bution of carbon among nucleic acids, proteins, carbohy-
drates, and lipids, themajor classes of compounds present
withinmost cells. Themost important pathways of carbon
flow areindicated schematically in Figure 6. In autotro-
phs, theselead from carbohydrates (the direct products of
carbon fixation) to proteins, nucleic acids, and lipids. Bio-
mass—the organic material that comprisesaliving organ-
ism—isamixture of these products. Two kindsof isotopic
relationships are often discussed, those between various
classes (e. g., “lipids are depleted in 13C relative to pro-
teins”) and those between classes and biomass (e. g.,
“abundances of 3C in nucleic acids and in biomass are
essentially equal”). The first of these comparisons ex-
pressesarelationship likethat between &, and 9, in Figure
4. Ascarbon flows either to lipids or to proteins, we can
expect the isotopic difference between them to remain
roughly constant even though the d valuesthemsel veswill
change. That change occursrelativeto the available car-
bon supply (&, inFig. 4). Such changes must affect class-

Table 1. Abbreviations for Amino Acids®

Amino Acid Single-  Three-  Amino Acid Single-
Letter  Letter Letter
Code Code Code
Alanine A ala  Isoleucine I
Arginine R arg  Leucine L
Aspartic acid D asp  Lysine K
Asparagine N asn  Methionine M
asp and/orasn asx  Phenylalanine F
Cysteine C cys  Proline P
Glutamic acid E glu  Serine S
Glutamine Q gin  Threonine T
glu and/orgin glx  Tryptophan W
Glycine G gly  Tyrosine Y
Histidine H his  Valine v

Three-
Letter
Code

ile

leu
lys

met
phe
pro
ser
thr
trp
tyr
val

% The more compact and less memorable single-letter codes are widely
used in molecular biology and in proteomics. Most hiogeochemical
papers are still using the three-letter codes and this review follows that

precedent.

to-biomass comparisons. If more carbon flowsto lipids,
the cell will become morelipid-rich and itsisotopic compo-
sitionwill approachthat of thelipids. The depletion of 13C
inthelipids, expressed relativeto biomassrather thanrela-
tiveto proteins, will decrease. This phenomenon can be
considered quantitatively.

Theisotopic composition of biomass carbonisgiven
by equation 5.

(Eiomas = XCNA6NA + XCProt6F>rot +

XCSa:césacc + XCLipéLip (5)
wherethe subscriptsNA, Prot, Sacc, and Lip respectively
refer to nucleic acids and related material s such as nucle-
oside cofactors, proteins and amino acids, mono- and
polysaccharides, and lipidsof al kinds. The X terms, which
sum to 1.0, refer to mole fractions of carbon and the &
terms refer to mass-weighted average i sotopic composi-
tionsfor al of the compoundswithin theindicated classes.
Referring specifically to marine phytoplankton and consid-
ering awiderange of available observations, Laws (1991)
concluded that X, /Xy = 8.6 and discussed further reg-
ularities: at maximal ratesof growth, X, ., approaches0.54;
if therate of growthislimited by availability of nutrients,
Xeprot declinesto values as low as 0.15 (with parallel de-
clinesin X, ,); alow light levels, X .. increasesrelative
10 Xy ip:
Regularitiesprevail alsoinisotopic relationships. 1so-
topic compositions of compound classesreported by Blair
et al. (1985), Coffin et al. (1990), Benner et al. (1987),
and Sternberg et al. (1986) convergeto yield estimates of
Ss = Onropr Fprot ™ O = ~1%0, and 6Lip - Ogp. = -6%0. Figure
7, which expressesthe depletion of 3Cinlipidsrelativeto
biomass, has been prepared using these rel ationships and
equation 5. Note: the indicated depletions have been
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Figure 7. The depletion of 13C in lipids relative to biomass as a function
of cellular composition, where X, X; 5, and X,y are the mole fractions

of carbon in proteins, lipids, and carbohydrates, respectively (see equation
5 and related discussion). The indicated relationships are based on isoto-
pic mass-balance requirements and on concepts outlined by Laws (1991).
The cross marked “Redfield (Anderson)” indicates the position of cells
with C/N/P = 106/16/1 but with lower (and much more realistic) abundanc-
es of H and O than those specified by the conventional Redfield formula
(Anderson, 1995).

calculated, not measured. Theintentistoillustrateand to
consder factorscontrolling 6Lip - Ogiomass: |f thesaccharide-
to-lipid fractionation in a particular organism were
appreciably different from -6%o, the vertical axis would
expand or contract. Theresults show both that the deple-
tion of lipidsin13C relativeto biomasscan vary widely and
that, in nature, a consistent depletion can be understood
quitereadily. Thedotted and solid linesrepresent relation-
ships between theisotopic depletion and X, ., at varying
valuesof thelipid/carbohydrateratio (X ; p/X(:Sacc) . They
show that theisotopic depl etion becomes more marked as
lipids becomelessabundant (i. e., as X -, increases) and
that the relative abundance of carbohydrates can also be

animportant controlling factor.

Thebiomass of phytoplankton successfully competing
in marine environments generally falls within the area
enclosed by thegray envelope (Laws, 1991). Compositions
can vary more widely in laboratory cultures and in some
extreme environments. The range which has been
observed isroughly indicated by the extent of the dotted
linesand by the pointsand rangesindicated for Arctic and
Antarctic phytoplankton (Laws, 1991 and references
therein). For the particular case of phytoplankton in
subtropical gyres, Laws (1991) estimatesvalues of X,
and X f Xcsae iN therangeindicated by the opencircles.
The maximum-protein end of this range lies close to the
composition derived by Anderson (1995) as an updated
and improved estimate of the Redfield composition
(Ci06H17504oN; 6P instead of CypgH5650410N16P).

Isotopic Compositions of Carbohydrates
Mechanisms of production

Organic carbonisdepleted in 13C relativetoinorganic
carbon largely because of isotopic fractionations associated
with thefixation of CO,. Moreover, someof the hydrogen
incorporated in this process becomes the first non-
exchangeable H that shapesthe hydrogen i sotopic compo-
sition of organic materials.

Not all carbon fixation isphotosynthetic. Table 2 pro-
videsan overview that has been organized in terms of the
substrates, enzymatic catalysts, and first stable products.
It doesnot includeall processesinwhichinorganic carbon
isincorporated in organic molecules, but itismeant toinclude
all processesthat contributeto net carbon fixationin organ-
ismsthat can grow autotrophically. It thusincludes pathways
that occur not only in plantsbut dsoin Bacteriaand Archaea
that build biomass from inorganic carbon while deriving
energy from chemical reactions.

For themoment, wewill focus on photoautotrophsthat
utilizerubisco. Rubiscoistheofficia name of an enzyme
for which the systematic name—ribul ose-1,5-bi sphosphate
carboxylase oxygenase—isinconveniently long. Asindi-
cated by thefirst activity specified in the systematic name,
this enzyme catalyzes the carboxylation of ribulose-1,5-
bisphosphate, “RuBP” afive-carbon molecule. A six-carbon
product isformed asatransient intermediate, but the first
stable productsare two molecules of “PGA,” 3-phospho-
glyceric acid, C;H,O.P. The carbon number of this
compound givesthe processitsshorthand name, “ C, photo-
synthesis.” At physiological pH, theacidicfunctional groups
on thereactantsand products areionized as shown below.

CH,0PO3 0. CH20PO3
N
c=0 B \,C—IC—OH
CHOH + CO, —= 9 c=0
?HOH ) Rubisco ICHOH )
CH,OPO3 CH,0PO3
Ribulose-1,5-bisphosphate J
ICHZOPo; ’o\C//O
|
EHOH + CI)HOH B (6)
oo CH,0PO3

3-phosphoglyceric acid

This reaction fixes carbon but there is no net change in
oxidation number. The CO, isreducedto carboxyl but one
of the carbon atomsin the RuBP is oxidized to yield the
second carboxy! group. |n subsequent steps, each mole of
PGA reacts with amole of NADPH in order to produce
two molesof 3-phosphoglyceraldehyde, aproduct inwhich
average oxidation number of carbonis0. NADPH isthe
reduced form of nicotinamide adenine dinucleotide phos-
phate (see any biochemistry text for structuresand further
details). In biosynthetic processes, it functions as a hy-
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Table 2. Enzymatic isotope effects and overall fractionations associated with fixation of inorganic carbon during autotrophic growth

Pathway, enzyme? Reactant and substrate Product £, %o Notes
Cs 10-22 1
Rubisco, form |, green plants and algae CO, + Ribulose-1,5-hisphosphate  3-Phosphoglyceric acid (two moles) 30 2
Rubisco, form II, bacteria and cyanobacteria CO, + Ribulose-1,5-bisphosphate  3-phosphoglyceric acid (two moles) 22 3
Phosphoenolpyruvate (pep) carboxylase HCO3" + Pep Oxaloacetate 2 4
PeP carboxykinase CO, + pep Oxaloacetate 5
Csand cav 2-15 6
Phosphoenolpyruvate (pep) carboxylase HCO3" + Pep Oxaloacetate 2 4
Rubisco, form I, green plants and algae C0, + Ribulose-1,5-bisphosphate  3-Phosphoglyceric acid (two moles) 30 1
Acetyl-CoA 15-36 7
Formate dehydrogenase €0, + 2 [H] HCOy
Carbon monoxide dehydrogenase CO2 + 2 [H] + H4Pt-CH3 + CoASH ~ CH3COSCoA + H.0 + H4Folate 52 8
Pyruvate synthase C0, + Acetyl-CoA + 2 [H] Pyruvate + CoASH 9
Pep carboxylase HCO3" + Pep Oxaloacetate 2 3
PeP carboxykinase CO, + pep Oxaloacetate 10
Reductive or reverse Tca Cycle 4-13 1
a-Ketoglutarate synthase O, + Succinyl-CoA o-Ketoglutarate + CoASH
Isocitrate dehydrogenase €O, + a-Ketoglutarate + 2 [H] Isocitrate
Pyruvate synthase C0, + Acetyl-CoA + 2 [H] Pyruvate + CoASH
Pep carboxylase HCO5 + PEP Oxaloacetate
3-Hydroxypropionate Cycle 0 12
Acetyl-CoA carboxylase HCO3" + Acetyl-CoA Malonyl-CoA
Propionyl-CoA carboxylase HCO3" + Propionyl-CoA Methylmalonyl-CoA
unknown —C3 13
unknown —Cy 13

a For the C3 and C4 pathways, the enzymes are listed in the order in which they process carbon. For the bacterial pathways, the enzymes are listed in order of their
quantitative contributions to net carbon fixation.

b =1000[(124/134) - 1]. Values of € reported for pathways rather than for specific, enzymatic reactions reflect overall fractionation of 13C vs. CO, and must represent
aweighted average of the related enzymatic isotope effects.

Notes. 1. The tabulated range is an estimate chosen to include both tropical phytoplankton with &= -18%. and land plants with d=-30%o. 2. Guy e a/, 1993;
also reported as 29%o, Roeske and O'Leary, 1984. 3. Guy et al, 1993; also reported as 18%o; Roeske and O'Leary, 1985. 4. O'Leary ef af, 1981. pep carboxylase
maintains supplies of C, metabolic intermediates (= anaplerotic fixation) during growth of Cs plants and many bacteria. In C4 plants it fulfills the same function and/
catalyzes the initial C-fixing reaction. 5. According to Descolas-Gros and Fontugne (1990), pep carboxykinase is the main anaplerotic producer of C, intermediates in
diatoms and chrysophytes. 6. The tabulated range is an estimate including both C4 plants with d=-10%o and cam plants with d=-23%o. 7. Preull ef al (1989);
Belyaev ef al (1983). 8. Gelwicks ef al (1989), isotope effect observed at both methyl and carboxyl carbons of acetate. 9. Pyruvate synthase is distinct from
pyruvate dehydrogenase, for which the isotope effect at C-3 is ca. 9%o (Melzer and Schmidt, 1987). Both enzymes use thiamine pyrophosphate as a cofactor. 10.
PreuBd et al (1989) identify pep carboxykinase as important in completion of the acetyl-CoA pathway in Acetobacterium woodli. 11. PreuR et af (1989). 12. van der
Meer ef a/ (2001b). 13. Although the immediate C-fixing processes yield malonyl- and methylmalonyl-CoA, the net product of the 3-hydroxypropionate cycle is

glyoxylate, a C, molecule. The processes by which glyoxylate is assimilated and converted to biomass are not known (Strauss and Fuchs, 1993).

dride donor or reductant. A typical reaction isshown be-
low. Notethat NADPH + H* is equivalent to NADP* +

H,.
R 0 H O
NADPH + H™ + ch—ICI:—C\ _— HSC_Q_C: _ + NADP' (7)
o © OH

The isotopic composition of the H- transferred from
NADPH to biosynthetic substrates must be one of the most
important factors controlling the hydrogen-isotopic

composition of organic matter.

For contrast and completeness, NAD* and NADH
should beintroduced here. NAD™ isthe oxidized form of
nicotinamide adeninedinuclectide. Itisstructurally identical
to NADP* except that it lacks a phosphate group at akey
point. Order and control are brought to biochemical oxi-
dationsand reductions by thisseemingly trivial distinction.
NAD" is generally an oxidant. NADPH is generaly a
reductant. Eachispresent withinacell at only microscopic



HCOg3 + HoCs

concentrations. Specialized mechanismsexist for the oxi-
dation of NADH and for the reduction of NADP*. If they
arenot activated and do not continuously regenerate NAD*
or NADPH, the amount of oxidation or reduction that can
occur isvery strictly limited. The nicotinamide adenine
dinucleotides are not the only biochemical reductants and
oxidants, but they are by far the most common.

Rubisco’s second activity — oxygenase— can betrou-
blesome. If concentrations of O, are high, as they are
likely to be in a brightly illuminated plant, the reaction
between RUBP and O, can compete with carboxylation
(zelitch, 1975). This process of photorespiration has a
doubly negativeresult: CO, isnot fixed and amole of RuBP
isdestroyed. The problemisparticularly severefor plants
that grow in environments in which they must minimize
amounts of water lost by evapotranspiration. If they close
their stomata, they also tend to retain O, and to impede
accessto atmospheric CO,. Theratio of CO,to O, declines
and photorespiration is exacerbated. Two strategies,
distinctly different but closely related, have evolved to
overcomethisproblem.

In C, plants (Hatch, 1977), the light (O,-producing)
and dark (carbohydrate-producing) reactions of
photosynthesisare separated spatially. Moreover, asort of
molecular turbocharger isused to raisethe pressure of CO,
at rubisco’sreaction site. Carbonisinitially fixed in meso-
phyll cells, relatively closeto the surface of theleaf. The
reaction utilized isshown below

Hy @

0Oy _C.__C
T

Il

IC/C\O —C O + HOPO3 (8)
OPO; Phosgphoenol- O O

Phosphoenol- _ Pyruvate

pyruvate Carboyxylase Oxaloacetate

As shown, rubisco is avoided in favor of
phosphoenol pyruvate carboxylase, an enzymethat hasno
competing, oxygenase activity. Thefirst stable productis
oxa oacetate, C,H,O.%. Thecarbonnumber of thisproduct
givesthispathway itsname. Inasecond step, NADPH is
used to reducetheketo group on the oxal oacetateto CHOH
(see reaction 7). The malate thus produced diffuses to
cellsthat sheath the bundle of fluid-transporting canal sthat
make up avein within the leaf. In these “bundle-sheath
cells,” the malate is reoxidized to oxaloacetate, thus
reclaiming the reducing power that was expended in the
mesophyll, and decarboxylated to yield CO, and pyruvate.
The pyruvate returns to the mesophyll and is reactivated
by isomerization and phosphorylation to form the
phosphoenol pyruvaterequired in reaction 8. Becausethe
bundle-sheath cells are relatively impermeable to CO,,
concentrationsof CO, withinthemrisetolevelsashighas
1 mM, nearly 100x higher than the concentrations in
equilibrium with atmospheric concentrations of CO,,.
Rubisco now catalyzesthe production of phosphoglyceric
acid and the NADPH erived from the oxidation of the
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malate is used to reduce the PGA to 3-phosphoglycer-
aldehyde.

CAM plants use the same chemistry but package it
differently. Specifically, they lack the “Kranz anatomy”
that isthe defining characteristic of the C, plants. Kranzis
the German word for wreath and refersto the appearance
—inacross-sectioned leaf — of the cellswhich shesth the
vascular bundlesin C, plants. CAM standsfor Crassulacean
Acid Metabolism. Thereisno such thing as crassulacean
acid. The name instead refersto the initial discovery of
thispathway of carbon fixation, inwhich oxal oacetic, malic,
and pyruvic acidsplay key roles, in plantsfrom the family
Crassulaceze. CAM plantsopentheir stomata, takein CO,,
and produce malate at night. Temperatures and, conse-
quently, water lossesarelower. During theday, the stomata
are closed and the malate is processed as in the bundle-
sheath cells of C, plants. Diffusive losses of CO, are,
however, greater thanthosein C, plants.

Very recently, it's been demonstrated that some
unicellular algae utilize the C, pathway of carbon fixation
(Reinfelder, 2000). Accordingly, it'snecessary to digtinguish
clearly between C, plants, which have the Kranz anatomy,
and the C, pathway, which is apparently quite widely
distributed.

The Calvin Cycle

Inall organismsthat use rubisco to fix CO,, whether
initially (C, plants and most aerobic, chemoautotrophic
bacteria) or after release of CO, from oxal oacetate (plants
using the C, pathway), the 3-phosphoglyceraldehyde
resulting from the reduction of the PGA is processed by
the enzymes of the Calvin Cycle (synonyms = Calvin-
Benson Cycle, Calvin-Bassham Cycle, reductive pentose
phosphate cycle or pathway; Melvin Calvin received the
Nobel Prize in chemistry in 1961 for his work on the
pathway of carbon in photosynthesis — Andrew Benson
and James Bassham were prominent among his cowor-
kers). The reactions within the Calvin cycle are sche-
matically summarized in Figure 8. As shown, RUBP is
regenerated, an obviousrequirement if carbon fixationisto
be sustained. The reactions are complicated (Calvin and
Bassham, 1962) but the overall plan is simple. The net
result of numerousrearrangements (none of whichinvolve
oxidation or reduction of carbon) can be summarized by
the equation:

3C,+3C0, -~ 6C, ~ 3C,+C, ©

Where C; represents RuBP and C isathree-carbon carbo-
hydrate, either glyceraldehyde or dihydroxy acetone. The
C, can either be exported from the chloroplast directly,
used for the synthesis of lipids and proteins within the
chloroplagt, or used to produce starch (apolymer of glucose,
aCy carbohydrate) that can be retained in the chloroplast
(in cells without chloroplasts, starch can occur in the
cytosol).

Isotopic fractionations, C, pathway

Thereaction network is shown below:
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ly every moleculeof CO.

2
Rubiscok K K Fixation that enters the plant is [ _Hco,
fixed, then ¢, - ¢, | )
PGA PGA PGA PGA PGA Theseextremescan aso L ¢
6 NADPH + 6 T) l l l l Reduction be summarized phenom- g | H, O
6 NADP Yooy enologically: if therateof 5 &ne O S
S S A S fixationislimited only by j o o
T the enzymatic reaction, i
Rearrangement then the resulting free o
Cs Cs exchange of CO, be- z
ﬂ—‘ tweenthecell anditssur-  Figure 9. Diagram summarizing the isoto-
c, roundings allows maxi-  pic relationships between dissolved CO,, bi-
Net mal expression of the carbonate, and the carbon added to phos-
Cs Cs Product enzymaticisotopeeffect.  phoenolpyruvate in order to produce C-4 in

Figure 8. A schematic view of the flow of carbon in the Calvin Cycle.
Subscripted Cs represent carbohydrates for which the net oxidation number
for carbon is zero. PGA represents 3-phosphoglyceric acid. Six moles of
NADPH + H™ are required to provide the 12 electrons required to reduce
three moles of carbon initially in the form of CO, to the level of carbohy-
drate. Energy provided by the hydrolysis of ATP (not shown) is required to
drive the overall process.

ga $1, & g $2, & 2(10)
a ¢3,53 i & > f

&

where C,, C,, and C, represent respectively the ambient
CO, (aninfinite, stirred reservair), the CO, insidethe cell
(at the active site of rubisco), and the fixed carbon (the
carboxyl groupsin PGA that derive from CO,). Theiso-
topeeffects g and & are respectively those associated with
mass transport of CO, to and from the reaction site and
with the fixation of CO,. At steady state, mass balance
must prevail at the C, branchpoint. By analogy with equa-
tion 4, we canwrite

0,=1,0,+(1-1,)4, (1)
wheref, = ¢./(¢, + ¢;). Substituting ,=9,-¢,9,=9
&, and 0, = g, - ¢ yields an equation relating 9, f,, the
isotope effects, and &. Substitution of § = & + & allows
elimination of & and providestheresult

6=8,-6= -1 €) (12
where g, isthe overall fractionation between C_ and C..

Theform of equation 12 differsfrom that of standard
presentations. In considerations of emergent plants, f, is
usually cast intermsof p, and p,, theinternal and ambient
partial pressuresof CO, (Farquhar et al., 1989). For aquatic
plants, varioussubstitutionsallow f, to beexpressedinterms
of c,, the concentration of dissolved CO, in the water in
whichtheplantisgrowing (Lawset al., 1995; Poppetal .,
1998b). Inall cases, however, the result is equivalent to
that called for by equation 12. Asf, — 0 (asp, approach-
€s p, or as concentrations of dissolved CO, become so
high that only the enzymatic reaction limitstherate of fix-
aion), g, — &. Alternatively,iff, - 1,indicating that near-

Ontheother hand, if ev-  oxaloacetate.

ery molecule of CO, that

enterstheplant isfixed, then theonly isotope effect visible
will bethat of masstransport.

In the context established by equation 10, & isthe net
isotope effect associated with the fixation of inorganic
carbon. Asnotedin Table2, for C, plantsthisincludesnot
only the rubisco-catalyzed carboxylation of RuBP but also
thefixation of bicarbonate by PEP carboxylase. Thelatter
process hasamuch smaller isotope effect and it utilizesa
carbon sourcethat isenriched in 3C relative to dissolved
CO,. Thesefactorsareindicated schematically in Figure
9, which showsthat carbon fixed by PEP carboxylase will
beenrichedin3C relativeto dissolved CO,. Asaresult of
such phenomena, &; is smaller than the £listed in Table 2
for rubisco itself. The difference depends on the amount
of Cfixed by PEP carboxylase. For land plants, Farquhar
etal. (1989) estimate & = 27%o. For unicellular, eukaryotic
phytoplankton, Popp et al. (1998b) find & = 25%.. The
difference indicates either that fixation of C by PEP
carboxylaseismoreimportant in al gae or that the rubisco
inthose organismshasadlightly lower isotope effect than
the enzyme present in higher plants. Valuesof & are4.4%o
for emergent plantsin which the rate-determining transport
of CO, occursin air and 0.8%. for plants that grow under
water (0.7%o, O’ Leary, 1984; 0.87%o, Jdhne et al ., 1987).
Rubisco exists in multiple forms with differing isotope
effects (Robinson and Cavanaugh, 1995). Valuesof €.,
are 29%o for higher plants (Roeske and O’ Leary, 1984),
and apparently somewhat lower for most phytoplankton
and bacteria(Roeskeand O’ Leary, 1985; Guy et al., 1993;
Robinson and Cavanaugh, 1995; Popp et al ., 1998b).

Isotopic fractionations, C, pathway
Thereaction network for aC4 plant isshown below:
Pyruvate

Oa G+ &pic S
Laa (LI T el
$3, %
t ¢5v 55 J

Termsaredefinedin parallel with thosein reaction 10, with
theaddition of C,, C,, and C, whichindicate respectively




bicarbonatein equilibrium with CO, in mesophyll cells, C
added to phosphoenol pyruvate (PEP) to produce malateand
oxal oacetate, and CO, released by decarboxylation of oxal-
oacetate. Leakage of CO, fromthesiteof decarboxylation
is represented by ¢.. Taking this into account is a key
factor if we are to understand variations in fractionation
associated with the C, pathway. Two branch points appear
inthisnetwork. For carboninmesophyll cellswerequire
0,0, + ¢:0,=,0,+ 9,0, (14
and, for carbon rel eased by decarboxylation of oxal oacetate:
0,0,= 0:0,+¢,0, (15)
Defining aleakage parameter, L = ¢./¢,, we obtain
0,=L(d;-0,)+94, (16)
Relating theisotopic compositions of the specified fluxes
of carbon to those of the various carbon pools, we can
Writ661 = 6a- & 63 = 6| “ & 64 = 6| + &y & 62 = 63- &
and g, = g, - §,,, Where g, and ¢, are respectively the
isotope effects associated with mass transport of CO, in
air and in water (as specified above, 4.4 and 0.8%o,
respectively), &, isthe equilibriumisotope effect relating
bicarbonate and dissolved CO, (Mook et al., 1974), and €,
istheisotope effect associated with fixation of bicarbonate
by phosphoenol pyruvate carboxylase (O’ Leary et al., 1981;
here we use a compromise value of 2.2%. implied by
O’ Leary, 1981).

Using therel ationships specified, our task isto rearrange
and combine equations 14-16 in order to produce an
expression for €, (= 9,- & = 9,- J,), the net isotopic
fractionation associated withthe C, pathway. Using &; - &,
= & - &,, equation 16 can be rewritten as
9,=L(& - &,) *+ 6, Subdtitutingfor J, yieldsanexpression
incorporating &,

O+ &y~ & =L(&- &)+ 0, 1
Terms relating to the mass balance at C, must be
incorporated and &, which can’t be measured, must be
eliminated. To accomplish these steps, we substitute
4 =9, + ¢, replacing d, by an expression obtained by
rearranging equation 14. Theresultis

910, + @05~ 9,0, + D8+ P3(Ea+ Eryg = &) =
BL(& - &,) + 939, (18)
Division by ¢, yieldsimportant termswith the coefficient

¢4/¢,, whichisequal to 1 - f,. A final substitution for &,
based on rearrangement of equation 15 yields

8, 8= £y = £a 6~ £ L(E - &) - £ (L-T)(19)
This equation relates ¢, to the minimum number of
controlling variables, specifically theisotope effects and
the branching ratios (L, f,) within the reaction network.
Earlier, Farquhar (1983) presented aphysiologically based
derivation of anexpressonfor €, Equation 19isprecisely
equivalent except for the coefficient for L. The earlier
derivation adopted ,, = 0 and thusyielded L&, rather than
L(&- &,,)- Expressedintermsof theinternal and ambient
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Figure 10. Overall isotopic fractionation (essentially the difference be-
tween CO, and biomass) as a function of p/p,, the ratio of partial pressures
of CO, inside and outside C-fixing cells. The scale on the right-hand axis is
inverted and shows &, for plants using CO, with & = -8%o. The solid
lines represent C, plants and maize, a representative C, plant, with the
point indicating its typical value of p/p, (Marino and McElroy, 1991). The
horizontal dashed line shows that &, is independent of p/p, when L, the
leakiness coefficient for bundle-sheath cells in a C, plant, is 0.38 (see
equations 13-19 and accompanying discussion). The dotted line repre-
sent a (hypothetical) plant with gas-tight bundle-sheath cells and indi-
cates that the biomass of such a plant could be enriched in 13C relative to
Co, for p/p, > 0.45.

partial pressures of CO,, 1 -f,=p/p,.

Two important aspects of the carbon isotopic frac-
tionation imposed by the C, pathway are summarized
graphically in Figures9 and 10. Thefirst schematically
indicatesthe carbon-isotopic rel ationshi ps between dissol ved
CO,, bicarbonate, and the carbon that is added to phospho-
enolpyruvate in the reaction catalyzed by phosphoenol-
pyruvate carboxylase. It shows that, because the kinetic
isotope effect associated with PEP carboxylaseissmaller
than the equilibriumisotope effect between dissolved CO,
and bicarbonate, thefixed carbonisenriched in13C relative
to that in the dissolved CO,. As result, the CO,
subsequently made available to rubisco in CAM and C,
plantsis enriched in $*C relative to atmospheric CO,. If
that carbon werefixed with perfect efficiency, the biomass
of the plant would be enriched in **C relativeto CO, from
the atmosphere — ¢, would be negative, indicating an
inversefractionation.

Values of & and g, (see reaction 13) are, however,
influenced strongly by the branching ratiosat the C, and C,
branch points. The first pertains to exchange of CO,
between the atmosphere and the plant. Aslong as the
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Table 3. Hydrogen isotopic fractionations measured in aquatic plants

anf anP /# Reference
Cyanobacteria -198 +17 4 Estep and Hoering, 1980
Macrophytes -152 +27 16  Estep and Hoering, 1980
Red algae 45+31 -139+25 13 Sternberg et al, 1986
Brown algae 42+42 -178+11 21 Sternberg et al, 1986
Green algae -141+56 -132+18 6  Sternberg et al, 1986
Macrophytes 1+40 -125+20 21 Sternberg, 1988
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Figure 11. Relationships between the hydrogen isotopic compositions of
initial photosynthate and related products and of water available within
plant cells. The uncertainty indicated on the pathway between water and
photosynthate reflects the possibility of offsetting fractionations in the pro-
duction of NADPH and the subsequent transfer of H™ to photosynthate.

partial pressureof CO, intheinterior air spacesof theleaf
isnot zero, CO, will bediffusing out of the plant aswell as
intoit. Thesecond pertainsto leakage of CO, away from
the siteat which oxa oacetateisdecarboxylated. Depending
onwhether that |eakageisminimal or extreme, theisotope
effect associated with rubisco will be expressed to alesser
or greater degree at the C, branch point. Net fractionations
areplotted asafunction of L and p,/p, in Figure 10. For al
cases, p,/p, = 0 correspondsto asituation in which carbon
fixation islimited entirely by thetransport of CO, intothe
plant. Accordingly, p./p, = O requires &, = &, = 4.4%o,
independent of L. If no CO, |eaked away from the site of
decarboxylation of oxal oacetate but, at the sametime, the
plant wasvery freely exchanging CO, with the atmosphere
—animplausible combination of circumstances correspond-
ingtop,/p,= Land L = 0—maximal inversefractionation
would result, with the fixed carbon being enriched in 13C
relative to atmospheric CO, by 5.7%. (for &, = 7.9%o at
25°C). In contrast to these extremes, maize, a repre-
sentative C, plant, typically hasL = 0.27 and p/p, = 0.4
(Marino and McElroy, 1991). Consistent with theseval-
ues, measurements of the fractionation between atmo-
spheric CO, and cellulose from corn kernels consistently
yielded €, = 3.28%. (Marino and McElroy, 1991). Given
the weak dependence of ¢, on p/p, (a hypothetical C,
plant with L = 0.38 would yield &, independent of p,/p,),
Marino and McElroy (1991) proposed that C,-plant deboris
could provide a record of the isotopic composition of
atmospheric CO,,. For CAM plants, which lack the special-
ized, bundle-sheath cellsfoundin C, plants, valuesof L are
significantly higher and, asaresult, isotopic depletionsare
significantly greater.

2= 1000[ (cetuiose + 1000)/(Sater + 1000) — 1] (non-exchangeable H only)

b = 1000[ (Bigs + 1000)/(yater + 1000) 1]

¢ number of specimens; indicated uncertainties are standard deviations of

populations

d Tabulated entry refers to saponifiable lipids. Fractionation for saponifiable lipids

in the same samples = -232 + 32%.o.

Hydrogen isotopes in carbohydrates
Hydrogenisintroduced by the reduction of PGA, with
NADPH serving asthe hydride donor (cf. reaction 7). As
shownin Figure 8, thefixed carbon and its accompanying,
“non-exchangeable” hydrogen (the H directly bonded to
C) arethen shuffled among C,, C,,, C,, C,, and C_ sugars.
The net effects are regeneration of ribul ose bisphosphate
and repackaging of fixed C and H into trioses (glyceral-
dehyde, dihydroxyacetone) and hexoses (fructose, glucose).
These products can be used in biosynthesis, exported to
thecytosol, or stored within the chloroplast asstarch. The
inventory of C-bound H remains constant within the Calvin
Cycle. Isotopic fractionations can, therefore, only affect
thedigtribution of D among positions, not theoverall dvaue.
Thehydrogen can, however, be partly exchanged withH,O
in the course of the numerous rearrangements within the
Calvin Cycle. Yakir and DeNiro (1990) havereviewed ear-
lier work and have experimentally isol ated the production
of photosynthate well enough to estimate &, = -171%o,
where P designates photosynthate and w the water used
by the plant. That i sotopic rel ationship between water and
photosynthateisindicated schematically at theleft of Figure
11. The sketchincludes some broken linesand aquestion
mark to indicate that the fractionation might represent the
net of two or more processes. These could include the
transfer of H from H,O to NADP*, possibly favoring H
that was strongly depleted in D (Luo et al., 1991); the
transfer of H from NADPH to PGA; and subsequent
exchanges of C-bound H with H,O, a process which is
knownto favor partitioning of D intothe carbohydrate (1.00
<K<1.18;Cleandetal., 1977).

There are ample opportunities for further hydrogen-
isotopic fractionations. These have beenwell studied for
the specific case of the non-exchangeable H in cellulose.
As demonstrated by the examples cited in Table 3, they
attenuate the fractionationimposed during theinitia produc-
tion of photosynthate. None of the values of £, is as
largeas171%.. Yakir (1992) hasreviewed evidence show-
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Figure 12. The flow of H from initial photosynthate (C, within the chloro-
plast) to stored carbohydrates and to cytosolic NADPH. Asterisks mark
processes in which exchange of C-bound H with water is likely. B, biomass;
NA, nucleic acids; (aa), minor contribution to amino acids.

ing that this apparent recovery of D isassociated with the
“heterotrophic processing” of photosynthate. Thisoccurs
when carbohydrates are degraded to yield carbon, energy,
and reducing power for the biosynthesis of lipids and
proteins. The oxidative pentose phosphate pathway is par-
ticularly importantinthisregard. AsshowninFigure12, it
involvesthe partia oxidation of C, sugarsand servesasa
sourcefor NADPH outsidethe chloroplast (in green agae,
it also operateswithin thechloroplast; Falkowski and Raven,
1997, p. 241). The C; products, pentoses, are repackaged
to form new hexoses which can be condensed to form
cellulose. Up to 50% of the C-bound H exchanges with
water during this repackaging (Yakir and DeNiro, 1990).
To examine the effects of the reprocessing of carbo-
hydrates in the cytoplasm, Luo and Sternberg (1991)
compared the hydrogen-i sotopic composition of plastidic
starch with that of cellulose. As noted in Figure 11, the
cellulose—built from exchange-affected cytosolic glucose
—was consistently enriched in D, the average difference
for five CAM plantsand six C, plants being about 80%o.

Intramolecular carbon-isotopic order in carbohydrates

The carbon-isotopic fractionations described thus far
have pertained to fixed carbon entering the Calvin Cycle.
The extensivetransfers of carbon within that cycle might
beexpected to act asanisotopic mixer, sothat thedistribution
of 13C within carbohydrates from photosynthate would be
uniform. To examinethishypothesis, Rossmanet al. (1991)
used chemical degradationsand microbial fermentationsto
produce CO, from each of the six carbon positionswithin
glucose. One sample of glucose was from corn starch
(maize, a C, plant) and the other was from sucrose from
sugar beets (C,). Both samplesrepresented cytoplasmic,
storage forms of carbohydrate and both yielded closely
similar results. Relative to the average for the molecule,
positions C-3 and C-4 were enriched in 13C by 2 and 5%o,
respectively, and position C-6 was depleted by 5%.. The
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+H*

Oxidative
Pentose
Phosphate
Pathway

Figure 13. Flow of carbon from dihydroxyacetone phosphate to phospho-
glyceraldehyde (and, with oxidation, to 3-phosphoglyceric acid and biom-
ass) and to C; sugars. As shown, fructose-1,6-bisphosphate can be formed
by combining dihydroxyacetone phosphate and phosphoglyceraldehyde. The
further sugar shown has the structure of glucose (stereochemistry not
shown). Carbon positions in such aldohexoses are numbered 1-6, starting
with the aldehydic carbon. The processes indicated are possibly related to
the intramolecular distribution of 3C in glucose observed by Rossmann et

al. (1991).

precision of the analyses was such that the apparent
imbalance (more enrichment than depletion) is not
significant, but the consi stency between plantsand between
the chemical and fermentative degradationsisimpressive.
Theevidencefor isotopicinhomogeniety issubstantial .

Therelevant reaction network isshown in Figure 13.
The input to the system is dihydroxyacetone phosphate,
exported fromthechloroplagt. Inthecytosol, itsequilibration
with glyceraldehyde-3-phosphate is catalyzed by triose-
phosphate isomerase. As the first step in respiratory
metabolism or in biosynthesesrequiring C, units, aportion
of the glyceraldehyde-3-phosphate is dehydrogenated to
yield PGA. Rossmannet al. (1991) suggest that anisotope
effect associated with thisreaction could |ead to enrichment
of 13C at the aldehyde carbon in glyceraldehyde-3-
phosphate and that, by action of the triose phosphate
isomerase, the enrichment could propagate to the free-
alcohol carbonin dihydroxyacetone phosphate. Sincethese
carbons flow to positions C-4 and C-3, respectively, in
glucose, the mechanism provides agood explanation for
theisotopic enrichment at those positions, even accounting
for the greater enrichment at C-4. Thedepletion of 3C at
C-6isunexplained. Rossmann et al. (1991) speculate that
it arises because C-6 is sheltered from all of the bond-
making and -breaking in the oxidative pentose phosphate
pathway, which provides an independent means of affecting
isotopic compositions within glucose. This might be the
beginning of acorrect explanation, but C-5isasorelatively
sheltered and seemsnot to beisotopically unusual.

Isotopic Compositions of Amino Acids
Amino acidsare uniquein that thefirst report of their
isotopic compositionsalso provided intramolecul ar analy-
ses(n. b., intramolecular = position-specific). Infact, the
paper by Abelson and Hoering (1961) introduced the con-
cept of intramolecul ar isotopic order and thus established a
new basisfor understanding the i sotopic compositions of
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Figure 14. Carbon-isotopic compositions of individual amino acids syn-
thesized by the cyanobacteria Anabaena sp. Strain IF (N,-fixing and NO,™-
utilizing cultures) and Strain CA (NH,*-utilizing culture). Abundances of
13 are expressed in terms of & the fractionation relative to the mass-
weighted isotopic composition of all of the amino acids analyzed from each
culture (Macko et al., 1987). The abbreviations specified in Table 1 are
used to designate the amino acids. Abbreviations above the horizontal
axis specify biosynthetic families: A, aspartic acid; aKg, a-ketoglutarate;
PEP+E4P, phosphoenolpyruvate + erythrose-4-phosphate; PGA, phospho-
glyceric acid; and Py, pyruvate. Histidine (his) is synthesized by a unique
pathway. Lysine (lys) is a member of the aspartic-acid family except in
Euglena and fungi, where it is a member of the a-ketoglutarate family.

organic compounds. Thebreakthroughresultedin part from
the devel opment of ion-exchange-chromatographic tech-
niquesfor the separation of amino acids. Thishigh-resolu-
tion, liquid chromatographic technique provided quantities
that werelarge enough for isotopic analyses using thetech-
niquesavailablein 1960. In conventional analyses, amino
acidswere detected by mixing the column effluent stream
withasolution of ninhydrin. Theresulting reaction, essen-
tially quantitative (Moore and Stein, 1951), produces a
strongly colored product that can be detected spectropho-
tometrically. Intheir preparative separations, Abelson and
Hoering spikedinitial hydrolysateswith traces of radiocar-
bon-labeled amino acids and followed them through the
separations. Peakswere collected and aliquotsweretreat-
ed with ninhydrin:

(6]
OH
+ R— c co, >
OH +NH3
(6]

O]
+ COp+ R-C +3H,0  (20)
H
Asshownintheequation above, CO, isproduced fromthe
carboxyl group of theamino acid. Becausethereactionis
essentially quantitative, theisotopic composition of the CO,
specifically reflects the abundance of 13C in the carboxy!

group.

Abelson and Hoering, 1961

C1|cC1
+ only
c-4

-10 |- Synechococcus sp., Chromatium sp., -
Chlorella pyrenoidosa, Scenedesmus quadricauda
Gracilaria sp., Euglena gracilis,

Escherechia coli, C. pyrenoidosa (heterotrophic)

asx gIx phe ser ala gly thr arg ile tyr leu

Amino Acid

Figure 15. Enrichments (and rare depletions) of 3C in carboxyl groups
of amino acids as measured by Abelson and Hoering (1961). Enrichments
and depletions are expressed relative to the overall average for each amino
acid, not relative to the non-carboxyl carbon. Within each cluster, the bars
refer in left-to-right sequence to the organisms listed (Synechococcus sp.
is the present name of the organism identified as Anacystis nidulans in the
original publications), with the last two representing heterotrophic cul-
tures. As noted, the analytical procedure utilized produced CO, from both
carboxyl groups in asp but only from the C-1 carboxyl group in glu.

13C in individual amino acids

More recent resultsfrom the Geophysical Laboratory
—the site of Abelson and Hoering's (1961) seminal inves-
tigations— providethebest starting point for aconsideration
of the carbon-isotopic fractionations associated with the
biosyntheses of amino acids. Theselater results, summar-
ized graphically in Figure 14, comefrom aby-then-highly-
experienced team of isotopic and amino-acid analysts
(Mackoetal., 1987). They relateto thesimplest possible
autotrophic system, acyanobacterium grown under optimal
conditionswith continuousillumination and harvestedinlate
log phase. Under these conditions, complicationsarising
from the reversible carbon flows generally characteristic
of amino acid biosyntheses must be minimized.

Theintramolecul ar isotopic distributions reported by
Abelson and Hoering (1961), though less precise and based
on less carefully cultured organisms, provide further
information. The results are summarized graphically in
Figure 15. Positivevertical barsreflect enrichment of 13C
inthe carboxyl group relative to the molecule asawhole.
Even assigning an uncertainty of +3%. to each result, a
few observationsappear robust: (i) carboxyl groupsof amino
acidsfrom autotrophs are generally enrichedin *C relative
to the rest of the molecule, with particularly strong
enrichments in asx and glx, in the aromatic amino acids
(pheandtyr), andinarg; and (ii) intramolecular contrasts
in amino acids produced by organisms growing
heterotrophically are generally smaller, with the notable
exception of carboxyl groupsin leu, which are strongly
depleted in 13C relative to the rest of the molecule.
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Figure 16. A schematic view of the flow of carbon within the tricarboxylic-
acid cycle. The labels m, ¢, and b designate respectively carbon from the
methyl and carboxyl positions of acetyl-CoA and from bicarbonate used to
produce oxaloacetate from phosphoenolpyruvate. Inputs and outputs of
water, of redox cofactors (NAD™, etc.), and of coenzymes (CoASH) have
been omitted in order to focus on the carbon skeletons. The amination of
o-ketoglutarate in order to produce glu is the principal means of importing
N for use in the amino-acid pool. The process involves multiple steps,
including a reduction (indicated by addition of [H]) and is represented
here only schematically. The boldface T indicates transamination, an exam-
ple of which is shown in equation 21. The circled P represents a phosphate
group, PO, P, represents inorganic phosphate, HPO,*.

Additional intramolecular analyses of aspartate have
been reported by Melzer and O’ Leary (1987,1991). These
authors examined aspartate produced by C, higher plants
and showed that C-4, the carboxyl group not involved in
peptide bonding, iscommonly enriched in 13C by 10-12%o
relativeto therest of themolecule. The enrichment at C-
4in aspartate from C, plantsis about half aslarge.

The amino acids are commonly divided into families
based on their biosynthetic origins. These are indicated
abovethehorizontal axisin Figure 14. Theabbreviations
and gapsare explained in the caption and the pathways are
described below. Thezero point of the e scalein Figure 14
isset by the mass-weighted average i sotopic composition
of al of theamino acidsanalyzed. That point isprobably
about 1%. above the biomass-average d (see eqg. 5 and
related discussion). With allowancesfor respiratory losses
of fixed carbon, theisotopic composition of photosynthate
—the dvalue of C; units being supplied to biosynthetic
processes —is probably another 0.5%o lower, near -1.5%o
onthe e scaledefined in Figure 14. By thismeasure, thris
practically unfractionated rel ativeto photosynthateand val,
ala, and gly areonly slightly enriched in13C. Theleft-to-
right ordering of the amino acids was arranged to yield
declining abundances of 13C. Very clearly, it has not sep-
arated the amino acids into their biosynthetic families.
Representatives of the aspartic acid family, for example,
are spread from one end of the axisto the other. Do such
depletions represent fractionations caused by successive
isotope effects or must other explanations be sought?

The tricarboxylic acid cycle (TCA cycle) provides a

logical starting point. Relationships between carbon skel-
etonsinthat cycleareshownin Figure16. TheTCA cycle
isnormally thought of asthe central carbon-processing fa-
cility of respiratory metabolism. Asshown, acetyl groups
aretransferred from coenzyme A to oxal oacetate in order
to producecitrate. Thecitrateisoxidatively decarboxylat-
edtoyield a-ketoglutaratewhichisin turn oxidatively de-
carboxylated to yield succinate. The succinateisfurther
oxidized to yield oxal oacetate, thusregenerating the reac-
tant needed for the next turn of the cycle. In effect, ace-
tate isburned to yield CO,. The oxygen required comes
from H,O. The redox budget is balanced by removal of
H, (intheform of NADH + H*, not shown in Figure 16).
A separate system (the “ electron-transport chain”) uses
an inorganic electron acceptor (O,, NO,,, SO,%, among
others) to oxidize the H, and conserves the energy pro-
duced by the oxidation of the acetate. Quiteapart fromits
rolein oxidative metabolism, the TCA cycleisimportant to
amino-acid biosynthesis because, by producing oxal oace-
tate and a-ketoglutarate, it provides the carbon skeletons
for aspartic and glutamic acids (notably the amino acids
most strongly enriched in13C, seeFig. 14).

Thekey stepin amino-acid biosynthesisis production
of the carbon skeleton rather than the amino acid itself.
Given the carbon skeleton, the process is completed by
transamination. Anexampleisshowninreaction 21.

HC—CO; H,C—CO,

CHZ + @-CHZC —COpm— CHZ + @-CHZ-(IZH-COZ (21)
HC CO, o /C CO, +NH3

+NH; o

glu phenylpyruvate a-ketoglutarate phe

Inthiscase, theavailability of phenylpyruvic acid allows
production of phenylalanine. Asshown, amino groupsare
generally provided by glutamic acid. A specia system ex-
istsfor the production of glutamate from a-ketogl utarate +
NH,*. With this basic information we can now consider
specific biosyntheses.

The aspartic-acid family can be consideredfirst. The
relationship of aspartic acid to oxal oacetate (OAA) and thus
tothe TCA cyclecreatesaproblem, particularly for grow-
ing photoautotrophs. Aspartic acid isavery common ami-
no acid. Relatively large quantities are required for the
synthesis of proteins. If all the OAA is used to make as-
partate, the TCA cycle will be shut down because citrate
cannot be synthesized. An alternate source of OAA is
thereforerequired. AsshowninFigure 16, thisisprovided
by the carboxylation of phosphoenol pyruvate (PEP), which
can beformed directly from the products of C, photosyn-
thesis. The resulting isotopic relationships are indicated
schematically in Figure 17, which considers arepresenta-
tive C; plant with §,=-8 and &, = -25%.. Theinternal CO,
will have & = 2%. (from § = § + &, seeeq. 11 and accom-
panying discussion) and the bicarbonate available to PEP
carboxylasewill befurther enriched asaresult of theiso-
tope effect associated with the CO,- equilibrium. Thecar-
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Figure 18. Biosynthetic pathways for amino acids in the aspartate family. Circled Ps represent phosphate
groups, PO,*. P, represents inorganic phosphate, HPO,%. [H] indicates reduction. T indicates transamina-
tion. Branch points and likely sites of isotopic fractionation are discussed in the text. In this and other
reaction schemes, filled and open circles mark positions enriched or depleted in *3C as a result of the source
of the carbon flowing to that position. Upward and downward arrows mark positions likely to be enriched or
depleted in 1°C relative to precursor positions as a result of fractionations induced by isotope effects.

bonat C-4intheOAA is
depleted in 13C by only
2%o relative to that

source and is thus en-
riched by 32%o. relative to the other three carbon atomsin
themolecul e, assuming that their i sotopic composition does
not differ from that of photosynthate. The average dfor
thefour-carbon moleculeisthus pulled up by 8%o.. Thisis
already in good agreement with theenrichmentsin asp rel-
ative to photosynthate (roughly represented in Fig. 14 by
gly or thr). Further enrichment is possible if there is an
isotope effect at C-2 in OAA during the formation of cit-
rate. At steady state, such an effect would lead to apile-
up of 13C at C-2inthe OAA pool. The 10-12%. enrichment
at C-4in asp from higher plants measured by Melzer and
O’ Leary (1987, 1991) wasinterpreted asindicating partial
formation of OAA by PEP carboxylase with the remainder
coming fromthe TCA cycle. Macko et al. (1987) did not
measure intramolecular patterns in their cyanobacterial
products, but the enrichment found by Abelson and Hoer-
ing (1961, seeFig. 15) was about 13%o.. For the particular
case of asp, thelatter analyses represent both the C-1 and
C-4 carboxyl groups. If the enrichment werelocalized at
C-4, it might have been asgreat as 26%o. and thus approached
therelationshipindicatedinFig. 17.

The pathways|eading to other members of the aspar-
ticacid family are shownin Figure 18. |sotopic composi-
tionsof three of these, thr, ile, and lys, are shownin Figure

14. Threonine (thr) retains al of the C present in asx.
Why isit not similarly enriched? Infact, thr, ile, and lysare
all significantly depleted in 13C relative to asx. Thefirst
branch point occurs at asp itself, which can be used either
to produce other amino acidsor to synthesize proteins. A
largeisotope effect at C-4 in the production of aspartyl-b-
phosphate could wholly or partly neutralize enrichment of
13C at that position. But anisotope effect associated with
the attachment of C-1 to aspartyl-transfer RNA viaan es-
ter linkage, thefirst stepin protein synthesis, could lead to
enrichment of 13C at C-1. The second branch point occurs
at B-aspartyl semialdehyde, which can flow either to ho-
moserine or, with addition of pyruvate, to aseven-carbon
intermediatethat israpidly cyclized toform 2,3-dihydropi-
colinate. Fractionation at this point could explain the de-
pletion of 13C in thr relative to asp, but would have the
effect of sending a'3C-enriched stream toward lys, which
isinfact even more strongly depleted. The 2,3-dihydropi-
colinateislater openedtoyield diaminopimelate. There-
actions leading from [3-aspartyl semialdehyde to diami-
nopimel ate add carbon that dilutesthe enrichment at C-4in
asp and involvevery significant changesin bonding at four
carbon atoms. These processesand afurther branch point
at which diaminopimelate can be used to produce pepti-
doglycan (of whichitisanimportant constituent in Gram-
negative bacteriaand in cyanobacteria) must play arolein
explaining thedepletion of 1*Cinlys. A third branch point
occursat homoserine. Both pathsinvolvelargely irrevers-
iblereactionsat the OH group (phosphorylation, acylation).
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Figure 19. Biosynthetic pathways for amino acids in that glutamate family. Abbreviations as in Figure 18.
The reactant formed from bicarbonate and used in the production of citrulline is carbamoyl phosphate.

Significant isotopic fractionationsare not likely.

Isoleucine (ile) isthe last member of the aspartic acid
family represented in Figure 14. Two processes are po-
tentially responsiblefor itsdepletionin 1*C relative to thr.
The first lies at the thr branch point (Fig. 18), where an
isotope effect on the transamination leading to a-ketobu-
tyrate could lead to depletion of 13C at C-2in that product.
The second isthe addition of an acetyl group to producea-
aceto-a-hydroxybutryate. The carbonyl position in the
acetyl group is likely to be depleted in 13C (Melzer and
Schmidt, 1987).

Two membersof the a-ketoglutarate family of amino
acids are represented in Figure 14. Carbonin glu + gln
(glx) isonly dlightly lessstrongly enriched in 13C than asx.
Theintramolecular analyseswhich, in the case of glx, re-
fer only to C-1, indicate enrichment of nearly 20%. at that
position. Tracking thiscarbon backward through the TCA
cycleleadsto C-4 of OAA. Comparison to the carboxyl-
group enrichment measured for the sum of positions C-1
and C-4in asp (Fig. 15) suggests that most of the excess

theenrichment observedinglu,
thefirst step leading toward or-
nithineand ultimately to arginine
involvesareaction at theamino
group and isnot likely to cause
any carbon-isotopicfractionation. Moreover, fromthat point,
no carbon isremoved from the set of atomsflowingto arg
and only one, for which serves as the source, is added.
Thedepletion of 13C in arg isthus unexplained.

Valine (val), danine (ala), and leucine (leu) are mem-
bersof the pyruvate family. Their biosynthetic pathways
aresummarized in Figure 20. Pyruvateisclosely related
to the C, products of photosynthesis. At least one major
pathway leading fromt, the production of acetyl groupsby
pyruvate dehydrogenase, has asignificant carbon kinetic
isotope effect (Melzer and Schmidt, 1987). The dlight
enrichment observed in alarel ative to the estimated i soto-
pic composition of photosynthatefitsinto this picture nice-
ly. Asshown (Fig. 20), val is produced by addition of an
acetyl group to the ala carbon skeleton. In spite of the
expectation that this acetyl group would be depletedin'3C
relativeto thepyruvate, val isdightly enrichedin3C rela-
tivetoaa Thebranch point at a-ketoisoval erate provides
an opportunity for the required fractionation. A carbon
kineticisotopeeffect at C-2in that intermediatewould send
a'3C-depleted streamto leu and ardlatively enriched stream

toval. The average content of
13C in leu would be further de-

9 from
HzC—C— -~
* I pyruvate o cn H,0 " creased by the addition of al3C-
3 H 7 H NHs ;
HsC—C—CO, ¥. ch—'cé—c::—co’z . |4|3<:—<|:—'<':—co2 - ch—cl:—c':Hco2 _de":ete‘im_w gro%’g’- I;]gur:::jne
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Figure 20. Biosynthetic pathways for amino acids in the pyruvate family. Abbreviations as in Figure 18.

in n-alkyl lipids (DeNiro and
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Figure 21. Biosynthetic pathways for amino acids in the 3-phosphoglyc-
erate family. THF represents tetrahydrofolate, a cofactor which can accept
and donate methylene groups. Other abbreviations as in Figure 18.

Epstein, 1977; Monson and Hayes, 1982a). Notably, the
carboxyl group of leu from photoautotrophs is not com-
monly depleted in 13C (Fig. 14). It followsthat the overall
depletion of 13C in leu must be due also to depletions at
other siteswithinthemolecule.

Serine(ser) and glycine (gly) are membersof the phos-
phoglycerate family, for which biosynthetic pathwaysare
summarizedin Figure21. A closeisotopicrelationshipto
photosynthate would be expected, but ser is enriched by
roughly 5%o (Fig. 14; even larger enrichments have been
reported by Abelson and Hoering, 1961, and by Winters,
1971). Particularly becausethereisno evidencefor strong
enrichment of 13C inthe carboxyl group (Fig. 15), attention
isdueto thereaction by which gly isproduced from ser. In
it, C-3 of serine is transferred to tetrahydrofolate, from
whichit flowsto provide C, unitsinawidevariety of bio-
synthetic reactions. A significant isotope effect associat-
ed with the transfer would be consistent with the enrich-
ment of 3Cin ser relativeto gly and with the rel ationships
of these productsto photosynthate.

The aromatic amino acids, pheand tyr remain. Their
carbon derivesfrom phosphoenol pyruvate and erythrose-

e *Hs
H,C—-C-CO, H,C—C-CO,
OH™ H
+CO, R
T
COz phenylpyruvate phe
"0,CCH,C
A 0
A o
C4 + 2PEP —>
S NAD*
HO H NADH
prephenate +H*
co, e tNHs
H,C—C-CO; H,C—C-CO5
H
—
T
OH OH
4-hydroxyphenylpyruvate tyr

Figure 22. Terminal stages of the biosyntheses of the aromatic amino
acids phe and tyr. As noted in the text, it is unlikely that isotope effects
associated with this branch point alone can account for the isotopic differ-
ence observed between phe and tyr.
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Figure 23. Isotopic compositions of amino acids, expressed as fraction-
ations relative to alanine, from natural populations of estuarine diatoms
and marine phytoplankton analyzed by Keil and Fogel (2001). For compar-
ison, the heavy gray line depicts the average of the analyses reported in
Figure 14. The & range is identical to that in Figure 14. The horizontal
scale covers only the amino acids analyzed by Keil and Fogel (2001).

4-phosphate. Asrequired by the large, structural differ-
ences between those materials and the aromatic amino
acids, there are many reactions between the biosynthetic
feedstocks and the ultimate products. All but one of these,
however, affect both phe and tyr which, asshownin Fig-
ure 22, share animmediate precursor. Itisnot possibleto
explain the intermolecular difference of more than 10%o
based on fractionations localized at the OH-bearing car-
bonin prephenate. The productseach contain nine carbon
atoms so that the required isotopic difference at that posi-
tion would be 90%.. Poolsof prephenate separatedintime
or space are indicated.

Amino acids not from cultured cyanobacteria

Strikingly differentisotopic distributionsarefound when
amino acidsfrom multicellular plantsor from natural popu-
lationsof algal unicellsareanalyzed. Ingeneral, thetrend
to greater downstream depletion discerniblein Figure 14is
lessmarked. Thegenerally flatter isotopic distributionis,
however, interrupted by some notable enrichments and
depletions. These points, along with some notableincon-
sistency and variability, areexemplified by thedistributions
shownin Figures23 and 24. Amino acidsin the sequence
from asx to ala are commonly depleted and those in the
sequence from alato lys are commonly enriched relative
to the trend defined by Anabaena. One feature of this
flattening isremoval of the puzzling isotopic contrast be-
tween phe and tyr. Notable enrichments of 13C appear
frequently in gly. Ontheother hand, thedepletion of 13Cin
leu noted originally in the Anabaena data appearsto bea
robust feature.

Theturnover of amino acidsin microbia culturesin-
creasesin stationary phase. If itis, at least, more impor-
tant during slow growth and under natural stresses, it fol-
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Figure 24. Isotopic compositions of amino acids, expressed as fraction-
ations relative to alanine, from the vascular plants Stenotaphrum (St. Au-
gustine grass), Helianthus (sunflower), and Borrichia (sea daisy) reported
by Winters (1971) and from maize and spatterdock reported by Fogel and
Tuross (1999). For comparison, the heavy gray line depicts the average of
the analyses reported in Figure 14.

lowsthat isotopically depleted products from the ends of
the biosynthetic pathways will be recirculated more fre-
quently than in the continuoudly illuminated, optimal cul-
tures of Anabaena. Greater recycling will reduce the re-
moval of carbon skeletonsfrom thetricarboxylic acid cy-
cleandresultintheimportation of less3C-enriched mate-
rial from that source. Together, these processes should
lead to the accumulation of 3C-enriched residues at the
ends of the biosynthetic pathways and to the delivery of
13C-depl eted feedstocksto thefirst stepsin the pathways.

Theenrichment of 23Cingly isprobably linked to C;
metabolism. Asshownin Figure21, methylenegroupsfor
usein other biosynthetic processes can be produced by the
ser - gly andgly = CO, + NH," pathways. Conversely,
if THF=CH, isin oversupply, it can be consumed via re-
versal of those pathways. As aresult, isotopic relation-
ships between gly, ser, and the other amino acids should
respond to production or consumption of THF=CH,,. En-
richment of 13C in gly relativeto ser ssemsmost likely to
reflect synthesis of gly from CO,, NH,*, and THF=CH.,,

Isotopic Compositions of Nucleic Acids
The nucleic acids are polynucleotides. Each nucle-
otide contains one phosphate group, aC, sugar (ribose or
deoxyribose), and an aromatic, heterocyclic“base,” either
aone-ring pyrimidine (four or five carbon atoms+ N, O,
and H) or atwo-ring purine (five carbon atoms+ N, O, and
H). The carbon isotopic compositions of nucleic acids,
therefore, are expected to represent an average of theri-
bose and the bases. 1nthe four-carbon pyrimidines uracil
and cytidine, three carbons comefrom C-2, 3, and 4 from
asp and the fourth comes from carbamoy! phosphate (see

Co,

co,

Co, cOo,
CH, CH,
CI:HZ —= CH, aminolevulinate porphobilinogen
|
CHNH} CHNH} _ _
co; CHO F02
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Figure 25. Diagram summarizing the relationships between carbon atoms
in a tetrapyrrole ring system and in various precursors, either glu or succi-

nate + the methylene carbon in gly.

structurein Fig. 19). Thefive-carbon pyrimidine thymi-
dine adds one C from a tetrahydrofolate carrier (cf. dis-
cussion of thebiosynthesisof glycine). Theinclusion of C-
4 from asp and the insertion of C from carbamoyl phos-
phate, for which serves as the carbon source, both sug-
gest that the pyrimidines, with the possible exception of
thymidine, would be enriched in 13C relative to photosyn-
thate. The purines contain both carbonsfrom gly, two C,
unitsfrom THF, and aC from CO,,. If one dared to make
a prediction about such a salad, it would be that it was
depleted in 13C rel ative to photosynthate.

Observationsindicate that the enrichmentsin the pyri-
midines (likely, but of unknown magnitude) and the deple-
tionsinthe purines (hypothetical, but apparently needed to
explain the results) balance at least roughly. Pioneering
analyses of the carbon-isotopic compositions of bacterial
nucleic acids were reported by Blair et al. (1985), who
found nucleic acids enriched in 3C relative to biomass by
0.6%0. More recently, thiswork has been very nicely ex-
tended by Richard Coffin and his coworkers, who report
that bacterial nucleic acids are enriched relative to biom-
assby about 0.3%o (Coffinet al., 1990). Theisotopic com-
positionsclosely follow those of heterotrophic carbon sourc-
es, and this can be exploited to provide new information
about theroles of bacteriain aguatic food webs (Coffin et
al., 1994; 1997).

Isotopic Compositions of Tetrapyrroles
Theheteroaromaticring systemin chlorophyll isaprom-
inent tetrapyrroleand isof particular interest sincerelated



products are often preserved in sedi-
mentsasporphyrins. AsshowninFig-
ure25, itsimmediate precursor isami-
nolevulinic acid (C,) whichisinturn
synthesized from glycine and succi-
nyl-CoA withloss of CO, (C, + C,
-+ C, + C)) or from glutamate (C,).
The carbon flowing to tetrapyrroles
isthusclosely related to that in amino
acids and in intermediates from the
TCA cycleand isexpected to havean
isotopic composition closeto that of
biomass. In specificanalysesof chlo-
rophyllides(i. e., the non-phytol car-
bon from chlorophyll) from the pho-
tosynthetic bacteria Rhodopseudo-
monas capsulata and Chromatium
vinosum, Takigiku (1987) found en-
richmentsof 0.0 and 0.7%o relativeto
biomass. Chloroplasts from beech
treeleaves used to test proceduresin
the same investigation also yielded
chlorophyllidesenrichedin 1*Crela-
tive to plastid biomass by 0.7%o.
Madigan et al. (1989) found chloro-
phyllidesfrom Chromatiumtepidum
enriched in 13C by 0.5%. relative to
biomass. Considering diverseanaly-
ses that provided indirect evidence
about the isotopic compositions of
chlorophyllides relative to biomass,
Laws et al. (1995) and Bidigare et
al. (1999) concluded that 0.5%0 was
agood estimate of the enrichment of
chlorophyllidesrelativeto biomassin
marine plankton. Inasingleinvesti-
gation of chlorophyllidefromacyano-
bacterium, Synechocystis sp., Saka
taet al. (1997) found an enrichment
of 2.7%o relative to biomass and at-
tributed the difference to shifted car-
bon flows that increased the abun-

dance of proteinsrelativeto lipidsand other cellular com-

ponentsin cyanobacteria.

Isotopic Compositions of Lipids
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Figure 26. Representative n-alkyl, or “acetogenic” lipids. Each linear carbon skeleton is built up
from C, units supplied in the form of acetyl-CoA. The saturated carbon skeletons represented here
by carboxylic acids also occur commonly as alcohols. As shown, lipid bilayer membranes are comprised
of diglycerides with polar “head groups” represented by R in the shorthand structures shown in the
lower portion of the figure. An example of a polar head group is shown in the structure of phosphati-
dylcholine. Although ester linkages are most common in complex lipids, ether linkages are being
recognized with increasing frequency among bacterial products (Hayes, 2000).

containing one or more ether or ester bonds are“ complex
lipids.” Asshown, structural variationsthat affect the car-
bon skeleton are restricted to methyl branching and rare,
cycloakyl subgtituents.

Lipidshaveeither linear or isoprenoidal carbon skele-

tons. All of the linear skeletons derive from the same
biosynthetic pathway but there are two ways to produce
isoprenoids, one of which hasbeen discovered so recently
that it isnot mentioned in standard textbooks. Thelinear,
or n-alkyl, lipids are often termed “acetogenic” because
of their relationship to acetate, whichisboth their immedi-
ate biosynthetic precursor and the main product of their
metabolic degradation. Structural variationswithintheac-
etogeniclipidsareexemplified in Figure 26. Productscon-
taining no hydrolyzablelinkagesare“simplelipids,” those

The structural range of isoprenoid carbon skeletonsis
far greater. All are based on the isoprene, but there are
two means of variation: (1) the connections between iso-
preneunits, whether head-to-tail, head-to-head, tail-to-tail,,
orirregular (involving isoprene positions C-2 or C-3); and
(2) cyclization. Only thefirst of theseisconsideredin Fig-
ure 27. Assuming that no carbon atoms have been added
to or trimmed from the basic carbon skeleton, the carbon
number for any isoprenoid issomemultipleof five. A C,,
isoprenoid isamonoterpene, aC,; isasesquiterpene, aC,,
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The branching diagram indicates biosynthetic relationships between various isoprenoid

carbon skeletons. Names of typical products appear in parentheses (n. b., geraniol
and phytol are merely examples and are far from the only C,  and C,,, isoprenoids). The

irregular-junction case is an example based on Rowland et al. (1995)

isaditerpene... etc. Ineukaryotic plants, including phy-
toplankton, the C,, and C,, isoprenoids areformed in the
chloroplast and the C,, products are of cytosolic origin.
The head-to-head linkageis generally restricted tothe Ar-
chaea.

Turning to cyclization, isolated rings are common in
C,, isoprenoid structures (carotenoids and archaeal tetra-
ethers) but are not key pointsof classification. Structures
with more than two fused rings are almost exclusively re-
stricted toisoprenoids based on squalene (gibberelins, based
on phytol, are a rare exception). Two major classes —
tetracyclic and pentacyclic—areshown in Figure 28. Ste-
rols aretetracyclic structures that are important constitu-
ents of all eukaryotic membranes. Although they have
been widely reported as present in heterotrophic bacteria
and cyanobacteria (see, for example, references cited by
Kohl et al., 1983), proven instances of their biosynthesis
arelimited to aerobic, methanotrophic bacteria(Bird et al .,
1971; Summonset al., 1994) and to Nannocystis exedens
(Kohl etal., 1983). Theemphasison biosynthesis, demon-
strated by transmission of anisotopic label from aprecur-
sor to steroidal products stemsfrom (1) the demonstration
by Levin and Bloch (1964) that sterolsisolated from cy-
anobacterial cultures were not biosynthetic products but
instead contaminants apparently derived from the media
and (2) the observation that some bacteriawhich incorpo-
rate sterolsin their membranes neverthel essrequire an ex-
ogenous source for the sterolic carbon skeleton (Razin,
1978). Pentacyclicisoprenoid a cohols, often with highly
polar, non-lipid substituentsthat rai setheir carbon number
to 35 or more, are produced by many aerobic bacteriaand

Figure 28. Cyclic isoprenoid lipids and their relationships to
squalene. (&) Squalene folded so as to demonstrate its rela-
tionship to a sterol carbon skeleton (b). In sterols that occur
commonly, some of the methyl groups resulting from the cycliza-
tion of squalene move from one carbon to another and others
are lost. The substituents marked R can be either methyl or H
and the substituent marked R’ can be H, methyl, ethyl, or propyl.
In specific natural products, double bonds often occur within the
ring system. (c) Squalene folded so as to demonstrate its rela-
tionship to the pentacyclic ring systems in structures d, e, and f.
(d) The hopane carbon skeleton. (e) Tetrahymanol. (f) Bacte-
riohopane tetrol, an extended hopanoid that includes five car-
bons deriving from the C_ sugar ribose. (g) B-Amyrin, a typical

pentacyclic isoprenoid produced by higher plants.

apparently serve as sterol surrogates in their membranes
(Rohmer et al., 1984). Thedominant family of productsis
based on the hopane carbon skeleton (Fig. 28). Two addi-
tional groups of pentacyclic triterpenoids are comprised
entirely of six-membered rings. Thosewith an OH group
onthefifth ring arecommonly productsof protozoans. Tet-
rahymanol (Fig. 28) isaprominent example (Raederstorff
and Rohmer, 1988). A thus-far-unique bacterial occur-
rence of this compound has also been reported in
Rhodopseudomonas palustris (Kleeman et al.,
1990).Pentacyclic triterpenoids with an OH group on the
first ring are commonly productsof higher plants.

Processes affecting the carbon-isotopic compositions
of n-alkyl lipids

n-Alkyl carbon skeletonsare essentially acetate poly-
mers derived from acetyl-coenzyme A. In plantsand in
heterotrophs, that building block isformed by the oxidative
decarboxylation of pyruvate, which is produced by the
degradation of carbohydrates(including theimmediate, C,



productsof photosynthesis). There-
actioniscatalyzed by pyruvate dehy-
drogenase and is associated with a
significant, carbon kineticisotope ef-
fect (Melzer and Schmidt, 1987). Be-
cause pyruvate hasmultiplefates, iso-
topic fractionation isexpected and, in
fact, the general depletion of 13C in
n-alkyl lipidshasbeen attributed tothis
step (DeNiroand Epstein, 1977; Mon-
son and Hayes, 1982a). Additional
factors must be important and may
helpto explain variationsin lipidiso-
topic compositions(Blair et al., 1985).
Thesefactorsincludevariationsinthe
branching ratiosat pyruvete; dternate
sources of acetyl-CoA, whichisaso
produced by the degradation of some
amino acids(ile, leu, thr, and trp); and
downstreamisotope effects. Acetyl-
CoA itself has multiplefates. If the
reaction pathways competing for it
have different isotope effects, theiso-
topic compositionsof then-alky! lip-
idswill vary from that of the acetyl-
CoA. Thefatesinclude oxidationto
CO, viathe TCA cycle; biosynthesis
of someaminoacids(ley, lys); thepro-
duction of n-alkyl-lipid carbon skele-
tons, the production of mevalonic acid,
aprecursor of isoprene; and, in many
aguatic unicells, hydrolysisto yield
acetate which leaksfrom the cell be-
fore being utilized (Roberts et al.,
1955; Blair et al., 1985).

The site of fatty-acid synthesis
variesvery significantly. If acell has
chloroplasts—if itisanagal unicell
or acarbon-fixing cell within adiffer-
entiated photoautotroph — all fatty
acidswith 18 or fewer carbon atoms
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Figure 29. Relationships between the carbon positions in isopentenyl pyrophosphate and their
sources. In the mevalonic-acid pathway, all five carbon positions in isopentenyl pyrophosphate derive
from acetate and, in turn, from the C-1 + C-6 and C-2 + C5 positions of glucose. In the methyleryth-
ritol-phosphate pathway, one carbon derives from the C-3 + C-4 position in glucose. The mapping of
positions from precursors into products of the two pathways differs sharply, as indicated by struc-
tures of acyclic and steroidal carbon skeletons based on the MVA (a, ¢) and MEP pathways (b, d).

are produced within it (Cavalier-Smith, 2000). If acell
lacks chloroplaststhefatty acidsare produced inthe cyto-
sol using (in eukaryotic cells) acetate exported from the
mitochondria. The consequences of these points can be
discussed more completely and systematically in parallel
with aconsideration of isoprenoid lipids.

Processes affecting the carbon-isotopic compositions
of isoprenoid lipids

The isoprene carbon skeleton is indicated schemati-
caly in Figure 27. The corresponding biosynthetic reac-
tant —equivaent initsroleto acetyl-CoA —isisopentenyl
pyrophosphate. AsshowninFigure 29, thiscompound can
be made by two different and fully independent pathways.
The mevalonic-acid pathway was until recently thought to
betheonly routetoisoprenoids. The deoxyxylulose-phos-

phate, or methylerythritol-phosphate, pathway wasfirst dis-
covered in Bacteria by Rohmer and coworkers (Flesch
and Rohmer, 1988; Rohmer et al., 1993). Subsequent in-
vestigations (reviewed by Lichtenthal er, 1999) have shown
that this pathway iswidely distributedin prokaryotes, inthe
chloroplasts of eukaryotic algae and higher plants, and in
the cytosol of members of the Chlorophyta(including the
Trebouxiophyceae, Chlorophyceae, and Ulvophyceae; see
summary in Table 4 and note very recent clarification by
Schwender et al., 2001). In contrast to acetyl-CoA, iso-
pentenyl pyrophosphateisadedicated product flowing only
tothebiosynthesisof asingleclassof lipids. Theisotopic
compositionsof the polyisoprenoid lipidswill thereforebe
controlled by theisotopic composition of theisopentenyl
pyrophosphate.
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Isotope effects potentially associated with
the syntheses of mevalonic acid or of methyl-
erythritol have not been directly investigated.
Nor haveintramolecular patterns of isotopic or-
der been measured in polyisoprenoids. Asare-
sult, stepwise or process-rel ated isotopic frac-
tionations associated with the biosynthesis of
polyisoprenoid lipids can only be estimated from
observed i sotopic compositions of whole mole-
cules.

Carbon isotopic compositions of

lipids from heterotrophic bacteria
Four separateinvestigations of carbon iso-
topic fractionation in aerobic growth of Escher-
ichia coli provide consistent and complementa-
ry results that provide a foundation for under-
standing the isotopic compositions of lipids.
DeNiro and Epstein (1977) grew separate cul-
tures of E. coli using glucose, pyruvate, and
acetate as carbon sources. “Lipids’ produced
by the bacteria were depleted in 13C by 6-8%o
relative to glucose or pyruvate but nearly un-
fractionated relative to acetate. Accordingly,
they concluded that the reaction that produced
acetate from pyruvate must be responsible for
the depletion of 1*Cinlipids. To examinethat

Table 4. Pathways used for the biosynthesis of isoprenoid lipids

Organism Pathway Reference®
Prokaryotes Lange et a/, 2000
Bacteria Boucher and Doolittle, 2000
Aquificales, Thermotogales MEP
Photosynthetic bacteria
Chloroflexus MVA Rieder ef al, 1998
Chiorobium MEP Boucher and Doolittle, 2000
Gram positive eubacteria
Commonly MEP
Streptococeus, Staphylococcus MVA Boucher and Doolittle, 2000
Streptomyces MEP & MVA Seto er al, 1996
Spirochaetes Boucher and Doolittle, 2000
Borrelia burgdorferi MVA
Treponema pallidum MEP
Proteobacteria
Commonly MEP
Myxococceus, Nannocystis MVA Kohl et af, 1983
Cyanobacteria MEP Disch et al, 1998
Archaea MVA Lange et al, 2000
Eukaryotes
Non-plastid-bearing MVA Lange et a/, 2000
Plastid-bearing Plastid | Cytosol
Chlorophytab MEP MEP Schwender et a/, 2001
StreptophytaC MEP MVA Lichtenthaler er a/, 1997
Euglenoids MVA MVA Lichtenthaler, 1999

processspecifically, they made site-specific ana-
yses of al of the carbon positionsin the reac-
tantsand products, substituting readily available
yeast pyruvate carboxylasefor E. coli pyruvate
dehydrogenase. They found normal kineticiso-
tope effectsat all carbon positionsin pyruvate:
£c,=18,6.,=14.7,and & ;= 1.0%0. C-2in
pyruvate becomesthe carboxyl carbonin acetyl-
CoA. C-3 becomes the methyl carbon. Be-
cause of the strongly differing isotope effects, depletion of
13C at the carboxy! position should be 15 times greater than
that at the methy! position. The chain of chemically indis-
tinguishable CH,, groupswithin thefatty acid should con-
tain two isotopically distinct subsets of carbon atoms, with
those derived from the carboxyl carbon being depletedin
13C relativeto those derived from the methyl carbon. The
depletion of 3Cinthemolecule overall would bethe aver-
age of thesmall depletion at the even-numbered positions
and thelarge depletion at the odd-numbered positions.

Monson and Hayes (1980, 19824) grew E. coli on glu-
cose, isolated theindividual fatty acids, and used chemical
techniquesto obtain CO, from specific positionswithinthe
molecules. Key reactionsproduced CO, quantitatively from
carboxyl groups (Vogler and Hayes, 1978; 1979) and oxi-
dized double bondsquantitetively to produce carboxyl groups
at theterminal positionsof cleavage products (Monson and
Hayes, 1982a). Thedoublebondsin unsaturated fatty ac-
ids produced by E. coli do not result from the action of a
desaturase enzyme. Instead, even when O, is available,

2 Where no reference is cited, either the assignment is based on generalizations introduced
and supported in three major reviews — Lange et a/ (2000), Boucher and Doolittle (2000),
and Lichtenthaler (1999) — or it is based on work cited in those reviews, the first two of
which are based on genetic analyses rather than labeling studies.

b Chlorophytes include the Trebouxiophyceae, Chlorophyceae, and Ulvophyceae.

¢ Streptophytes include higher plants and eukaryotic algae other than those named above.

they are produced by an anaerobic mechanism that pre-
vents complete hydrogenation of the alkyl chain asit is
lengthened during biosynthesis. No mechanism existsfor
theisotopic fractionation of the doubly bonded carbons—
for example, at C-9 and C-10 in n-hexadec-9-enoic acid —
relativeto the other odd- and even-numbered carbon posi-
tionsin the molecule. Like DeNiro and Epstein (1977),
Monson and Hayes (1982a) found that the crudelipidswere
depleted in 13C by 7%o relative to the carbon supplied by
glucose. Theindividual fatty acidswere, however, deplet-
ed by only 3%o (the difference being explained by the pres-
ence of more strongly depleted neutral componentsinthe
lipidfraction). Production of CO, from positionswithinthe
carbon chain showed that the odd-numbered carbon posi-
tions, derived from the carboxy! group of acetyl-CoA, were
depleted relative to the supplied glucose by 6 + 1%. and
that the even-numbered carbon positions, derived fromthe
methyl position of acetyl-CoA, were enriched by 0.5 +
1.4%0. Theseresultsdecisively confirmed the existence of
intramolecular isotopic order in n-akyl lipids. The pattern,
moreover, was consistent with the outline provided by De-



Hayes, Fractionation of the Isotopes of Carbon and Hydrogen in Biosynthetic Processes, Page 23

decarboxylasefrom yeast —and
to in-vivo rather than in-vitro

| conditions.
10 |- Isotopic composition of — .

C-2 in pyruvate flowing A third approaCh wastaken
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quickly killing the cellsat mid-
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carbon source. Thelatter result
can be accommodated by pro-

Figure 30. Flows of carbon at the pyruvate branch point in the metabolism of E. coli growing aerobically
on glucose (Roberts et al., 1955). As noted, 74% of the pyruvate is decarboxylated to yield acetyl-CoA.
The observed depletion of 3C at odd-numbered carbon positions in fatty acids (Monson and Hayes,
1982), shown in the graph at the right, therefore indicates that the isotope effect at C-2 in the pyruvate
dehydrogenase reaction is 23%.o.

Niroand Epstein (1977) in that fractionation waslocalized
at the carboxyl carbon of acetyl-CoA.

Tointerpret their results quantitatively in termsof iso-
tope effects and reaction pathways, Monson and Hayes
(19824) adopted DeNiro and Epstein’s (1977) most basic
finding and considered the branch point shown in Figure
30. Theexistence of well-supported estimates of the car-
bon flows (Robertset al., 1955) allowed construction of a
fractionation plot based on the assumption that theisotopic
composition of C-2inthepyruvatewas equal to that of the
glucose supplied to the culture. Theresulting fractionation
factor, 23%o, is an estimate of the difference between the
isotope effect at C-2 for pyruvate dehydrogenasein vivo
and theweighted-averageisotope effect at C-2 on the path-
ways leading to ala, val, and OAA. If those were greater
than zero, then &, for pyruvate dehydrogenase must be
greater than 23%.. The interpretation also assumed that
no isotopi ¢ fractionation occurred on the pathway leading
from acetyl-CoA to fatty acids and that the steady-state
isotopic composition of acetyl-CoA wasunaffected by any
isotope effects associated with the pathways|eading from
that reactant to leucine, to the TCA cycle, or to acetate
leaking from the cell (apoint supported in part by the ob-
servation that even-numbered carbon positionsin thefatty
acids were unfractionated). The 23%. effect was signifi-
cantly larger than the 15%. effect found by DeNiro and
Epstein (1977), but it pertained to a different enzyme —
pyruvate dehydrogenase in E. coli rather than pyruvate

posing that the depletion of 13C

in the acetyl-CoA called for by
the earlier results was neutralized because the citric acid
contained not only the depleted acetate but also carbon
from 13C-enriched OAA, the enrichment resulting from uti-
lization of the pyruvate represented by the upper lineinthe
graph shown in Figure 30. Thestrikingly enriched extra-
cellular acetate, however, remains unexplained. The au-
thorspoint out that acetate would not only beleaking from
the cells but also being reabsorbed by them and that the
lossrate indicated in Figure 30 would be the net of those
opposing flows. Anisotope effect associated withthe as-
similation of acetate may, therefore, play arole.

Inthefinal investigation, Melzer and Schmidt (1987)
simply made a good measurement of the isotope effects
associated with pyruvate dehydrogenase from E. coli. For
&, they reported 21%o, in excellent agreement with the
estimate provided by Monson and Hayes (1982a). Insum,
thesefour investigations providearoughly quantitativeview
of the processes responsible for the depletion of 3Cin n-
alky! lipids but aso show how many factors might have
importancesthat are not yet understood.

Isotopic fractionationsin lipid biosynthesisduring aer-
obic and anaerobic growth of Shewanella putrefaciens
on lactate have recently been compared by Teece et al.
(1999). Under aerabic conditions, fatty acidswere deplet-
ed in13C relativeto biomass by 2-3%o, roughly duplicating
the characteristics of E. coli discussed above. Incontrast,
fatty acids produced under anaerobic conditionswere de-
pletedin 13C by 5-10%o relativeto biomass. Earlier, Scott



and Nealson (1994) had concluded that, under anaerobic
conditions, S. putrefaciens metabolized lactate to yield
acetyl-CoA and formate, with most of the acetate being
excreted and aportion of theformate being assimilated via
the serine pathway. If thelatter pathway werefully func-
tional, it would provide a second source of acetyl-CoA.
The carboxyl carbon in that product is derived from via
PEP carboxylase, but Teece et al. (1999) do not report the
isotopic composition of the CO, intheir cultures. Together,
the metabolic and isotopic investigations provide an excel -
lent demonstration of anaerobic-bacterial complexity and
itsrelated hazards. Good work hasled to good databut not
tofirm conclusions. Thewiderangeof depletions (5-10%o)
might indicate varying contributionsfrom thetwo sources
of acetyl-CoA (i. e, lactate and the serine pathway). The
relatively large depletion must be kept in mind when con-
sidering theisotopic compositions of fatty acidsin natural
systems.

Carbon isotopic compositions of lipids from cyano-
bacteria

Although prokaryotic and thus uncompartmentalized,
cyanobacteriadiffer from the organismsjust consideredin
that they are photosynthetic, and thusobtain from light much
of the energy required to drive biosynthesis. Moreover,
they produceisoprenoidal aswell asn-alkyl lipids. Sakata
et al. (1997) recently reported results of thefirst investiga-
tion of lipid-biosynthetic fractionationsin acultured cyano-
bacterium, specifically Synechocystis, which usestheMEP
pathway for synthesis of isoprenoids (Lichtenthaler et al.,
1997; Dischetal., 1998).

Extractable n-alkyl lipidswere depletedin 13C rel ative
tototal biomassby 9.1%o, afractionation threetimesgreat-
erthanthat in E. coli. If localized at the odd-carbon posi-
tions, the depletion of 18%. would requiref, ., = 0.22
(see Fig. 30). Factors suggested as responsible for the
3.4-fold decreaseinf, -, were (i) muchlower needsfor
acetyl-CoA in energy production via the TCA cycle and
(ii) very low concentrations of lipidsin Synechocystis (2%
of biomass C). These are good points, but it will not be
surprising if further investigations show that thelarge de-
pletionisdueto multiplefactors.

Three subsets of polyisoprenoids, shownin Figure 31,
were analyzed. Phytol, which accounted for 90% of the
total polyisoprenoidsand 1% of biomass C, was depl eted
relativeto biomass by 6.8%.. Diplopterol and diploptene,
comprising 0.04% of biomass C, were similarly depleted
(6.9, 6.5%o0). Bishomohopanal (0.2% of biomassC), adeg-
radation product of bacteriohopanepolyol, was depleted by
8.5%0. The latter result is striking because, as noted in
Figure 31, bishomohopanol containstwo carbonsthat are
derived from carbohydrate (Rohmer, 1993) and which are
expected to be enriched in 13C relative to lipid carbon. It
suggeststhat thetriterpenoid portion of the bishomohopanol
issignificantly more strongly depleted (= 9%o) than the oth-
erisoprenoids. Noting that phytol, diplopterol, and diploptene
wereall resident mainly in membranes and that the abun-
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Figure 31. Polyisoprenoids produced by Synechocystis sp. and analyzed
isotopically by Sakata et al. (1997). The bacteriohopanepolyol is too polar
to be isolated in good yield. As is common in such cases, the procedure
introduced by Rohmer et al. (1984) was therefore applied, with periodic
acid being used to cleave the bonds between OH-bearing carbon atoms.
Treatment with sodium borohydride then produces a C,, alcohol that can be
recovered in good yield for further studies.

dance of bacteriohopanepolyol was more strongly corre-
lated with cellular volume (Jurgenset al., 1992), Sakataet
al. (1997) attributed the differenceto changing branching
ratiosover thelife of the cell, with greater depletion being
favored in thelater (volume-correl ated) products.

Theresults provide someinformation about theisoto-
pic characteristics of the MEP pathway of isoprenoid bio-
synthesis. Asshown in Figure 29, there aretwo processes
by which MEP might be depleted in 13C relative to photo-
synthate. Thefirstisinthe decarboxylation of pyruvateto
yield the C, unit whichis condensed with glyceraldehyde
toyield deoxyxylulose. The second —if, as seemslikely
for aC; carbohydrate, the deoxyxylulose has alternate fates
—isintherearrangement of the linear carbon skeleton to
yield methylerythritol. If only thefirst of these stepswere
effective, only the tertiary C would be depleted in each
isoprene unit and, to account for the observed overall de-
pletion of 6.8%o, the depletion at that position would be
34%0. Sincethisexceedstheisotope effect found or esti-
mated for any enzyme-catalyzed decarboxylation of pyru-
vate, it appears very likely that further fractionation, af-
fecting at least oneif not two additional carbon positions, is
associated with the second step.

A survey of carbon isotopic compositions of lipids
from other organisms

Thelipidfractionationsdiscussed inthe preceding para-
graphsprovidethefirst entriesin Table 5, which also sum-
marizesresultsfrom many further investigations and pro-
videsabasisfor discussion.

Lipidsfrom several photosynthetic bacteriahave been
studied (photosynthetic bacteriaare anagrobic phototrophs
that use electron donors other than water and which are
distinct from cyanobacteria). The Chromatiaceae (Chro-
matium, Thiocapsa) can grow photoheterotrophically (us-
ing light energy but an organic carbon source) aswell as



autotrophically. As au-
totrophs they use rubisco
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Table 5. Observed depletions of 13C in lipids relative to biomass, prokaryotes

and the Calvin Cycletofix Eaimass it o

carbon and to produce pho- . )

tosynthate (T. roseoper - Organism? C source Metabolism Alkyl Isopren.t  Reference
sicinaisreportedtousein £ goj glucose het. 0, 3 Monson and Hayes, 1982
additionthereversed TCA £ ¢pf glucose het. O 3 Blair et a/, 1985

cycle; Ivanovsky, 1985). s putrefaciens lactate het. 0, 2-3 Teece etal, 1999
Thecorrespondingfraction- 5 putrefaciens lactate het. NOg 5-10 Teece et al, 1999
ationsof isoprenoidssum- Synechocystis sp. €0, Cs 9 6-8E  Sakata eral, 1997
marized in Table 5 must ¢ tepigm €0, Cs 35E  Madigan eral, 1989
refer to biosyntheses via ¢ tepjiglum acetate photohet. 5E  Madigan efal, 1989
theMEP pathway, whichis ¢ yinosum 0, Cs 41E Takigku, 1987

assumed to beuniversal in Ros. capsulata 0, Cs 49E Takigku, 1987
Bacteria. Thereisnoob- ¢ fimicola €O, rev. TcA -16 - -11¢ -2--3E  vander Meer et al, 1998
vious reason that C. tepi- 7. rosegpersicin 0, Cs + rev. TcA -4 -2d 4-5E  van der Meer efal, 1998
dum, C. vinosum, Rhodo- ¢ ayrantiacus €O, 3-OH prop. 0.7 4V vander Meer et al, 2001b
pseudomonas capsulata, europea 0, C3 NH3/0, 7-13 9.3E Sakata efal, 2001

and T. roseopersicina T pper 0, unknown -2 Jahnke et af, 2001
should fractionate less capsulatus CHa RuMP 2-4 6-11¢E  Summons ef a/, 1994
strongly than Synechocys- capsulatus CHy RuMP 2-4 6-10E  Jahnke eral, 1999

tis (= 4 vs. 6-8%0) and the 1 srichosporium CHa serine 12 2E  lahnke etal, 1999
similar fractionation ob-  ¢g1923 CHq RuMP 5 6.4E Jahnke efal, 1999
tained when C. tepi- ¥ parkeri N(CHs)3 M’gen 18V Summons et al, 1998
dum uses acetate as the 1 purtoni N(CHs)s M’gen 29V Summons et al, 1998
carbon source is remark- thermoautotrophicum  CO, M’gen 13V Takigiku, 1987

able, given the relatively 1 sequia €O, 3-OH prop. -2 van der Meer et al, 2001a

complex network of reac-

tions required to produce
biosynthetic intermediates
under such conditions (typ-

a For genera see text. ® E = mep, V.= mvA. ¢ 17:1 unique at -5%o. 4 17:0 unique at 4%o. ¢ Tabulated depletions
pertain only to end products formed early in life of a culture, when only the membrane-bound form of methane
monooxygenase (Mmo) is present. Squalene is enriched relative to end products. Fractionations decrease when

icdly theglyoxaatecycle,

soluble mmo is also present.

Madigan et al., 2000, p.

629). Van der Meer et al. (1998) note that the inverse
fractionation (= enrichment) of 13C in n-alkyl carbon skel-
etons produced by T. roseoper sicina may be dueto use of
acetate produced by the reversed TCA cycle (see discus-
sionof C. limicola, below).

Chemoautotrophs are microbes which obtain energy
by catalyzing an exergonic chemical reaction (commonly
at interfaces between aerobic and anaerobic environments)
and which produce biomass by fixing inorganic carbon.
Nitrosomonas europea oxidizesammoniaand usesrubis-
co and the Calvin Cycleto fix carbon (the most common
sulfide-oxidizing organismsal so usethe Calvin Cycle). Its
isotopic characteristics could therefore, be expected to be
similar to those of other aerobic, prokaryotic autotrophs
such as Synechocystis. Asshown in Table 5, this expec-
tationisfulfilled.

Nearly al of theremaining organismslistedin Table5
do not produce C, — C, carbohydrates asimmediate prod-
ucts of carbon fixation nor do they commonly assimilate
them (M. capsulatusisthe exception). Asaresult, path-
ways of carbon flow differ strongly from thosein the or-
ganismsalready discussed. Chlorobiumlimicola, for ex-
ample, is amember of the Chlorobiaceae, which use the

reversed TCA Cyclefor fixation of carbon. Van der Meer
et al. (1998) point out that the flow of carbon in such or-
ganisms proceeds from CO, to acetate and then to C, and
larger compounds. Sinceeach further step bringsachance
for more fractionation, it should not be surprising that n-
alkyl carbon skeletons are enriched in 13C rel ative to bio-
mass, athough the magnitude of the enrichment in com-
parison to that observed inisoprenoidsis both remarkable
and unexplained.

Chloroflexus aurantiacus fixes carbon using the 3-
hydroxypropionate pathway (Strauss and Fuchs, 1993).
Remarkably, itisknown a so to produceitsisoprenoidsfrom
acetate via the MVA pathway (Rieder et al., 1998). Van
der Meer et al. (2001b) point out that, if the same pool of
acetate is used to produce the n-alkyl lipids, the isotopic
compositions at the methyl and carboxyl positions of the
acetate groups used in biosynthesis can be calcul ated (e.
g., there are 12 methyl and 8 carboxy! carbonsin the C,,
isoprenoid and 8 of each inthe C  fatty acid). Thefrac-
tionationsreported in Table 5 then indicate that the carbox-
yl carbon isenriched in 13C relative to the methyl carbon
by 40%o.! The pathways of carbon flow in C. aurantiacus
arevery incompletely known and the branch points poten-



tially responsible for such alarge fractionation cannot be
identified.

Thermocrinus ruber is a hyperthermophilic, hydro-
gen-oxidizing chemoautotroph. The pathway by whichit
milatesinorganic carbon is unknown. Itsbiomassis
depleted relative to CO, by only 3%.. Then-alkyl lipids
areinturn dightly enriched relative to biomass so that their
isotopic composition is very closeto that of the CO,,. In
thiscase, fractionations may be minimized both by thehigh
temperature, which reduces the magnitude of equilibrium
isotope effects, and by the structure of the metabolic re-
action network, which apparently leadsto similar isotopic
compositions for the precursors of both amino acids and
lipids.

The remaining entries in Table 5 are involved in the
production and consumption of methane. Methylococcus
capsulatus, Methyl osinus trichosporium, and the isolate
designated as CEL 1923 are methylotrophic bacteria. Such
organisms assimilate methane (and, in many cases, other
“C, compounds,” such asmethanol, formaldehyde, formic
acid, methyl amines, and methyl sulfides) using either a
pathway that yields carbohydrates (the ribul ose monophos-
phate or RuM P pathway) or onewhich yields acetyl-CoA
after theC, unitisinitially addedto glycinetoyield serine
(thus called the serine pathway). The methyl carbon in
that acetyl-CoA derivesfromthe C, substrate but the car-
boxy! carbon derives from CO,. Variations are possible
within the serine pathway. 3-Phosphoglyceric acid, an ox-
idation product of serine, can be withdrawn from the path-
way much as C, and C; acids are withdrawn from the
TCA cycle (Jahnkeet al., 1999). Theacetyl-CoA product
can reenter the cycle and lead to the production of succi-
natefor usein biosyntheses (White, 1995, p. 265).

The RuMP- and serine-pathway methylotrophsyield
sharply contrasting lipid-biosynthetic fractionations. 1n M.
capsulatus, the n-alky| carbon skeletons are depleted by
2-4%o and the isoprenoids are depleted by 6-11%.. This
resembles patterns seenin other prokaryotesin which bio-
synthesis starts from carbohydrates. The n-alkyl carbon
skeletonsare depleted asin E. coli and theisoprenoidsare
depleted roughly asin Synechocystisand N. europea. But
M. capsulatus does not have acomplete TCA cycle. Pro-
cesses unique to the RuM P-cycle methylotrophs must be
controlling theisotopic compositionsof thelipid precursors
in M. capsulatus. The serine pathway used by M. tricho-
sporium leads straightforwardly to acetyl-CoA but not to
building blocks for isoprene units. Why, then, are the n-
alky! carbon skeletons from serine-cycle methanotrophs
so much more strongly depleted than theisoprenoids? If
phosphoglyceric acid iswithdrawn from the pathway and
condensed with aC, unit to obtain deoxyxylulose, whereis
that C, unit coming from? It cannot be the same acetyl-
CoA that isyielding the strongly depleted n-alkyl carbon
skeletons. Very interestingly, the strong depletioninthen-
alkyl carbon skeletonsresemblesthat in anaerobic cultures
of Shewanella, in which serine-pathway metabolism has
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been invoked on the basis of enzymological studies (Scott
and Nealson, 1994).

The initial study of M. capsulatus (Summons et al.,
1994) provided the best example of temporal variationsin
isotopic fractionations. Two variants of methane monoox-
ygenase, one soluble, the other membrane-bound, mediate
the assimilation of methane. The membrane-bound en-
zyme is dominant at low cell densities (i. e., during the
exponential phase of growth) and has an isotope effect
that islarge compared to that of the soluble enzyme, which
becomes important later. As aresult, al of the carbon
initially availablefor production of biomassisdepletedin
13C relativeto that assimilated later. Themixtureof lipids
produced also changes asthe culture ages. Specificaly, 3-
methyl bacteriohopanepolyol and 4,4-dimethylsterolsin-
creasein abundance rel ative to bacteriohopanepolyol and
4-methy!| sterols. Asaresult of these changes, the late-
synthesized methyl hopanoids and dimethy! sterolsareen-
riched in 13C rel ative to the nonmethyl ated hopanoids and
monomethyl sterols even though all derivefrom the same
precursor (namely, squalene). The effect could be observed
only by harvesting cultures at varying cell densities and
making repeated analyses, and that very laborioustask was
undertaken only after initial observations (based, of course,
on large amounts of material from fully grown cultures)
had yielded “impossible’ results(e. g., monomethyl sterols
strongly depletedin13C relativeto their dimethyl homologs).
These elegant investigations al so showed the squal eneit-
salf was commonly enriched in13C by 5-7%o relativetoits
products, indicating that an isotope effect significant even
for a30-carbon molecule must be associated with the cy-
clizationreaction.

Individual lipidshavebeenisotopically analyzedinonly
three Archaea, al of them methanogens (see entries for
Methanosarcina barkeri, Methanococcoides burtonii,
and Methanobacterium thermoautotrophicum in Table
5). All reflect strong depletion of 3Cinlipidsrelative to
biomass. Methanogensare commonly described asfixing
carbon by use of the acetyl-CoA pathway. This can pro-
videthe feedstock required for synthesis of lipids, but C,
and C, carbon skeletons are required for the synthesis of
amino acids (which, in the form of proteins, account for
most of thebiomass). In methanogens, these are produced
by additional CO,-fixing steps (White, 1995, p. 261). If the
isotope effects associated with those reactions are much
smaller than those associ ated with the production of acetyl-
CoA, theisotopic contrast between thelipids and the biom-
ass can be accounted for.

Theentriesin Table 6 pertain to eukaryotic algae. S
communis, T. minimum, C. monoica, and Dunaliella sp.
aregreen algae and are expected to synthesizeisoprenoids
via the MEP pathway in the cytosol aswell asin the plas-
tids. Theremaining speciesare expectedto utilizethe MEP
pathway within the chloroplast and the MVA pathway in
thecytosol. By far the most thorough and preciseinvesti-
gation was that of biosynthesisin E. huxleyii undertaken
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by Riebesell et al. (2000). Their analyses re-
solved four lipid groups: phytol andthe C, , and
C,,fatty acids, all depleted relativeto biomass
by 2 - 2.5%o. in spite of their contrasting origins

Table 6. Observed depletions of 13C in lipids relative to biomass, eukaryotic algae

gBiomass/Lipid, %o

from acetyl-CoA and methyerythritol; the un- Organism +Alkyl2 Isoprenoids®  Reference
saturated C, g fatty acids and a C,, akadiene  Seeneglesimus communis 7-9,12 5.3Ep,7Ec  Schouten efal, 1998
(apparently produced fromtwo Cgacidskele-  7etraedron minimum 3-6,6 0-5Ep,-2Ec  Schouten et a/, 1998
tons), all depleted by 4%.; the C,, and Cygalk-  chiamydomonas monoica 75 49Ep,5.1Ec  Schouten efal, 1998
enones, depleted by 5.2%o0; and adominantste-  pupafiefia sp. 35  05Ep,-2.7Ec  Schouten etal, 1998
rol depleted by 8.3%.. Comfort can be taken  gpizosolenia setigera 57  29Ep,6-7Vc Schouten efal, 1998
from the fact that the other entry that comes  chaetoceros socialis 0-2 -1Ep  Schouten eta/, 1998
closest toduplicating thispatternreferstoaddi-  7pajassiosira weissflogii 1-2 1Vc  Schouten eral, 1998
tional analyses of E. huxleyi. Gymnodinium simplex 1-3 45\Vc  Schouten efal, 1998
Depletionsof 2*Cinthe C,, alkenonespro- Isochtysis galbana 6-8,3.1 2.8Ep, 7Vc  Schouten eral, 1998
duced by E. huxleyi are of particular interest ~ C/rysochromulina pollepis 6 2.TEp  Schouten efal, 1998
and illustrate akey point. The abundancesof ~ Telraselmissp. 8 42Ep,04Ec  Schouten efal, 1998
the alkenones relative to other products vary Rhodomonas sp. 5-7 2.2Ep,1Vc Schouten et al, 1998
substantially depending on conditionsof growth.  A/aeoaactylum tricornutum 9,7 34Ep,7.2Vc Bidigare eral, 1997
For example, Riebesell etal. (2000) foundthat ~ £/milania huxteyi 6,4.1 4.2Ep,7.3Vc Bidigare eral, 1997
the alkenones comprised 1.0% of biomassCat ~ £millania huxleyr 4.2 Popp er al, 1998a
low concentrations of dissolved CO, and upto Emiliania huxieyi 2.5,4.0, 5.4 2.0Ep,83Vc Riebesell etal, 2000

5.9% of biomass C at higher concentrations of

a |n multiple entries, the first number or range pertains to C14-Cis carbon skeletons presum-
ably of plastidic origin and the second pertains to extended chains that may be of cytosolic ori-
gin. b E, mer pathway; V, MvA pathway; p, plastid; ¢, cytosol. ¢ Cs7 alkadienone only. 9 In se-
quence: C14 and Cy fatty acids, Ci1g and Csg fatty acids, Cy, fatty acid + Cs7 and Csg alkenones.

dissolved CO,,. Inspiteof thisvariationinabun-
dance, the depletion of 13C relative to biomass
in the C,, akadienone consistently averaged

5.4%o (s. d. = 0.3%0, n=10) andwasnot corre-
lated with [CO,(aq)]. If, ontheother hand, the
isotopic composition of the same compound was
expressed relative to that of the fully saturated C, fatty
acid it varied systematically from a depletion of 2.5%o at
low concentrationsof dissolved CO, to adepletion of 4.0%.
at high concentrations, apparently reflecting aprogressive
redistribution of carbon within thelipid-biosynthetic reac-
tion network. Although they found asignificantly different
fractionation (4.2 vs. 5.4%o, light and nutrient limitations
varied between the two treatments), Popp et al. (1998a)
found that thei sotopic composition of the C,, alkadienone
relativeto biomassdid not vary systematically with rate of
growth although theisotopic composition of the biomass
relativeto the source CO, varied strongly.

Patterns of isotopic depletion among compound class-
esfor other speciesfrequently differ. It appearscommon,
but far from universal, for MVA-pathway sterolsto be de-
pleted relative to biomass by 5-8%.. Phytol isnearly al-
wayslessstrongly depleted (2-5.5%0). Both of theserela
tionshipsare cond stent with field datasummarized by Popp
etal. (1999). If extended (= C,g) n-alkyl carbon skeletons
are abundant, they are oftenisotopically depleted relative
totheC,,-C,, fatty acids. Differencesof morethan about
1%o cannot reasonably be attributed to the addition of a
single, isotopically exotic acetyl unit (i. e., during the exten-
sionof aCchainto C,g). Such contrasts, therefore, prob-
ably indicate the use of distinct poolsof acetate. Thereis
a problem, however, in asserting that the lighter n-alkyl
carbon skeletons must derive from cytosolic acetate, since
the MVA-derived isoprenoids must a so comefrom that pool

and they aregenerally lighter still. To exploretheserela-
tionships more securely, someimmediate objectives can be
defined. We need to determine how much of the variabil-
ity evident among the eukaryotic algaeisexperimental (an-
alytical noise, stressed culturesunder unnatural conditions,
etc.) and how much isbiological (response to subtle fac-
torsthat may well vary in natural environments). We need
to obtain abetter view of the comparativeisotopic charac-
teristics of the MEP and MVA pathways. More analyses of
sterols from green algae and any analyses of products of
Euglena (in which the MVA pathway isfound in both the
plastid and the cytosol) would be helpful.

Epilogue

It often seemsthat i sotopic fractionations provide too
much information about too many processes, combining it
all inapackagethat isunmanageably intricate. Inresponse,
investigators keep increasing the complexity of the avail-
able data by providing more and more detailed analyses.
Theproliferation of compound-specificisotopic analysesis
aprime example of thisphenomenon. Doesitincreasethe
information-carrying capacity of theisotopic channel oris
it another case of the triumph of entropy? To obtain the
preferred result, we will have to understand biosynthetic
fractionationslikethosereviewed here.
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