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CARBON ISOTOPE EFFECTS (}3C/*2C) IN
BIOLOGICAL SYSTEMS

Alexander A. Ivlev

Department of Inorganic and Analytical Chemistry,
Moscow Agricultural Academy, Moscow, Russia

ABSTRACT

Carbon isotope (**C/'*C) fractionation (CIF) occurring in cells of
organisms of different types is considered. Three metabolic points
are shown to have an exceptional significance for the observed car-
bon isotope distribution in a living matter: 1) ribulose bisphosphate
carboxylation in CO, photoassimilation; 2) glycine decarboxyla-
tion in photorespiration; and 3) pyruvate decarboxylation in respi-
ration metabolism. Carbon isotope effects (CIE) in ribulose bis-
phosphate (RuBP) carboxylation is characteristic of photosyn-
thesizing organisms. It is responsible for the observed '*C enrich-
ment of photosynthesizing organism biomass relative to environ-
mental CO,. According to proposed mechanism of CIF, CO, as-
similation is a discrete process, which can be described as a flow
of CO, batches into a cell. Discreteness of the flow arises due to
ability of Rubisco (the key enzyme of photosynthesis) periodically
operate both as carboxylase and oxygenase depending on CO,/O,
ratio in a cell. It provides periodic filling/depletion of cytoplasmic
pool of CO; in the cell and determines the appearance of isotope
Releigh effect following the pool depletion. The degree of pool de-
pletion determines the extent of '*C enrichment of biomass. A full
consumption of CO, batches entering the cell means the complete
depletion of CO, cytoplasmic pool and is considered to be the main
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reason for the observed '*>C enrichment of C, plants compared with
C; and CAM plants. CIE in glycine decarboxylation is the key el-
ement of CIF in photorespiration. The effect of the reaction is also
amplified by the Releigh effect of photorespiratory pool depletion.
The removal of CO, enriched in '>C results in '*C enrichment of
photorespiratory substrates and biomass itself. Thus the sign of
CIE of photorespiration is opposite that of CO, photoassimilation.
Some factors inducing intense photorespiration can even cause '>C
enrichment of biomass in respect to ambient CO, when CIE of
photorespiration prevails that of CO, photoassimilation. Due to the
coupling of photorespiration and CO, photoassimilation via dou-
ble function of Rubisco both CIE are in reciprocal relations to each
other and generate two isotopically different carbon flows in pho-
tosynthesizing cells. CIE effect in pyruvate decarboxylation is re-
sponsible for the appearance of carbon isotope heterogeneity in
respiration metabolism (isotopic discrepancies of fractions,
metabolites and uneven intramolecular '*C distribution of
biomolecules). The reaction is a crosspoint of the central metabolic
pathways. It is typical of the overwhelming majority of the organ-
isms regardless of their position on the evolutionary stairs. The
mechanism of CIE is the combination of the effect in the enzymatic
reaction with Releigh effect of pyruvate pool depletion. The reac-
tion provides C, and Cj structural units for biosyntheses of most of
the cell components whose carbon isotope ratio changes in paral-
lel with the pool depletion determining the differences in carbon
isotope composition of metabolites. At a certain energy state of the
organism and the corresponding energy states of the cells, the syn-
thesis of each component in cell cycles occurs synphasically, i.e.,
within the same interval of pyruvate pool depletion. In such a way
a certain isotopic pattern of metabolites and '3C distribution in
biomass are provided. Some applications of the technique to study
plants, highly organized animals and humans are shown.

INTRODUCTION

Recent achievements in development of the isotope ratio mass-spectrome-
try and related techniques (1-6) have greatly stimulated the studies of biological
isotope fractionation. This phenomenon occurs in metabolic reactions due to the
differences in reaction rates of the isotopic species of biomolecules and deter-
mines heterogeneous isotope distribution in metabolites, isotopic discrepancies of
cell components, of biomass and nutrients, isotopic variations of CO, evolved in
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cell processes, and some other characteristics. Regarding these characteristics as
manifestations of biological isotope fractionation, we define their shifts as
metabolic isotope effects (MIE). During the past 10 years, new and interesting
findings and applications of MIE have been made in genetics (7—12), in plant
physiology (13-18), in ecology (19-23), in biological evolution (24-29), in pale-
oreconstruction of ancient atmosphere and climate (30-32), and in organic geo-
chemistry (33—36). The considerable progress has been achieved in molecular bi-
ology and biophysics by using isotope effects to study mechanisms, regulation,
and temporal organization of cell processes (14,37-39), in microbiology to inves-
tigate metabolism of microorganisms and natural gas formation (40-47). So wide
application of MIE is explained by their tight link with the molecular mechanisms
of the processes and may be used as a delicate tool for their investigation.

MIE of carbon have been predominantly studied because of their essential
role in forming skeletons of biogenic molecules. But the role of MIE of other bio-
genic elements in the study of living matter is also great. They are commonly used
separately or in combination to consider important natural processes such as den-
itrification and N, fixation (*>N/!*N) (48—50), microbial sulfate reduction and sul-
phur oxidation (**$/32S) (51-53), plant transpiration (D/H in combination with
180/1%0) (54-56), plant, animal, and human respiration (‘*0/!°0 in combination
with '3C/'2C) (57-60), amino acids and carbohydrate formation in cell
metabolism ('*N/"N in combination with '%0/'°0, D/H and '3C/'>C) (61-64),
and many others.

Attempts to apply MIE in solution of agricultural and medical problems
gave also very promising results. Heritability of MIE effects of photosynthesis
and correlation of some carbon isotopic characteristics of plants with their pro-
ductivity and water use efficiency made it possible to use them for plant breeding
and selection of plants with high productivity and improved drought response
(65-70). Oxygen MIE associated with respiration of humans seems to provide a
useful way of monitoring certain types of respiratory and blood diseases (60).
Metabolic carbon isotope effects (CIE) determined by measuring carbon isotope
ratio of CO, in the expired air and urea of urine are found to reflect a functional
state of human organism (71-73) and may be used to investigate biological
rhythms, bioenergetics, and dysmetabolism of pathologic states.

The present work is devoted to biological fractionation of carbon isotopes.
In spite of a certain progress in this field, we still do not have complete informa-
tion about general principles that run carbon isotope distribution in a cell. It is still
unknown how many points of carbon isotope fractionation (CIF) are in the cells
of different organisms and how it is displayed in their carbon isotope characteris-
tics. To answer these questions, a comprehensive analysis of biochemical and bio-
physical aspects of cell metabolism is required. To apply the results obtained by
studying MIE in a cell to the examination of the whole organism, the physiologi-
cal consideration of the problem is needed.
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This work mainly treats the first part of the problem and considers some ap-
proaches to solve the second. It consists of three parts. The first one is devoted to
CIEs in photosynthesis, comprising CIEs in CO, photoassimilation and in pho-
torespiration of plants and photosynthesizing microorganisms in the light period.
The second part describes CIF in secondary metabolism of photosynthesizing or-
ganisms in dark period as well as isotope fractionation in heterotrophic cells both
associated with the functioning of glycolytic chain, Krebs cycle and related pro-
cesses, i.e., the consideration comprises the whole cell metabolism including res-
piration (dark respiration in photosynthesizing organisms) and turnover. CIF in
these processes is essential to the cells of all kinds of organisms from protozoan
to humans. A corresponding biophysical mechanism representing the principal
features of CIF in a cell is suggested. In the third part, carbon isotopic character-
istics of highly organized animals and humans, and their changes in the course of
biological rhythms, and in different pathological states, are analyzed in the light
of the cell CIF hypothesis. The structure of the work reflects the author’s stand-
point that the main principles controlling carbon isotope distribution in organisms
and their isotopic characteristics are general for most of them regardless of orga-
nization level and their position on the evolutionary stairs. This idea is based on a
principal similarity of central metabolic pathways and mechanisms in all living
cells. It is proved that the main mechanism of isotope fractionation in cells is a
combination of kinetic isotope effect in enzymatic reactions with Releigh effect
following substrate pools depletion. From this viewpoint, the key points of CIF in
a cell should be bound to the central amphibolic pathways. On the other hand, a
variety of peculiarities of carbon isotope distribution in different organisms
should be closely associated with their metabolic specificity emerged evolution
and depending on their adaptivity to the environmental factors.

In the theoretical study of isotope fractionation in living systems consider-
ing their complexity, the theoretical model should satisfy the following require-
ments. It should be based on real biochemistry of cell metabolism and take into
account the real cell conditions and biophysical aspects of cell processes. It should
contain minimal assumptions sufficing to explain the observed data and should
describe not only isotopic data but also all biochemical and biophysical data. Our
approach to the study of biological isotope fractionation includes the following
steps:

1. Identification of concrete enzymatic reaction, where isotope effect is
likely to arise. Data on experimental examination of the reaction in vitro
are useful to establish the limits of isotope effect variations.

2. Determination of carbon isotope ratio and '*C distribution of the reac-
tion products, taking into consideration the estimated magnitude of the
effects.

3. Estimation of metabolic consequences of the isotope effect in the key
point for carbon isotope ratio of other metabolites considering biosyn-
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thetic pathways and biophysical mechanisms of cell metabolism. The
results of the estimate should be compared with the known facts. This
approach is demonstrated in the following parts of the work.

CIF IN PHOTOSYNTHESIS
CIE in CO, Photoassimilation
General Background

The '?C enrichment of biomass in plants and other photosynthesizing or-
ganisms relative to CO, assimilation was discovered right after the appearance
of the first isotope ratio mass-spectrometers (74,75). Nevertheless, intensive
studies of metabolic CIEs started since Craig (76) worked out the precision tech-
nique for isotope measurements. He was the first person who tried to explain the
reason of the above phenomenon (77,78) while overestimating the role of CO,
diffusion and absorption in plant leaves. Park and Epstein (79) demonstrated that
the main reason of '*CO, discrimination in photosynthesis is the ribulose bis-
phosphate (RuBP) carboxylation, which is the key enzymic reaction in photoas-
similation process. The interest in investigating CIEs in photosynthesis greatly
increased after Smith and Epstein (80) found the great discrepancies between
isotope ratios of two large groups of terrestrial plants of the C3- and Cy-type
with different CO, assimilation pathways (see Fig. 1). Carbon isotope ratios of

-48 -3p -2 - ?
l marine bicarbonaf

Tmospheric 802

8 3C, %0 PDB

Figure 1. Carbon isotope composition of plants with different pathways of CO, pho-
toassimilation (see text).

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 46 25 January 2011

Downl oaded At:

ORDER i REPRINTS

1824 IVLEV

C; plants ranged from —20 to —35%o and those of C4 plants varied from —9 to
—14%0.* Another group of terrestrial plants, so-called CAM plants, and aquatic
plants have carbon isotope ratio of biomass intermediate between those of C;
and C,4 plants (81,82). A strong effect of certain environmental factors on 8'3C
of plant biomass was reported in many publications (see 83—87). These factors
either control (directly or indirectly) the access of CO, into the cell or affect the
rate of CO, fixation in the cell (see Figs. 2—4). For terrestrial plants, the most

-10
3
-15 -
£ 20 ~-1
$ -2
[7e]
-25
*——
-30 t
10 20 30

Temperature, °C

Figure 2. Effect of temperature and CO, concentration on carbon isotope composition of
biomass marine alga Cyclotella (94). 1, 0.03% CO;; 2, 5% CO,.

*It is adopted to express isotopic composition of samples via differential notation:
8"C%o = [(*C/"*C)sampie/("*C/"*Cstandara — 11 X 1000

The ratio of carbon isotopic concentrations in a sample is normalized to that in a standard.
The standard is carbon dioxide obtained from limestone from the Pee Dee belemnite (PDB,
Pee Dee formation in South Carolina) that has the '>C/'>C value of 1.1237 X 1077 (76).
Thus, samples enriched in '*C (in comparison with standard) have positive 8'*C values
whereas those enriched in '*C will have §'*C < 0.
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Figure 3. Effect of temperature and water aeration on carbon isotope composition of ma-
rine alga Skeletonema biomass (94). 1, weak aeration; 2, intense aeration.

important factors are the following: 1) CO, content in the air and aeration in-
fluencing the diffusion rate of carbon dioxide into photosynthesizing cells; 2)
temperature; 3) availability of moisture and salinity of irrigating water regulat-
ing the degree of openness of leaf stomatal apertures (88-91). For aquatic plants,
the list of parameters includes also pH, water salinity, temperature, water-mix-
ing conditions, and population density of photosynthesizing organisms per unit
volume of water (13,92-98). Some additional factors influencing indirectly the
rate of CO, fixation inside the cell either via enzyme activity, electron transport
chain, or through the coupled biochemical reactions must also be mentioned.
They include the intensity of impinging light, its wavelength, oxygen concen-
tration in the air, presence of microelements, nitrogen and phosphorous nutrition
(14,15,37,84,98-100). The analysis of the facts enables one to conclude that fac-
tors strengthening the CO, supply to the cells result in enrichment of plant
biomass with '?C, whereas the factors increasing the rate of CO, fixation in a
cell bring about the effect of opposite sign (38,101).
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Figure 4. Carbon isotope ratio of alga biomass plotted versus osmotic potential W (salin-
ity) of nutrient solution for Selicornia europeae subsp. rubra (a) and Paccinelli nuttalliana
(b) (87).

The attempts to understand the mechanism of CIF in photosynthesis and
to find the sites where '*C discrimination occurs stimulated numerous studies of
isotope fractionation in carboxylating reactions in vitro. The early data reported
by Park and Epstein (80) on considerable CIF in RuBP carboxylation responsi-
ble for CO, fixation in C; plants were reproduced by other authors (102—-104).
At the same time, no significant isotope effects in phosphoenolpyruvate (PEP)
carboxylation (the main point of CO, fixation in C4 plants) have been noticed
(105-107). It corresponds to the observed differences between these types of
plants. But the values of the effects in RuBP carboxylation in vitro appear to be
much greater than those in vivo. The former range up to 80%o, whereas the lat-
ter are less than 25%o (102). To explain these facts and to clarify the plausible
mechanism of appearance of the isotope effect in the reaction the theoretical
treatment of the congruent model reaction has been undertaken (108). Transfor-
mation of the linear form of CO, molecule to the bent one is the only stage of
five stages of the above enzymatic reaction (109) (shown in the scheme below),
which might explain the observed '*C enrichment of the fixed carbon relative
to the initial CO,. The maximum value of theoretically estimated effect was
about 100%o0 thus corresponding closely to the maximum values observed in
vitro.

Copyright © Marcel Dekker, Inc. All rights reserved.
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The suggested scheme can explain variations of CIE observed for enzymes
isolated from different plants by the differences in binding of CO, with the en-
zyme-bound metal cofactor by which, in turn, depend on the source of enzyme. It
can also explain pH dependence of the isotope effect through the H™ transfer at
stage 2. Nevertheless, it cannot explain either the differences between effects ob-
served in vitro and in vivo or the carbon isotope differences of C; and C,4 plants
(see Fig. 5).

It is essential to note that C4 plants have RuBP carboxylases, which are able
to fractionate carbon isotopes in the same manner as carboxylases from C; plants.
The above scheme also fails to explain the great dependence of C; plants carbon

PPN max
Theoretical[values - -
| Explerimental values:: 00
| €y plants ]
L 1 1 1 ] r 1 . 2 N 1
0 20 40 60 80 100 %
13 13 13
. = initial — by C roduc
Ad C’:&:‘Z‘t’e 8 Cintial 0 C produc

Figure 5. Carbon isotope effects of photosynthesis in C3 and C,4 plants and isotope effect
of RuBP carboxylation (theoretical and experimental) determined in experiments in vitro.
Data of in vitro experiments are adapted from Bowman et al. (102).
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isotope ratio on some environmental factors mentioned above. This leads us to
conclude that to explain the above facts one needs to consider CIF in RuBP car-
boxylation in connection with other cell reactions and with cell micro-environ-
mental conditions.

Modeling of CIF in Photosynthetic Assimilation of CO,

Two approaches are known to describe CIE in photosynthesis. The first (and
the most widely disseminated) approach (110-113) considers assimilation of CO,
as a stationary process, in which the decrease of CO, concentration in a cell dur-
ing carboxylation is compensated for by the equal entry of carbon dioxide from
the atmosphere. The photorespiration is considered to proceed simultaneously
with CO, assimilation. The second alternative approach, developed by the author
(38,114), assumes that assimilation is a discrete process. Carbon dioxide entering
a cell is partially fixed in RuBP carboxylation. The assimilation is interrupted by
RuBP oxidation and newly formed CO, with the residual one unused in the pre-
vious carboxylation phase are ejected from the cell into the atmosphere. Accord-
ing to this model, RuBP carboxylation and oxidation are the alternating cell pro-
cesses in light period, providing photoassimilation and photorespiration,
correspondingly.

Steady-state model. Steady-state models have been developed in two
versions. According to one of them, the diffusion stage of assimilation is consid-
ered as an ordinary reversible chemical reaction coupled with RuBP carboxylation
and some other chemical steps inside a cell (111,113,115). For the analysis, it is
convenient to consider a simplified two-step carboxylation sequence that can be
written in the following way:

ky ks

C

where the first stage corresponds to diffusion of CO, molecules from the atmo-
sphere into the cell and back; the second stage corresponds to carboxylation; &,
k—_1, and k, are the rate constants of the corresponding processes. Using A(A,) and
B to designate CO, concentration in the atmosphere and the cytoplasm, respec-
tively, and C to designate the amount of fixed carbon, one can easily obtain the
following kinetic equations:

daB _

dt =kiA, — (k-1 + k) B (1)
dac _
a ~ B @
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Their integration for each of the isotopic species (an asterisk is generally used to
denote the molecules containing '3C) gives the relationship between the ratio of
isotopic concentrations in carbon dioxide dissolved in the cytoplasm and in fixed
carbon (biomass) and the analogous ratio in carbon dioxide of the atmosphere:

B*_k_Tk—1+k2 A_Z?

B ki K+ k5 Ao )
Ccf KK oyt k A% @
C B klk2 k_1 "‘k;k Ao

The following two extreme cases can be theoretically analyzed: 1) when the
rate of CO, is limited by diffusion, i.e., k—; << k,, and 2) when the rate of CO,
assimilation is limited by carboxylation of RuBP, i.e., k_; >> k,. In plants and
other photosynthesizing organisms, the first case is the most probable because the
direct measurements (116) have shown that the activation energy of mesophyll
cell conductance to CO, ranges from 10.2 to 12.5 kJ/mol at 25°C. This means that
the diffusion is the limiting stage of CO, assimilation. According to the theory
(117), a high concentration of enzyme enhances the diffusional limitation of reac-
tion rate, and concentration of Rubisco in photosynthesizing cells are known to be
high (116). For this case, expressions (3) and (4 ) transform into (5) and (6), re-
spectively:

B ki ko A§  on A% 5

BT R A A, ®

k * *
1 o g o

where o, = k/ki and o, = ko/k> are the corresponding kinetic coefficients of iso-
tope separation at the reaction stages.

Experimental estimates of «; and o, give values of 1.004 and 1.020, re-
spectively (92,111,118). By introducing these values in expressions (5) and (6),
one can conclude that, according to the model, in cases when CO, assimilation
rate is limited by diffusion, '*C enrichment of cytoplasmic CO, should be as much
as 16-26%o relative to environmental CO,. Simultaneously, 12C enrichment of the
fixed carbon cannot exceed 4%o. These conclusions contradict the following facts:
1) the most widely spread in nature Cs plants are enriched with '*C by 20%. and
more; 2) the maximal 'C enrichment of cytoplasmic CO, does not exceed 6%o
(92,118).

Another version of the steady-state mode, developed by Farquhar et al.
(112,119) considers diffusion to be proportional to the difference of CO, concen-
trations in the cell and atmosphere that leads to the following expression:

A=a+ (b—a)pip. @)
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where A denotes the '*C discrimination in photosynthetic assimilation, @ and b are
equal to

a= (o, — D103 8)

b= (o — 11073 )

Here a; and a, are the isotope separation factors for diffusion and RuBP car-
boxylation, respectively, P, and P; in Eq. (7) are the partial pressures of CO, in
the atmosphere and in the leaf.

The advantage of this version is in its ability to explain the link between car-
bon isotope discrimination and the gas exchange parameters. The effects of water
availability, salinity, and some other factors, which directly or indirectly are an in-
fluence on intercellular CO, concentration and hence, on carbon isotope compo-
sition of plants can also be adequately interpreted (15,86,119). The model can ex-
plain the differences of isotopic ratios of C3, C4, and CAM plants as well, but this
requires the introduction of a new parameter ¢, accounting for the leakage of CO,
from sheath cells into mesophyll cells:

A =a+ (bb — a)pilp, (10)

However ¢ parameter cannot be found by an independent experimental way and
its validity is problematic.

The analysis of expression (7) in the case of diffusional limitation of CO, as-
similation (P; << P,) gave the same result as before: the theoretical forecast did not
coincide with the real CIF in photosynthesis. It seems to be quite clear because ex-
pressions (5) and (6) can be reduced to (7) (38). The observed violations of the prin-
cipal model relationship (7) give more evidence for the obtained result. In some wa-
ter- and salt-stressed plants the value of carbon isotope discrimination A appears to
be independent from p;/p, ratios (120,121). The same violation was observed in
cowpea and its chlorophyll-deficient mutants. It was shown that, in spite of the
closeness of the gas-exchange and water-use-efficiency characteristics of the plants,
they were quite different in carbon isotope discrimination (7,16,122). Inability of the
steady-state model to explain higher values of the isotope discrimination A in RuBP
carboxylation in vitro relative to '2C enrichment of plants (102—104), observed '*C
enrichment of environmental CO, around the plants (122,123), what in accordance
with the model is impossible since CO, pool, which is infinite relative to carbon pool
of plants, the influence of nitrogen assimilation (14,15,99,125), and some other facts
on carbon isotope discrimination (38,122), which cannot be explained in the frame
of the steady-state model without introducing new parameters, prompted attempts
to create new models. The discrete model is one of them (38,114).

Discrete model. The model is based on the assumption that the discrete-
ness of CO, flow entering a cell arises due to the ability of the enzyme Rubisco
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(RuBP; carboxylase/oxygenase ) to function not only as carboxylase but also as
oxygenase. Periodically switching the enzyme on and off interrupts the CO, flow,
which makes it enter the cell by discrete portions. The moments of switching de-
pend on the ratio of CO, to O, concentrations in the cell, which periodically
changes in accordance with RuBP carboxylation or oxygenation function in the
cell. In the carboxylase phase of enzyme function, CO, fixation is accompanied
by CIE, as described before. During the oxygenase phase, RuBP is oxidized to
CO,, which along with the residual CO, unused in the previous carboxylase phase
is rejected from the cell with photorespiration flow. The periodic exhaustion of
CO; cytoplasmic pool in combination with the CIE in RuBP carboxylation brings
about the Releigh effect and results in dependency of the carbon isotope compo-
sition of biomass on the degree of cytoplasmic pool exhaustion, F. It also deter-
mines the isotopic difference between the biomass carbon and the carbon of envi-
ronmental CO,. This difference is maximal when the degree of CO, pool
exhaustion in cytoplasm is minimal (essentially when F' << 10%), and it decreases
when CO, pool diminishes. These relationships are described by the following ex-
pressions:

(B3BChiol03 + 1) = (83C0O, 1073 + D[1 — (1 — F)*] (11)

(B3BCs 1073+ 1) = 3"3CO, 1073 + 1)(1 — F)/* ! (12)

where 8'3Chiq, 8'3Ces, and 8'3CO, are the carbon isotope composition of biomass,
cytoplasmic CO,, and carbon dioxide of the atmosphere, respectively; a is the ef-
fective coefficient of carbon isotope separation determined as the ratio of the rate
constants for isotopic species in RuBP carboxylation, which, in turn, are the func-
tion of the rate constants on the elementary steps of reaction.

As follows from Eq. (11), the maximal fractionation is achieved when F is
small (i.e., >0.1). In this case, the difference between isotope ratio of biomass and
environmental CO, can be presented as follows:

33Chio — 83CO, = (a — 1)10° (13)

At high F values (F > 1), the isotope composition of biomass carbon approaches
that of environmental CO, (8'°Cy;, = 8'°CO,). Examples of these cases will be
given below.

The crucial point of the model is the biophysical mechanism of CO, cell up-
take making Rubisco switch on and off and causing the discreteness of CO, flow
in and out of the cell. Our version of this mechanism is shown schematically in
Fig. 6. Let us consider that points 1 and 1’ in Fig. 6 correspond to the moment
when carbon dioxide enters the leaf causing an increase of CO, concentration in
the boundary layer (dashed curve) and cell cytoplasm (solid curve). This process
occurs due to the difference between CO, concentration in the air, the boundary
layer, and the cell. It continues to the moment (points 2 and 2") when CO,/O, ra-

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 46 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

1832 IVLEV

C02 concentration in air

upper CO, level in boundary layer

€0,

|
L |
' |

E
v : '
E | | |
L - - 44) ! |
| lower threshold £O, level V e v —sd |
incyloplasin “~ ~ 3% | I | |
I l | ! I ]
-~ I~—*-|‘—]I—*‘l-—]lII—“ | |
! ! | I
| ' }| ! i |
| l ! I 1 L

>

Time
Figure 6. Hypothetical scheme of variations of CO, concentration in cell cytoplasm
(dashed line, points with apostrophes) and in outer boundary layer (solid line) in course of
carboxylase/oxygenase activity of Rubisco. I, diffusion; II, carboxylase Rubisco function;

III, oxygenase Rubisco function; IV, photorespiration phase. Points denote time-bound-
aries of separate phases of CO, assimilation process (see text).

tio reaches the upper threshold level corresponding to activation of carboxylase
function of Rubisco. In accordance with the data on CO, conductivity through the
mesophyll cells mentioned above, we have supposed that the rate of RuBP car-
boxylation is higher than the diffusion rate. Then, the activation of carboxylation
activity of Rubisco must cause a drop in CO, concentration in cytoplasm (line
2-3) followed by a respective decrease of CO, concentration in the boundary layer
(line 2'-3"). It proceeds until CO,/O, ratio reaches the lower threshold level
(points 3 and 3") corresponding to reswitching the carboxylase activity of Rubisco
to oxygenase function. This results in oxidation of RuBP followed by O, uptake
and CO, formation (lines 3—4-5). The latter is formed in the course of decar-
boxylating reactions in glycolate pathway. In accordance with the aforementioned
reason, now the higher rate of RuBP oxidation (compared with CO, diffusion)
again results in abrupt increase of CO, concentration in the cell. At point 4(4") in
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Fig. 6, CO, concentration in the cell becomes equal to that in the boundary layer
and then prevails it. At point 5, the rate of CO, production reaches its top level and
then decreases because of depletion of the RuBP pool. CO, concentration in cell
drops down until it becomes equal to that of in boundary layer at point 6. A neg-
ative gradient of CO, concentration arising between the cell and the boundary
layer provides rejection of carbon dioxide from the cell. The time interval between
crosspoints where CO, concentrations in cytoplasm and in the boundary layer are
equal to each other corresponds to photorespiration phase. From point 6, the CO,
concentration both in cytoplasm and in the boundary layer increases up to the up-
per threshold level (point 7) when the activity of Rubisco changes from carboxy-
lase to oxygenase 1. Note, that point 6(6) coincides with starting point 1(1"); then
all processes repeat.

Hence, the dual carboxylase/oxygenase function of Rubisco appears to be
responsible for the splitting of CO, flow entering a cell into discrete batches. As
follows from the material balance, CO, evolved from a cell must be enriched with
13C unlike to CO, derived from the oxidation of '>C-enriched RuBP in the pho-
torespiration phase. It occurs due to '*C enrichment of the residual batch of CO,
unused in the carboxylation phase of Rubisco activity, providing '*C enrichment
of total CO, after mixing it with CO, formed in the oxygenation phase. Although
the above processes correspond to the most common case, some exceptions may
also occur as it will be demonstrated below.

The rates of the slowest diffusional processes in a cell are estimated to lie
between 0.02 and 0.1 s™! (116), and those of chemical reactions are one order of
magnitude higher. For this reason it is very difficult to obtain an experimental con-
firmation of the above theoretical scheme from gas-exchange or in other kinetic
data. Nevertheless, some of the gas-exchange experiment results indirectly con-
firm this scheme. At the outset of illumination of a sunflower leaf exposed to
14C0, in a chamber, the carbon dioxide induction curve regularly declined, which
was explained by rejection of CO, from the cell (126). Moreover, it was found that
a part of this CO, represented previously fixed carbon dioxide. A permanent illu-
mination did not allow detection of these induction losses because of the positive
effect of carbon dioxide uptake.

Since carboxylase/oxygenase activity of Rubisco and its relation with
CO,/0; ratio have been disclosed only in in vitro experiments (116,127,128), the
real molecular mechanism of coupled CO, photoassimilation/photorespiration in
a cell is still unclear. The discrete model permits a reasonable explanation for this
property of enzyme regarding it as a necessary element of photosynthetic
metabolism.

Some more arguments in favor of the suggested mechanism come from the
isotope data. The model permits an explanation of the higher values of carbon iso-
tope discrimination in vitro compared with the real '2C enrichment in plants, in-
cluding C; plants having maximal discrimination effect. The conditions of in vitro
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experiments were chosen in such a way to provide determination of the isotope
separation factor a. They correspond to a low degree of CO, pool exhaustion
(F < 0.1) where according to Eq. (13) the isotope discrimination is equal to c.. In
real plants the conditions are far from those used in experiments and correspond
to F values much closer to 1.

The same reasoning can be used to explain the carbon isotopic differences
in C3, CAM, and C4 plants, which are characterized by different photorespiration
intensity. The lower the photorespiration intensity, the higher the F value and vice
versa. Then, in accordance with Eqs. 11 and 12, C; plants having more intense
photorespiration are mostly enriched with '>C whereas Cy4 plants with lower pho-
torespiration are enriched with '*C. Accordingly, CAM plants having intermedi-
ate intensity of photorespiration are characterized by intermediate carbon isotope
ratio of biomass (being in between the above two).

According to the model, both external and internal factors differently ef-
fect the carbon isotope ratio of photosynthesizing organisms depending on how
they influence the degree of cytoplasmic CO, pool exhaustion. From this one
can easily understand the effect of the following factors on the carbon isotope
ratio of biomass: water and salt stress, CO,/O, ratio, ozone and oxygen concen-
trations in the air, illumination intensity and impinging light wavelength
(15,88,98,121). The first two control the access of CO, to the cell whereas the
others are responsible for reswitching of Rubisco function from carboxylation to
oxygenation and back. Hence, all the above factors influence the carbon isotope
composition of biomass.

The interrelation of carbon isotope composition of a photosynthesizing or-
ganism with N-assimilation (14,99,125) is also explainable. N-Assimilation de-
termines the rate of malate-aspartate shuttle by exerting the photorespiration in-
tensity (129). It also causes the isotopic changes in biomass carbon via CO,
assimilation/photorespiration ratio as it has been demonstrated for plants with dif-
ferent CO,-assimilation pathways.

The genetic correlation between carbon isotope ratio of plants and the in-
herited properties like productivity and water-use efficiency (65,66,130) are ex-
plained by the inheritance of photosynthesis organization of plant, which repro-
duces the specific mechanism of CIF.

CIE of photosynthesis is essential but not the sole reason for isotopic vari-
ations of photosynthesizing organism biomass. The role of CO, assimilation/
photorespiration ratio in formation of carbon isotope composition of biomass
has been considered above. It appears that photorespiration is followed by CIF,
which exerts an additional influence on isotopic composition of biomass and
some other isotopic characteristics of plants and other photosynthesizing organ-
isms. CIE of photorespiration, the mechanism of its emergence, and the in-
fluence on carbon isotopic characteristics of photosynthesizing organisms are
discussed below.
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CIE of Photorespiration
General Background

All known models describing CIF in photosynthesis can explain either '2C
enrichment of biomass versus assimilated CO, or at least its isotopic identity. It
follows from the kinetic nature of CIE in RuBP carboxylation, which is assumed
to be responsible for the observed *C discrimination in photosynthesis. Experi-
mental approval of '>C enrichment of biomass in CO, assimilation (131-135)
puzzled many researchers. The following experimental facts (not numerous but
quite reliable) indicate that sometimes CIF in CO, photoassimilation is followed
by the isotopic shifts with opposite sign.

In the experiments with leaves of some C; and C,4 plants (kidney bean,
poplar, maize) carried out in a closed chamber with the use of CO, enriched in >C
showed a gradual decline of '*C/2C ratio of the residual CO, (131-133). The ef-
fect was more pronounced in plants exhibiting a higher compensatory point, i.e.,
a more intense photorespiration. It means that the plants under experimental con-
ditions of CO, assimilation have accumulated 'C in their biomass and discrimi-
nate 1°C.

Similar results were obtained by Voznesenski et al. (134) who used 4Co,
in chamber experiments. A 4-day-long growth period of the photosynthesizing
alga Chlorella vulgaris Beirger exposed to '*CO, resulted even on the 2nd day of
the experiment in a much higher biomass-specific radioactivity than that of CO,
assimilated.*

The results obtained by Ivanov et al. were even more striking (135). They
used '3C enriched bicarbonate to study photosynthesis in purple sulfuric bacteria
Ectothiorhodospira shaposhnikovii. The extent and even the sign of isotope en-
richment of bacteria biomass depended on the >C/'?C ratio in the initial substrate.
When the ratio was 0.59, the biomass '>C enrichment amounted to 752%.. When
the ratio declined to 0.03, i.e., approached the natural range of isotopic variations,
the sign of the effect changed to the opposite and biomass got enriched in a light
isotope. It became equal to —26%0 when the ratio was 0.011, which corresponded
to the level of !> C enrichment in natural plants and photosynthesizing organisms.

There are only two possibilities that explain any isotopic discrepancies be-
tween CO, and biomass arising in photosynthesis: 1) preferential selectivity to-
wards one of CO, isotopic species in the course of assimilation, and 2) selective

*In a chemical sense the behavior of isotopic species of CO, (*>CO,, *CO,, *CO,) is
undistinguishable and isotope separation laws in chemical reactions are the same for dif-
ferent isotopic pairs. The differences are in the effect values, which are proportional to iso-
topic mass differences.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 46 25 January 2011

Downl oaded At:

ORDER k REPRINTS

1836 IVLEV

oxidation of one of isotopic species of organic substrate during photorespiration.
Analysis of the literature showed that CO, assimilation is accompanied by prefer-
ential selection of light carbon isotope (!*C discrimination) that resulted in '*C en-
richment of organism biomass. Because '*C enrichment of biomass cannot occur
in CO, assimilation, the isotopically selective oxidation in photorespiration is the
most probable reason to explain the above facts.

The biophysical interpretation of the hypothesis requires identification of
the key metabolic point in photorespiration (similar to RuBP-carboxylating reac-
tion in CO, assimilation) where CIF could occur. To propose a reasonable bio-
physical mechanism of photorespiration one needs to estimate the isotopic pecu-
liarities of photosynthesizing organisms, which are expected to be the result of the
supposed CIE of photorespiration and to compare them with the real facts. Fol-
lowing this scheme and analyzing photorespiration metabolism, we have sup-
posed that the most plausible point of CIF was decarboxylation reaction of glycine
in glycolate chain (39).

Hypothesis on CIF Point in Photorespiration

The results of experiments in vitro showed that enzymatic decarboxylations
were always followed by CIF because of different rates of C—C cleavage for iso-
topic species (136-139). An important role of pyruvate decarboxylation in '*C
distribution in plant and animal biomass was experimentally confirmed
(40,41,140,141). Hence, the conjecture of the role of glycine decarboxylation in
supposed photorespiration, CIE was sufficiently justified. The following consid-
eration makes this hypothesis more reasonable.

It was shown by inhibitory analysis that isonicotinylhydrozide (INH) (en-
zyme inhibiting transformation of glycine into serine in photorespiratory chain of
photosynthesizing organisms) strongly affected the carbon isotope ratio of marine
alga Chlorella stigmatophora (142).

The experimental study of enzymatic glycine decarboxylation in vitro
showed considerable isotopic distinctions between carboxylic carbon of glycine
and CO, (143,144). Some of the results of this series of experiments, which were
carried out with mitochondria isolated from leaves of different plants, are shown
in Table 1.

The data of Table 1 show that CIF in glycine decarboxylation really takes
place but in most cases the sign of isotope effects is abnormal, i.e., CO, evolved
is enriched in '3C. It was supposed to be the result of strong influence of medium
conditions that could remove the limiting stage from C—C bond cleavage to en-
zyme-substrate binding (139,145). It was found earlier (139) that in cases when
the rate of enzymic decarboxylation was limited by enzyme-substrate binding,
CO, formed in the reaction was enriched in '*C. On the contrary, when the rate
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Table 1. Changes in Carbon Isotope Composition of CO, Evolved during
Glycine Decarboxylation by Mitochondria From Different Plants. All Data are
Given in PDB Units and Expressed in A'*C = 8'3C0O, — 8"*C(giycine)-
3"3C (glyciney = —26.8%0 (143)

Time of Exposition

Presence of THF,

Object ADP, and NAD 0-2h 3-14h
Hordeum + 154 16.0
Triticum + 5.1 9.4

- 5.5 3.6
Spinacia + 16.2 15.2

- 8.6 3.6
Brassica + 7.8 4.8
Wolffia + 7.6 0.1
Medicago + 10.4 9.9
Pisum + 0.4 —-7.8

- —0.6 —-1.6

was limited by C—C-bond cleavage, CO, was enriched in '>C. The assumption is
supported by the considerable differences in CO, carbon isotope ratio in short-
term and long-term experiments (see Table 1), which can be caused by the in-
crease of pH in the course of glycine deamination due to NH; evolution.

The strong influence of reaction conditions was confirmed in the detailed
examination of enzymatic glycine decarboxylation carried out with mitochondria
isolated from the leaves of pea (Pisum sativum L.) and spinach (Spinacia oleracea
L.) (144) in the in vitro experiments under variable reaction conditions (pH, tem-
perature, cofactors). Figure 7 shows the influence of pH in the range of 6.8 to 8.0
(close to conditions in vivo). As seen, carbon isotope ratio changes smoothly with
pH achieving a maximum at pH 7.0. As also seen from Fig. 7, the curves follow
the same pattern regardless of mitochondria source.

The impact of different cofactors on carbon isotope ratio of CO, evolved
in the enzymatic decarboxylation of glycine in vitro by using mitochondria iso-
lated from leaves of spinach (Spinacia oleracea L.) and pea (Pisum sativum L.)
is shown in Table 2 (144). Cofactors are the substances of a protein and non-
protein nature that activate some enzymes (e.g., multienzymic glycine dehydro-
genase complex in the present case). Determining the rate-limiting stage of the
reaction, they can influence the reaction rate and the kinetic isotope effect. The
cofactors used in experiments are as follows: PLP, pyridoxal phosphate; ADP,
adenine diphosphate; and NAD, nicotinamidadenine nucleotide. This series of
two independent experiments (I and II in Table 2) was carried out under the fol-
lowing conditions: pH = 7.2 and T = 25°C. In Table 2, A'*C = §'3Ci, —
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Figure7. Dependence of CO, carbon isotope ratio on pH obtained in in vitro experiments
on enzymatic decarboxylation of glycine by using mitochondria isolated from pea (filled
circles) and spinach (open squares) leaves (144).

3"3C, where 8'3C = —32.4 *0.8%o is the carbon isotope ratio of carboxyl
group of glycine and 8'3Cl, is the carbon isotope ratio of CO, evolved. The val-
ues of 3'*C collected in Table 2 are given in PDB units. The values in the last
column correspond to the absence of cofactors in the system. As seen from
Table 2, the impact of NAD™ is the strongest one resulting in the change of the
isotope effect sign.

Two main conclusions follow from the results of in vitro experiments shown
in Table 2: 1) glycine decarboxylation can be accompanied by considerable CIF,
and 2) isotope effect of this reaction depends on the reaction conditions so that the
effect sign can be changed. These conclusions confirm the assumption about the
role of glycine decarboxylation CIE in photorespiration. However, the results ob-
tained in in vitro experiments cannot be directly transferred to the living organ-
isms since the rate-limiting stage, depending on the reaction conditions and on
other metabolic processes in a cell, cannot be exactly reproduced under in vitro
conditions. Nevertheless the existence of CIE in glycine decarboxylation and its
sign can be identified by examination of isotopic composition of metabolites
formed in the photosynthesis.
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Modeling of CIF in Photorespiration

To model CIF in photorespiration one needs to know the sign of CIE in
glycine decarboxylation. As it follows from the previous section, this effect can
be either “normal” (CO, evolved is enriched in '?C) or “abnormal” (CO, is en-
riched in '>C). We assume that in photosynthesizing cells the effect is normal.
This assumption is based on the data on carbon isotope ratio of metabolites formed
in glycolate chain in the course of photorespiration, such as for example, oxalates
from C; and CAM plants (146—148), proline and labile sugars from alga C. stig-
matophora (142,149), which are enriched in '3C. A possible reason for '*C en-
richment in this case is the removal of >C species with CO, in glycine decar-
boxylation reaction.

As it follows from the discrete model (38,114), during the carboxylating
phase of Rubisco function, a batch of “light” (enriched in 12C) carbon enters the
cell and fills via the Calvin cycle the carbohydrate pools such as starch and labile
sugars. When the regulatory mechanism (see above) reswitches the enzyme to
oxygenation function, labile sugars feed the glycolate chain. The CIF occurs at the
point of glycine decarboxylation in glycolate chain (see Fig. 8) resulting in '*C en-
richment of the remaining substrates and in '>C enrichment of CO, evolved (as

Table 2. TImpact of Cofactors* on Carbon Isotope Ratio of CO, Evolved in Enzymatic De-
carboxylation of Glycine in vitro by using Mitochondria Isolated From Leaves of Spinach
(Spinacia oleracea L.) and Pea (Pisum sativum L.) (144). Reaction Conditions: pH = 7.2, T =
25°C. AB3C = 8'3C0, — 8'3C,, where 8'3C, is Carbon Isotope Ratio of Carboxyl Group of
Glycine and 8'3CO, is Carbon Isotope Ratio of CO, Evolved. 8'3C; =—32.4 *+ 0.8%o. Results
of Two Independent Experiments (I) and (II) are Given. 8'C Values are Given in PDB Units.
The Values in the Last Column Correspond to the Case When Cofactors are Absent

Exp. PLP + PLP + ADP  Cofactor
Objects No. Param. PLP ADP NAD® ADP NAD~ NAD'  Abs.
Spinach I 3'CO, —-259 —262 —29.6 —309 —422 —26.3
ABC +78 +75 +4.1 +27 -85 +7.4
In 33co, —25.6 -30.4 —25.4
ABC +8.0 +3.2 +8.2
Pea I 8%C0o, -312 -282 -30.6 -356 —40.1 —353 —285
A3C +25 455  +31 -22 —-64 -16 +5.4

m 83Co, -339 —40.2

AC -0.3 -6.5

* Cofactors are substances of a protein and non-protein nature, which activate some enzymes
(e.g., multienzymic glycine dehydrogenase complex in this case). They determine the rate-lim-
iting stage of reaction and can influence the reaction rate and the kinetic isotope effect. The
following cofactors were used in this series of experiments: PLP = pyridoxal phosphate, ADP
= adenine diphosphate, and NAD = nicotinamidadenine nucleotide.
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Figure 8. Schematic representation of carbon isotope discrimination during oxygenase
phase of Rubisco functioning. Calvin cycle and part of photorespiratory pathway responsi-
ble for metabolite pool exhaustion leading to *C enrichment are marked by a thick solid
line. Points of isotope discrimination due to kinetic isotope effect are denoted by a dotted
line. 1, malate-aspartate shuttle; 2, synthase reaction brought about by cytosolic isocytrate
lyase; OA, oxaloacetate; Asp, aspartate. Scheme of photorespiration is adapted from Igam-
berdiev (129).
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normal CIE supposes). As the Calvin cycle and the glycolate chain form a closed
loop, the substrates spinning in the loop may be regarded as belonging to the same
carbon pool and hence, they are subjected to the isotope enrichment in '*C. The
13C enrichment of photorespiration metabolites causes, in turn, the enrichment of
biomass in a heavy isotope. In general, this means that CIF in photorespiration
brings about the isotopic discrepancies between biomass and nutrient CO,, which
appear to be of the opposite signs compared with those emerging due to isotope
fractionation in CO, photoassimilation. The extent of >C enrichment is strength-
ened by the Releigh effect and depends on the degree of carbon pool depletion,
i.e., on the intensity of photorespiration.

In parallel with *C enrichment of substrates remaining in the photorespira-
tion chain, '>C-enriched CO, formed in glycine decarboxylation enters cytoplasm
and mixes there with the *C-enriched residual CO, left after RuBP carboxylation
in the previous phase. The final carbon isotope composition of the total CO, re-
moved from the cell is determined by the mixing of CO, flows formed in both
phases. When CO, concentration inside of the cell exceeds that of outside, the
CO, flux from the cell into the boundary layer and then to the atmosphere in the
course of photorespiration provides respective isotopic shifts between biomass
and environmental CO,.

The proposed mechanism assumes (39) that carbon flows of substrates aris-
ing in carboxylation and oxygenation phases of Rubisco functioning are different
by carbon isotope ratio. The latter is enriched in '*C versus the former. Both car-
bon flows are isolated in time and space. The key element of CIF in photorespira-
tion is the kinetic isotope effect of enzymatic glycine decarboxylation reaction
multiplied by the Releigh effect. The latter arises due to the periodic exhaustion
of the substrate pool and removal of light carbon isotope with CO; in the course
of photorespiration.

CIF in glycolate chain is coupled with isotope fractionation in RuBP car-
boxylation via dual function of Rubisco (see above). Isotopic discrepancies of
biomass and environmental CO, depend on both isotope effects. The influence of
cell and environmental factors affecting both CO, photoassimilation and pho-
torespiration results in isotopic shifts of biomass. For some factors such as salt
stress, CO, and O, concentrations, light intensity, and some others, the shifts are
the same for both processes. A strong effect of the enrichment of nutrient CO, in
a heavy carbon isotope, which sometimes can result in '*C enrichment of biomass
(relative to CO,) must be emphasized (131-135). It corresponds to the case when
CIE of photorespiration exceeds that of CO, photoassimilation.

Among the factors determining the level of '*C enrichment of biomass, the
partitioning of carbon flow in photorespiration should be noted. One part of it is
used for biosynthetic needs whereas the other is oxidized to CO,. The bigger part
of the carbon flow passes decarboxylation reaction (i.e., the more intense pho-
torespiration occurs) the more photorespiration metabolites and the whole
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biomass appear to be enriched in '*C. On the contrary, the bigger part of pho-
torespiration carbon flow is used for biosynthesis, the lesser part of it is subjected
to decarboxylation reaction. It increases the photorespiration substrate pool and
hence diminishes '*C enrichment of biomass.

Experimental Confirmation of Photorespiration CIE and for Its
Coupling with Effect of CO, Photoassimilation

All arguments in favor of the proposed concept can be divided into three
groups. The first group includes the facts supporting the existence of photorespi-
ration CIE (PRCIE) itself. The second one provides support to the conclusion fol-
lowing from the fact of its existence. As it has been predicted in (39), it is based
on assumption of presence in the photosynthesizing cell of two isotopically dif-
ferent carbon flows resulting from CO, photoassimilation/photorespiration cou-
pling. The third group comprises the facts indirectly confirming existence of
PRCIE.

Let us consider arguments of the first group. The proposed model of PRCIE
explains observed '*C enrichment of ambient CO, in the gas exchange experi-
ments and respective isotope depletion of biomass (131-135) through prevalence
of PRCIE over that of CO, assimilation. According to the model, it takes place
when some factors stimulating intense photorespiration result in the considerable
exhaustion of photorespiratory carbon flow and in '*C enrichment of photorespi-
ratory metabolites. This metabolic shift in combination with a certain contribution
of photorespiratory carbon flow to biomass synthesis can even reverse the sign of
carbon isotope discrimination in photosynthesis, or, in other words, the '*C en-
richment of biomass versus assimilated CO,. This is illustrated by drastic '*C en-
richment of alga biomass, which has been observed during its exposition in CO,
enriched in '3C (134,135). An additional confirmation of the impact of '*C en-
richment of ambient CO, on Triticum aestivum and Phaseolus vulgaris biomass
was obtained in recently published work (150). The increase of '*C carbon isotope
ratio in ambient CO, caused respective decrease in 13C discrimination, which the
authors explained by activation of photorespiration.

In the same work, the authors investigated the impact of increased partial
oxygen pressure (pO,) on carbon isotope ratio of 7. aestivum and P. vulgaris
biomass. They found a distinct decrease in 13C discrimination, i.e., '*C enrichment
of biomass at the same pCO, that was interpreted as the impact of photorespira-
tion. This agrees with the results of a kinetic study of '*C incorporation in glycine
and serine (151), which shows that glycolate pathway is inhibited at low O, con-
centrations. The increase of the intracellular CO,/O; ratio and the Rubisco affin-
ity to CO, along with O, concentration decline was considered as a reason for pho-
torespiration inhibition (152,153). Similar effects were also observed by Evans et
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al. (88) in Xantontium strumarum leaves and by Smith et al. (154) in legume plants
who found a 2% shift of '2C enrichment in plant biomass when O, concentration
increased from 4 to 21%. Ozone seems to have a similar influence on carbon iso-
tope ratio of plant biomass (155).

However, some data showed the shift of the opposite sign in carbon isotope
ratio of some C; plants under the same range of O, concentration (84). The pro-
posed mechanism of photoassimilation/photorespiration coupling gives a possible
explanation for this effect. The isotopic shift of biomass carbon caused by any fac-
tor is an integrated result of its impact both on CO, photoassimilation and pho-
torespiration. Indeed, the growth of O, concentration makes the carboxylase phase
of Rubisco function shorter and decreases depletion of cytoplasmic CO, pool.
Hence, according to the CIF mechanism, this must result in 12C enrichment of sub-
strates. On the other hand, intensification of photorespiration due to the factor ac-
tion should enhance its impact on biomass carbon isotope ratio via substrate pool
depletion and must result in >C enrichment of photorespiratory products. The
higher contribution to biomass isotopic balance determines the relative isotopic
shift. This conclusion underlines the complexity of isotopic relations in photo-
synthesis. But in a common case because of an insignificant contribution of pho-
torespiratory products to biomass versus that of the other metabolic pathways, the
factors intensifying photorespiration bring about '*C enrichment of biomass.

Similar results were obtained by studying the impact of water salinity on
isotope composition of plant biomass. It is known that salinity stress stimulates
photorespiration (156,157). In leguminous plants Dolichos biflorus L. and Cicer
arientinum, salinity stress caused a sharp increase in the activity of glycolate oxi-
dase, the key enzyme of glycolate chain (158). The increase of NaCl concentra-
tion in soil up to 50 mM enhanced oxygenase activity of Rubisco in wheat species
Triticum durum and T. aestivum (159).

Guy et al. (87) found a close relationship between carbon isotope ratio and
salinity of irrigation water for two C; halophytes Salicornia europeae subsp.
rubra and Puccinella nutaliana (see Fig. 4, a and b). The changes in salinity pre-
sented by the corresponding changes of osmotic potential W were followed by the
proportional shifts in carbon isotope ratio. The same effect was observed for CAM
halophyte Disphina clavellatum (Haw) Chinnock (Aisoaceae) (160). The isotopic
shift of biomass carbon caused by salinity change was from —20.0 to —26.1%o. In
Plantago maritima L. (121), salt stress caused 4%o 13C enrichment of leaf carbon
even at elevated CO, concentration (up to 5%). In natural conditions, the salinity
effect becomes apparent in the well-known '*C enrichment of alga and plants
growing in marine and saline marsh environments compared with those in fresh
water reservoirs (161).

The above facts indicate the dominant contribution of photorespiration iso-
tope effect to the observed isotopic shifts. But in some cases the shifts of the op-
posite sign with salinity were also found. The '2C enrichment of marine alga C.
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stigmatophora, which was about 3%, observed an increase of NaCl concentration
in the media from O to 595 mM/L (149). In wheat, the growth of salinity was not
followed by proportional changes in carbon isotope ratio of biomass, but by shifts
of the opposite sign depending on the type of wheat organ and ontogenetic stage
(162,163). Such dependencies indicate that contribution of CO, assimilation CIE
becomes comparable with that of photorespiration CIE. The possible mechanism
of salinity impact on CIE of CO, photoassimilation is via reduction of cytoplas-
mic CO, pool because of the decrease in CO, solubility at higher salt concentra-
tions causing the increase of exhaustion effect. The impact of salinity on CIE of
CO, photoassimilation and photorespiration is of the same sign that can explain
considerable isotopic shifts, which sometimes are observed although the varia-
tions of their contributions to the total isotopic shift may cause the interruption of
the proportionality between salinity and isotopic shifts.

The well-known influence of water availability on carbon isotope ratio of
plant biomass is also the result of its impact both on CO, photoassimilation and
photorespiration CIEs. It was shown (120) that water deficiency was followed by
the same metabolic shifts as those caused by the salt stress. It results in >C accu-
mulation in biomass (164,165). When decreasing CO, access into the cell in CO,
assimilation phase, water stress intensifies exhaustion of the cytoplasmic CO,
pool and hence, increases *C enrichment of biomass. At the same time, water
stress also intensifies photorespiration thus causing the additional '*C enrichment
of biomass. It might be the reason for considerable isotopic changes of plant
biomass under drought conditions often observed in nature (166,167).

The second group (see above) comprises the facts supporting the crucial as-
sumption of the model on the existence of two carbon flows differing from each
other by carbon isotope ratio and the coupling mechanism. According to the lat-
ter, the flow arising in carboxylation phase of Rubisco function is enriched in '*C
and used to feed glycolytic chain during the dark period of photosynthesis,
whereas the flow arising in oxygenation phase is enriched in '*C. Both flows are
separated in time and divided by cell compartments.

While summarizing the data on carbon isotope ratio of metabolites of dif-
ferent photosynthesizing organisms, it was noticed that metabolites, which might
be referred to the assimilatory carbon flow, were enriched in 12C, whereas those
associated with the photorespiratory carbon flow are enriched in '3C (39). In most
of oxalate-accumulating plants, oxalate formed in glycolate chain is much more
enriched in '3C relative to biomass carbon (see Table 3) (146-148). The same ef-
fect was observed in CAM plants, including cacti (see Table 4), but the difference
between carbon isotope ratio of leaf biomass and oxalates was less than in the pre-
vious case, which is likely due to the lower intensity of photorespiration in CAM
plants.

In this context it is interesting to note that about thirty years ago geologists
found a rare mineral in clay sedimentary rocks supposed to be of biogenic origin,
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Table 3. Carbon Isotope Ratio of Leaf Biomasses and Oxalates of
Some Oxalate-accumulating C Plants (147). Values of 8'3C %o are
Given in PDB Units

Plant Species Whole Leaf Oxalate
Spinacea oleracea =275 —11.9
Spinacea oleracea*™ —25.7 —19.5
Pelagronium —31.0 —124
Mereurialis perennis —-27.9 —13.7

* Data are taken from Rivera and Smith (146).

which had the chemical composition corresponding to CaC,0,4 -H,O (168). Its
carbon isotope ratio (3'3C was from +0.7 to +8.6%0) was dramatically different
from that of all known organic matter, including an attendant organic matter (8'>C
= —23.2%o0). This fact was intensively discussed, but no explanation was found at
that time. Basing on the proposed model, one can assume that the mineral con-
sisted of oxalates derived from ancient oxalate-accumulating plants having in-
tense photorespiration. After burial they transformed into this mineral.

Some of amino acids from the protein fraction of photosynthesizing mi-
croorganisms (92), such as glycine, serine, and alanine, in most cases were found
to be enriched in '*C compared with the other amino acids (Table 5) due to a high
content of 'C in their radical carbon. The observed *C enrichment of radical car-
bon in these amino acids could not be previously explained. The proposed mech-
anism and known metabolic pathways of their synthesis permits the supposition
that the pools of these amino acids are (at least partially) supplied from the pho-
torespiration chain. The mixing of carbon atoms in substrates due to transketolase
and transaldolase reactions in Calvin cycle let the heavy isotope approach every
site of the molecules causing finally the observed '*C enrichment of radical car-
bon of the above amino acids.

Chlorophyll is known to be enriched in '*C compared with the other cell
components in plant leaves (79). It was also found that phorbin nucleus is the

Table 4. Carbon Isotope Ratio of Leaf Biomasses and Oxalates in Cacti
(146). Values of 8'3C %o are Given in PDB Units

Plant Species Whole Leaf Oxalates
Echinomastus intertextus —134 -73
Echinomastus horizonthalomus —13.0 -7.8
Escobaria ruberoulosa —12.3 —8.3
Opuntia euglemannii —133 —8.5
Opuntia imbricata —14.1 —-8.7
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Table 5. Carbon Isotope Distribution in Amino Acids of Protein Fraction Extracted From
Biomass of Some Photosynthesizing Microorganisms (92). Isotopic Shifts are Given Rel-
ative to Nutrient CO, having 8'*C = 0%e. Data adapted from Abelson and Hoering (92)

Microorganism

Chlorella Chromatium Euglena

Carboxyl  Radical  Carboxyl Radical Carboxyl Radical

Amino Acid Carbon Carbon Carbon Carbon Carbon Carbon
Serine -99 +2.5 —8.4 —2.8 —-9.5 —6.1
Glycine —23.3 —5.3 — — —14.9 —11.6
Alanine —11.8 —-7.3 — — —14.6 —13.8
Aspartic acid —15.6 +2.2 -27.6 —-15.9 —-20.3 +1.0
Glutamic acid —21.1 —8.8 —20.1 +2.2 —21.5 —-0.2
Leucine —-26.0 —-16.3 —23.7 —-22.5 —25.6 —13.6
Lysine —20.9 +2.5 — — —22.4 —24.8

heaviest part of the molecule (169). Considering that in a number of plants the
phorbin nuclei are synthesized with the use of glycine formed in photorespiration
(129,170), it is reasonable to explain the observed '*C enrichment of chlorophyll
by glycine participation in chlorophyll synthesis. The '*C enrichment of oil and
bitumen porphyrins discovered by geochemists (171,172) can only be inherited
from chlorophyll, which is supposed to be the source of fossil porphyrins.

The results obtained by Kalinkina and Udelnova (142,149) are of special in-
terest. The authors examined carbon isotope ratio of some fractions and metabo-
lites in marine alga C. stigmatophora presenting simultaneously both assimilatory
and photorespiratory pathways under salt stress and inhibitor action (see Table 6).
It was proved (173) that proline and labile sugars related to the glycolate chain of
photorespiratory pathway. On the contrary, proteins and lipids represent assimila-
tory pathways since their synthesis mostly occurs with the use of substrates of the
carbon flow, which feeds glycolytic chain coupled with fatty acid synthesis and
Krebs cycle in the dark period of photosynthesis (174,175).

As it follows from Table 6, under any conditions dried biomass of marine
alga C. stigmatophora (8"3C = 61.6%0) and its proteins (8'*C = 42.1%o) are con-
siderably enriched in '*C compared with proline (8'°C = —29.0%0) and labile
sugars (3'3C = 30.0%0) (142,149). A high content of '>C in biomass agrees with
the fact that alga biomass is rich in lipids having the lowest '*C/*C ratio (79,93).
The synthesis of fatty acids and amino acids composing most of the lipid and pro-
tein fractions occurs in glycolytic phase of a cell cycle and is associated with gly-
colytic chain and Krebs cycle (92,175), whereas proline and labile sugars are
formed in the glycolate chain in photorespiration (142,149). For this reason the
discovered isotopic discrepancies may be regarded as confirmation of the exis-
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Table 6. Effect of Salt Stress (NaCl) and Photorespiratory Inhibitors on Carbon Isotope
Composition of Marine Alga C. stigmatophora Biomass and Some of its Components
(149). 8'3C of Ambient CO» is —21%o. 8'3C%o Values are Given in PDB Units

NaCl Content in Media, mM

0 595

Without HPMS* + Without HPMS +
Identified Parameter Inhibitors INH™, mM Inhibitors INH, mM
Biomass growth, mgM 35 1.7 2.4 1.4
Proline content 2.7 1.8 13.0 7.0
3!3C of dried biomass —61.6 —61.5 —64.5 —53.8
8!13C of proteins —42.1 —42.8 —47.3 —43.7
813C of labile sugars —-30.0 -32.6 -30.5 —29.3
3!3C of proline -29.0 —-294 -31.5 -30.5

Photorespiratory inhibitors: * HPMS (a-hydroxy-2-pyridinemethanesulfonate) and **
INH (isonicotinylhydrozide).

tence of two isotopically different and independent carbon flows emerging in pho-
tosynthesis. The closeness of carbon isotope ratio of proline and of labile sugars
indicates that they belong to the same carbon flow, which passes Calvin cycle and
glycolate chain.

The same results were obtained by studying quite different terrestrial plants
of intermediate C3-CAM type (176). Tables 7 and 8 show the data on carbon iso-
tope ratio of some biochemical fractions isolated from leaves of Clusia minor L.,
which has been collected at dawn and dusk during wet and dry seasons. Accord-

Table 7. Carbon Isotope Ratio of Biochemical Fractions of Leaves of Clusia minor L.
Collected During Wet Season. Naturally Exposed and Shaded Leaves were Collected at
Dawn and Dusk (176). 8'3C Values are Given in PDB Units

Exposed Leaves Shaded Leaves

n Fractions Dawn Dusk Dawn Dusk
1 Dried biomass —25.7 —30.3

2 Structural components —26.1 —27.2 —31.2 —31.8
3 Lipids, pigments —28.2 —28.7 —333 —32.2
4 Amino acids —30.2 —31.7 —-32.0 —32.6
5 Soluble sugars —23.6 —-21.2 —30.5 —29.2
6 Organic acids —20.6 —223 —27.6 —27.7
7 Glucans —22.6 —223 —27.2 —27.6
8 Starch —22.1 —223 —27.2 —27.8
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Table 8. Carbon Isotope Ratio of Biochemical Fractions of Leaves of Clusia minor L.
Collected During Dry Season. Naturally Exposed and Shaded Leaves were Collected at
Dawn and Dusk (176). 8'3C Values are Given in PDB Units

Exposed Leaves Shaded Leaves

n Fractions Dawn Dusk Dawn Dusk
1 Dried biomass —24.6 —29.1

2 Structural components —27.1 —27.5 —31.8 —31.0
3 Lipids, pigments —27.1 —27.7 —30.8 —30.8
4 Amino acids —31.2 —31.1 —32.4 —32.7
5 Soluble sugars —20.4 —-17.9 —24.3 —-219
6 Organic acids —17.6 —-21.1 —21.8 —24.5
7 Glucans —234 —21.6 —26.8 —23.6
8 Starch —23.6 —23.1 —27.9 —26.6

ing to carbon isotope ratio values, two different groups of compounds can be dis-
tinguished. The first group includes amino acids and lipids, as in the case of C.
stigmatophora, and structural components, whose synthesis is associated with
glycolytic pathway substrates (177). Hence, the first group is composed of the
components bound to the assimilatory carbon flow, and their carbon is enriched in
'2C in comparison with other components.

The rest of the components, including organic acids, glucans, starch, and
soluble sugars, in accordance with their carbon isotope ratio and with possible
ways of biosynthesis form the second group and belong to the photorespiratory
chain. Indeed, in oxygenation phase of Rubisco function when glycolate chain and
Calvin cycle form the common loop, carbohydrate components derived may be re-
garded as the products of photorespiration and must be enriched in '*C. In the
above case of C. stigmatophora, labile sugars exemplify these kinds of carbohy-
drates. Organic acids including C,4-dicarboxylic acids can be produced in glyco-
late pathway. They were extracted from vacuolar sap which gives the additional
confirmation of their relation with photorespiration, since vacuoles are known to
accumulate the products of photorespiration (170).

The difference in carbon isotope ratio found between biochemical fractions
extracted from leaves of Bryophyllum diagremontiana Berger (145) can similarly
be interpreted as an indication of the existence of two isotopically different car-
bon flows emerged in coupling of photoassimilation and photorespiration.

The results of the Chlorella cultivation experiments with the use of '*CO,
lead to the same conclusion (134). Specific radioactivity (SR) of alga biomass was
found to be higher than that of ambient CO, whereas SR of lipids, cellulose, and
sucrose during the experiment remained far lower. SR of CO, expired in dark pe-
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riod was two times less than SR of biomass. The decrease of starch content in the
biomass during the dark period was followed by distinctive increase of its SR.
Considering that the use of “heavy” CO, in photoassimilation can induce pho-
torespiration and cause the inversion of the sign of carbon isotope discrimination,
the above facts can be interpreted as follows. The enrichment of biomass in *C
relative to the ambient CO, is an indicator of intense photorespiration, which re-
sults in CIE inversion. It means the existence of heavy carbon flow of photorespi-
ration while depletion of lipids, cellulose, and sucrose in 14C, low SR of CO,
respired in dark, and changes of the starch content and of its SR during the night
show that light carbon flow passes glycolytic chain and hence, is associated with
assimilatory chain.

The following facts and phenomena can be included in the third group (see
above). It was found that nitrogen assimilation (namely, the type of assimilating
forms and their availability to organisms) influenced carbon isotope ratio of plant
biomass (14,15). According to the proposed mechanism, the intensity of photores-
piration directly depends on the malate-aspartate shuttle functioning in photores-
piration chain (39) (see Fig. 8). The latter is determined by the availability of amino
groups. The lack of amino groups in amination of oxaloacetate reduces shuttle rate
and decreases photorespiration. As a result, the pool of photorespiration substrates
increases to a larger extent thus decreasing the exhaustion of photorespiratory sub-
strate pool and hence, diminishing Releigh effect and 'C enrichment. It is clear
that amino group availability depends on nitrogen assimilation.

Many researchers have found a strong positive correlation between biopro-
ductivity of wheat and '*C discrimination when plants were irrigated well
(8,67,68,163,178). Although grown under identical conditions, more productive
wheat was enriched in >C (see Fig. 9). But in drought conditions, the proportion-
ality was sometimes interrupted or the sign of correlation changed to the opposite
(8,68). The above correlation dependence on water availability is difficult to ex-
plain by isotope effect of CO, assimilation as the sole reason of CIF, but it is pos-
sible to connect it with photorespiration.

Indeed, if water availability is high and leaf stomata are entirely open, CIE
of CO, photoassimilation is maximal and the difference in carbon isotope ratio of
plant biomass is conditioned by CIE of photorespiration. The plants with higher
photorespiration must have '*C-enriched carbon isotope composition and less
grain gain, which corresponds to positive correlation. At low water availability
when stomata are nearly closed the grain gain will be limited by availability of
CO, entering the cells. By taking the same enzymatic fixation rate (179), the de-
gree of cytoplasmic CO, pool depletion in the carboxylating phase of RuBP ac-
tivity must be higher resulting in '*C enrichment of the assimilated carbon
(biomass). The higher the pool depletion degree, the more grain gain must be ob-
served and hence, a negative correlation between carbon isotope ratio of wheat
biomass and grain gain must occur.
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Figure 9. Relationships between grain yield (mg ha™!) and carbon isotope discrimination
(A) of stem material determined by results of 1984 field trials at Wagga Wagga (a) and
Yanco (b). Reproduced from Condon et al. (68) with permission.

It was also noted (66,164), that spring wheats are usually enriched with '*C
(about 1 —2%0) compared with winter wheats (see Table 9). Considering that the
latter have a more intense photorespiration to maintain their metabolism at low
temperatures (170), it may be the reason for the observed isotopic discrepancies.
This hypothesis is supported by the temperature effect of carbon isotope ratio of

Table 9. Dependence of Leaf Isotopic Composition on Watering and Temperature Con-
ditions During Growth of Spring and Winter Wheat (65). 8'*> C%o Values are Given in PDB
Units

Continuous Watering Night Watering
Culture t=125—120°C t=4-—2°C t=25—20°C
Spring Wheat
“Marquis” —32.8 —31.6
“Opal” —-32.7 -31.7
“Kolibri” —33.0 —29.7 —24.6
Winter Wheat
“Kharkov” -31.9 —30.2 —20.2
“Frederik” —313 —29.0
“Norstar” —31.7 —-29.9
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plants. Barley shoots grown at 18/10°C (light/dark) or 29/21°C had isotopic com-
positions of —28.2 and —28.8%, respectively (155). The 8'*C values of tomato
plants when grown at 17°C appeared to be by 3%o less negative than at 32°C (164).

It is known that the mature leaves of plants are enriched in >C compared
with the young ones (180-182). This fact is in agreement with intensification of
oxygenase activity of Rubisco and hence, photorespiration in leaves with age
(170). The contribution of photorespiration products to biomass increases accord-
ingly. This fact is supported by the regular '*C enrichment of stem and flag leaf
biomass at the later ontogenetic stages and by typical isotopic differences of leaf,
stem, and seeds (163). The latter are a result of the differences in the contribution
of CO, photoassimilation and photorespiration to biomass synthesis at the stages
when corresponding organs are formed. Seeds are mostly enriched in '*C com-
pared with stems and leaves because the ripening stage is the late one.

The 3C gradient along the stem, which has been found in wheat at different
conditions (see Table 10), is more evidence of correlation between isotopic
changes and photorespiration contribution to metabolism in ontogenesis. Since
the growth of the wheat stem proceeds from the bottom, the newly formed
biomass is mostly accumulated in the lower part of the stem whereas previously
formed biomass is concentrated in the upper one. Such distribution of biomass
along with its relation to photorespiration changes in ontogenesis determines the
observed gradient of 1*C.

Therefore, numerous facts, both direct and indirect, are in a good agreement
with the hypothesis on CIE of photorespiration and with the proposed mechanism
of its coupling with CO, photoassimilation. This permits us to formulate the fol-
lowing assertions. Two contours of carbon flows emerging in photosynthesis are
coupled via double Rubisco function. When the enzyme works as carboxylase,
CO, assimilation contour is in operation. Due to CIE in RuBP carboxylation, the
carbon flow circulating in the contour is enriched in '?C. When it works as oxy-
genase, the photorespiration contour is active. CIF in glycine decarboxylation re-
sults in '*C enrichment of carbon flow circulating inside. The main feature of CIF
in both cases is the combination of isotope effects with exhaustion effect (Releigh
effect). This is the result of periodicity and of discreteness of carbon flows in the

Table 10. Gradient of Carbon Isotope Ratio (3'°C, %0) Along Stem of Wheat “Zvezda”
Under Different Irrigation Conditions (162,163)

Natural Artificial Irrigation, Artificial Irrigation,
Stem Irrigation 0.2 M NaCl Solution 0.5 M NaCl Solution
Bottom —243 —24.7 —25.4
Middle —244 —26.7 —26.0
Top —252 —26.8 =275
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contours caused by alternating functions of Rubisco. It also causes the dependence
of isotopic discrepancies of metabolites on the degree of exhaustion and in some
cases can provide their considerable increase.

Experimental data show that carbon flows in both contours are autonomous,
i.e., no considerable mixing occurs. The switching over of the Rubisco functions
is under the control of external and internal factors thus providing the adaptation
of organism to the surroundings. The most probable way of this control is the im-
pact of the above factors on CO,/O, ratio in the cell. Carbon isotope discrimina-
tion in photosynthesis is an integrated result of CIE of CO, photoassimilation and
that of photorespiration having the opposite signs. In cases when the combination
of factors is most favorable for intense photorespiration, the '*C discrimination in
photosynthesis can change to '>C discrimination.

According to the model and corresponding isotopic data, the coupling of
photosynthesis (light phase) with respiration metabolism, which coincides with
the dark phase, is realized through the carbohydrates (mostly starch) accumulated
in assimilatory contour in carboxylation phase of Rubisco functioning. It leads to
the '°C enrichment of all metabolites synthesized in glycolysis including most of
the lipids and amino acids whose isotopic composition thus reflects CIE of CO,
assimilation.

On the Possibility of the Use of CIF Concept in Photosynthesis to
Study Photosynthesis Physiology and to Solve Some Problems of
Biochemical Adaptivity

Taking into consideration the close relationship between isotopic and
metabolic shifts under action of environmental factors, the proposed mechanism
of coupling of CO, photoassimilation and photorespiration can be used as a tool
to study photosynthesis physiology and biochemical adaptation. In spite of the
lack of the data available, some examples illustrating the approach can be pre-
sented after some preliminary notes are done. Interpretation of the isotopic data of
photosynthesis in the frame of the above concept requires accounting for the ki-
netic nature of CIE of RuBP carboxylation and glycine decarboxylation. This fea-
ture makes these effects dependent on the rate-limiting stage of the reactions and
hence, on cell conditions (pH, ionic strength, presence of cofactors, etc.). More-
over, although the effects are very important points of isotope fractionation mech-
anism of photosynthesis, they are not the sole reason of isotopic discrepancies of
metabolites. The latter depends on the degree of substrate pool depletion, and
hence, different factors controlling carbon flows in a cell via Rubisco activity can
influence isotopic shifts of the metabolites. It is clear that because of the influence
of numerous factors, the interpretation of isotopic data should be comprehensive
and careful.
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The data extracted from Tables 7 and 8 and collected in Table 11 illustrate
the close relationship of carbon isotope ratio of labile sugars and organic acids
bound to photorespiratory flux. Labile sugars synthesized mainly in photorespira-
tion are considered to be the source of organic acids formed in dark, including C,4
acids derived from PEP by C, fixation of CO,. Their close relationship is con-
firmed not only by the closeness of their isotope composition, but also by parallel
isotopic shifts in diurnal cycles. It becomes particularly clear when carbon isotope
ratio of labile sugars at dusk and that of organic acid at dawn are compared. Small
differences in their isotope ratios observed at a certain time of wet season is ex-
plained by the night fixation of exogenous CO,, which is more enriched in '*C
versus CO, acceptor, phosphoenolpyruvate derived from labile sugars. The ab-
sence of such differences during dry season means that as a form of adaptation to
drought conditions, the plants re-assimilate at night CO, evolved in dark respira-
tion having the same isotopic ratio as acceptor.

The data presented in Table 11 also show that during wet season in the
shaded leaves, the role of photorespiration and CAM metabolism is minimal and,
on the contrary, Cs assimilation is preferential. It leads to considerable '*C en-
richment of both labile sugars and organic acids in exposed and shaded leaves. At
the same time, the decrease of photorespiration is manifested in small differences
of carbon isotopic ratio of labile sugars at dawn and dusk. The presence of CAM
metabolism in all other cases can be illustrated by notable *C enrichment of or-
ganic acids at night (from dusk to dawn)

In the experiments with marine alga C. stigmatophora (149) (see Table 6),
the use of photorespiration inhibitors (HPMS + ING) in fresh water did not exert
any distinct impact on carbon isotope ratio of metabolites, whereas under salt
stress they caused a considerable '*C enrichment of biomass. It drew the authors
to the conclusion that photorespiration CIE was of the same sign as CO, assimi-
lation effect. However, the data on carbon isotope composition of metabolites be-

Table 11. Diurnal (daily) Isotopic Variations of Organic Acids and Soluble Sugars Iso-
lated from Leaves of Clusia Minor Taken at Different Exposition Under Wet and Dry Con-
ditions (176). All 8'3C Values are Given in PDB Units

Exposed Leaves Shaded leaves
Dawn Dusk Dawn Dusk
Wet season
Soluble sugars —23.6 —21.2 —30.5 —29.2
Organic acids —20.6 —22.3 —27.6 —=27.7
Dry season
Soluble sugars —20.4 —-17.9 —243 -21.9
Organic acids —17.6 —21.1 —21.8 —24.5

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 46 25 January 2011

Downl oaded At:

ORDER REPRINTS

1854 IVLEV

longing to assimilatory and photorespiratory carbon flows led to another explana-
tion for the above fact. As seen from Table 6, the observed >C enrichment of
biomass is associated with the '>C enrichment of proteins and probably lipids,
which belong to assimilatory flow but not to the photorespiratory one. It means
that isotope fractionation in assimilatory contour is reduced. The reason for that is
the increase of the CO, cytoplasmic pool depletion as the result of action of in-
hibitors that leads to the prolongation of carboxylase phase of Rubisco function.
Carbon isotope ratio of photorespiration products remained at the same level,
since photorespiration was reduced and no essential contribution of newly formed
compounds to biomass occurred.

The data presented in Tables 7 and 8 illustrate the relationship of the
metabolic and isotopic shifts in response to the environmental factors, which are
known to induce photorespiration including intensity of impinging light. The
growth of light intensity leads to an increase of CO, assimilation and is followed
by pH growth in chloroplasts (183). It facilitates the oxygenase activity of Rubisco
and glycolate accumulation to compensate pH change. At the same time the car-
boxylase activity is suppressed. The data given in Tables 7 and 8 show that re-
gardless of wet or dry season conditions, '*C enrichment of Clusia minor biomass
occurs. For the plant having intermediate C;-CAM assimilation, two possible rea-
sons for the observed enrichment can be distinguished: 1) induction of C4 assim-
ilation and 2) induction of photorespiration. To understand the role of each of
these factors one needs to consider the isotopic shifts of components related to as-
similatory and to photorespiratory fluxes. As has been shown (176), under wet
season conditions only C5 assimilation in shaded leaves is active. This means that
the isotopic differences between components of both fluxes under those condi-
tions can be ascribed only to photorespiration and are about 4—5%.. For the light-
exposed leaves under the same conditions, the biomass carbon is more enriched in
13C than that of the shaded leaves (see Table 7). It is followed by simultaneous en-
richment in heavy carbon isotope of both fluxes and by the growth of difference
between them of 7-8%.. The first fact confirms the contribution of C4 assimilation
pathway to biomass synthesis, while the second one indicates an increase of pho-
torespiration.

The situation observed during dry season is close to the previous one. The
light exposition causes '*C enrichment of both carbon fluxes circulating in pho-
toassimilatory and photorespiratory contours. This enrichment reflects the contri-
bution of both photorespiration and C,4 assimilation. An even more pronounced
difference between components of assimilatory and photorespiratory fluxes (in
comparison with the previous case) shows that the role of photorespiration in-
creases. In this regard, it must be emphasized that the well-known midday decline
of photosynthetic activity (184) followed by reduction of '*C discrimination (185)
can be explained by enhancement of photorespiration caused by a more intense
light flux in the afternoon.
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The salinity of irrigating water is known to intensify photorespiration (159).
Different authors (158,186) reported the activation of glycolate pathway enzymes
under salt stress conditions. Although most of the researchers who studied the im-
pact of salinity on CIF found '*C enrichment of biomass with increase of salt con-
centration (87,160), the opposite sign of isotopic shifts was also reported
(142,163). The data of Table 6 illustrate the isotopic response of marine alga C.
stigmatophora to salinity stress comparing carbon isotope ratio of compounds
from assimilatory and photorespiratory fluxes. This comparison shows that the
observed '2C enrichment of biomass is equal to ~3%o. It is mainly conditioned by
the corresponding shifts of metabolites from assimilatory flux, whereas the iso-
tope ratio of photorespiration metabolites remains unchanged. Moreover, the iso-
topic shift of biomass is of the same sign and its value is close to that of the iso-
topic shift of proteins. Because synthesis of amino acids is mainly bound to Krebs
cycle, one can assume that Krebs cycle actively participates in adaptation of C.
stigmatophora to salt stress.

Water availability is another environmental factor that strongly influences
the carbon isotope ratio of plant biomass [15,19,187]. The lack of water causes
13C enrichment of biomass carbon. The role of CO, assimilation and photorespi-
ration in the observed shifts is still unclear but some authors report enhancement
of photorespiration and decline of carboxylase activity of Rubisco under drought
conditions (19,188,189). The data of Tables 7 and 8 confirm these observations.
They show that both in cases of exposed and shaded leaves, the lack of moisture
is followed by considerable '*C enrichment of photorespiration metabolites
whereas the carbon isotope ratio of components of assimilatory flux remains the
same. This indicates that photorespiration intensifies.

The above examples show that isotopic discrepancies emerging in photo-
synthesis along with proposed biophysical mechanism of CIF in photosynthesis
can be used as a delicate tool to study structure of photosynthesis process, its reg-
ulations and physiology, and also the problems of biochemical adaptation. Carbon
isotope analysis also provides useful information on dark respiration metabolism
and its coupling with photosynthesis. These data are necessary to study CIF in res-
piration metabolism and related problems, which are considered below.

CIF IN RESPIRATION METABOLISM
General Background
In 1960, Park and Epstein (190) when studying the carbon isotope ratio of
plant biomass discovered that lipids were distinctively enriched in 'C compared

with other biomass fractions. Later the same effect was observed by other authors
not only in plants but in other organisms (191,192) including heterotrophic ones
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(231,140,193). It was also found that individual metabolites are different by car-
bon isotope composition (194-197). Abelson and Hoering (92) established in-
tramolecular carbon isotope heterogeneity of alga biomass. It was proved later
(198-202) to be an essential and universal property of the living matter. Some
general regularities in cellular and intramolecular carbon isotope distribution,
which were found to be common both to photosynthesizing and heterotrophic or-
ganisms regardless of their positions on ontogenetic stairs (203,204) drew to the
conclusion that the isotope fractionation responsible for it occurred in respiration*
metabolism. The question was what was the probable mechanism providing such
an isotopic pattern.

There was a hot and long discussion in the literature on the nature of isotope
effects arising in respiration metabolism and on the points where isotope frac-
tionation occurs. Galimov et al. (169,198,206,207) asserted that carbon isotope
distribution was of a thermodynamic nature and the mechanism in a cell was iso-
tope exchange in enzymatic reactions. However, most of the researchers consid-
ered the isotopic order of metabolites to be of a kinetic nature, i.e., to be depen-
dent on reaction conditions in cell and metabolic pathways (141,182,208,209).
The experimental data completely proved that thermodynamic conception was
wrong. Its predictions fail to explain the real carbon isotopic order in most bio-
logical molecules (141,208,210) and recent works (33,148,211-213) give more
evidence for this.

The supporters of the kinetic approach had different standpoints on the role
of concrete cell reactions in the observed carbon isotope distribution in living mat-
ter. Since 1960, Park and Epstein (190) and many others (33,140,199-201) ad-
mitted a dominant role of pyruvate decarboxylation CIE in '2C enrichment of
lipids. To explain isotopic discrepancies of biochemical fractions and individual
metabolites, some authors (93,161) assumed the existence of numerous CIF bar-
riers in a cell associated with different metabolic pathways. Among them, CIF in
mutual transformations of carbohydrates, proteins, and fatty acids, in respiration,
associated with Krebs cycle, and in lipid-carbohydrate turnover were named.
However, neither concrete points of isotope effects emergence nor possible mech-
anisms for that have been suggested. Having examined photosynthesizing mi-
croorganisms, Abelson and Hoering (92) have assumed that isotopic differences
of metabolites are associated with different CO, assimilation pathways. Doubt is
shed on this hypothesis by the observation of the isotopic differences in het-
erotrophic biomass.

*Respiration metabolism is considered to unite all the processes occurring in glycolysis
phase of cell cycle as it has been formulated by Hayes and Monson (199), including gly-
colysis itself, pyruvate decarboxylation, fatty acid synthesis, Krebs cycle, and all attached
syntheses.
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The author has developed another approach (38,203,204) based on the as-
sumption that the CIE of pyruvate decarboxylation is the ruling factor in respect
to CIF in the whole cell. This effect influences the carbon isotope ratio of not only
lipids but practically every metabolite throughout the cell. The suggested mecha-
nism does not exclude from consideration the other points of possible isotope frac-
tionation in the cell but ascribes to them a subordinate role. To simplify the anal-
ysis of such a complex system as a cell, we have tried to avoid additional
conjectures if they are not necessary to explain the facts that the pyruvate decar-
boxylation hypothesis fails to explain. Following this reasoning, we found that
CIE in pyruvate decarboxylation was enough to describe the principal features of
13C distribution in a cell. Hence, this effect was considered to play the key role in
CIF proceeding in a cell. We believe that future studies may help to refine this idea
but not to revise. The following discussion supports this assertion.

Modeling of CIF in Respiration Metabolism.
Main Postulates and Features

The model is based on three main postulates: 1) the isotopic distribution of
metabolites is determined by the pathways of their biosynthesis; 2) the observed
carbon isotope heterogeneity of biomass in most organisms is basically related to
the isotope effect of pyruvate decarboxylation occurring in their cells; and 3) the
fractionation of carbon isotopes in this reaction proceeds under conditions of the
substrate pool depletion. The biophysical basis of the model is the cyclicity of
metabolic processes. The full cell cycle consists of two alternating phases: gly-
colysis and gluconeogenesis. Such organization of cell cycle is necessary to reg-
ulate energy metabolism in a cell (214-217).

According to this hypothesis carbon flow in glycolytic phase decreases.
Carbohydrate pool of the cell is depleted. Lipids and proteins are formed. In the
gluconeogenetic phase, carbon flow increases. In plants and photosynthesizing or-
ganisms, carbohydrate pool is restored due to newly formed starch in Calvin cy-
cle and partly because of degradation of lipid and protein pool into heterotrophs
due to nutrient exogenous substrates coming in. Hence, in glycolytic chain of a
cell, reciprocal vibrations of carbon flow take place. The cyclicity of metabolic
processes is a necessary condition to stabilize regulation of the energy
metabolism. The reswitch from glycolysis to gluconeogenesis and back is pro-
vided by the presence of fructose bisphosphate futile cycle in the glycolytic chain.
The vibration period depends on many factors among which the sizes of carbohy-
drate and lipid pools are the most important. They control the switch of the futile
cycle and hence, the direction of carbon flow (214,215). It is obvious that the full
cell cycle consisting of the time of glycolysis and gluconeogenesis may be differ-
ent for various types of cells. For most of the eucaryotic cells, the full cycle varies
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from several to 24 h (215). Before considering the CIF mechanism in a cell, it
needs to be emphasized that the mechanism can explain only the principal features
of carbon isotope distribution in biomass, determined by CIE in pyruvate decar-
boxylation and by central metabolic pathways, but not the peculiarities of distri-
bution depending on the metabolic pathways of the concrete organism. Taking the
above into account, the mechanism of CIF can be described by the scheme shown
in Fig. 10.

In the gluconeogenetic phase, the carbohydrate pool of photosynthesizing
cells is filled with starch formed from the glucose synthesized in Calvin cycle. The
carbohydrate pool of heterotrophic cells is filled with glycogen formed or taken
from the nutrients. A part of carbohydrate pool is formed from glucose resynthe-
sized in the course of lipid and protein-carbohydrate exchange. To simplify the ex-
amination of *C distribution caused by pyruvate decarboxylation CIE, the glu-
cose from starch (glycogen) pool at the beginning of glycolysis is supposed to
have even '2C distribution, i.e., all glucose carbon atoms are of the same isotope
ratio.

In the glycolytic phase the starch (glycogen) pool of cells stops to feed the
glycolytic chain with substrates. An increase of glucose-6-phosphate and espe-
cially of fructose 1,6-bisphosphate concentrations makes fructose 1,6-bisphos-
phate a futile cycle to run in the direction of C; fragments (phosphoglyceric acid,
phyosphoenolpyruvate, lactate, and pyruvate) formation. It strongly activates
phosphofructokinase and inhibits fructose-biphosphatase (214,215). The above
“events” are supposed to result first in the filling of the C; fragment pool. Then,
in the course of pyruvate decarboxylation, the pool is depleted to provide sub-
strates for biosynthetic and energetic needs of the cell. Taking into account a pos-
sible CIF in the reaction and its position at the crossing of the central metabolic
pathways (see Fig. 10), the reaction is supposed to be the key element of the mech-
anism of carbon isotope distribution in the cell.

Hence, the periodic exhaustion of C; fragment pool combined with pyruvate
decarboxylation CIE in the course of the reaction must lead to the formation of re-
action products (CO,, and acetyl-CoA including C; fragments) periodically
changing their carbon isotope ratio. According to the theory of kinetic isotope ef-
fect (218), it occurs due to the change in carbon isotope ratio of particular atoms
of the reaction products located at the breakage points of C—C bonds. Moreover
the exhaustion of the substrate pool must be followed by the accumulation of *C
in the above positions of residual C; fragments. This results in uneven '*C in-
tramolecular distribution of C, and C; fragments changing in the cell cycle.
Hence, the metabolites formed from reaction products at different stages of pool
depletion must have different carbon isotope ratio. The final isotope distribution
in cell metabolites will be determined by the specificity of biochemical interac-
tions and metabolic pathway pattern. Carbon fragments synphasically synthesized
in exhaustion/refilling cycles of pyruvate pool must have close carbon isotope ra-

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 46 25 January 2011

Downl oaded At:

ORDER k REPRINTS

CARBON ISOTOPE EFFECTS IN BIOLOGICAL SYSTEMS 1859

STARCH

CO,
2
hexosomoml)'phosphates —»GPG"/

To Calvin
X5P — FS*’ PHOSPHO \P —»cycle & for

R
translopgolase GLUCONATE
RSP reactions '!slp CYCLE }’ x;m: g':ge
CALVIN P

" for glyceride
uBP €O, E; | ﬂ"ﬁ.ﬂ@hﬁ-& synthesis
glycerol 1-P —— —»= PEP bhihkitang
* €O o co,
for glyceride PYRIUV ATE
synthesis ) ¥ R
ST T T a-sFl\S’*Residual 13, )
| ACETYL-KoA( "€ ) l ¥ PYRUVATE( ©)
. ~ g
NG R |
2 ’ Alanin
I e . N\ A(iszszyllKaa__ _-Residial  Lactate
—_ 13y
- \ N Me®ey vate
l ( cigrdte acomtat\e ! LN Ge®en
: GLYOXYLIC isocitzate | ] z
| oxaloacetate “
: CYCLE
| Malate Elyoﬁlai’:%/l I citrate oxaloagetate S———
N\ ~ -~ "; 4 ‘ malate
oxalpacetate g, oot l KREBS CYCLE I
malaia ‘ succinate
*/ | |ox osuccinate eo
. ; Yo =8 t
for synthesis of | | co, o:r%glut e )
various structures FATTY ACIDS i J
4| a—glycerophosphate |4 ami:?oacids
¥ '
LIPIDS =~— —— —— —glycerides PROTEINS

Figure 10. Schematic representation of carbon isotope distribution in secondary
metabolism of photosynthesizing cell (for heterotrophic cell both Calvin and glyoxalate cy-
cles must be excluded from consideration and starch must be substituted with glycogen).
Carbon flows formed by C; (solid line) and C, (dashed line) fragments. The dotted line de-
noted point of carbon isotope fractionation in pyruvate decarboxylation (see text). X5P, xy-
Iulose-5-phosphate; R5P, ribose-5-phosphate; RuBP, ribulose 1,5-bisphosphate; 6PG, 6-
phosphogluconate; FOP, fructose 6-phosphate; FBP, fructose 1,5-bisphosphate; PGA,
phosphoglyceric acid; DHA-P, dihydroxyacetone phosphate; PEP, phosphoenolpyruvate.
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tios and as being included in cell synthesis they determine observed constancy of
metabolites carbon isotope ratios in respective functional states.

Experimental Data Supporting Proposed Model of CIF in
Respiration Metabolism

Let us discuss now the postulates, which have been used to construct the
model. The postulate asserting the link of carbon isotope distribution of metabo-
lites with their synthesis pathway was formulated for the first time by Abelson and
Hoering (92). This postulate seems to be obvious as it has been confirmed by
many authors (33,40,41,141,148,211,213). We will begin our consideration from
the second postulate: the pyruvate decarboxylation CIEs is the basic reason for the
appearance of isotope heterogeneity in the cell. A principal possibility for the ex-
istence of CIEs in the reaction of enzymatic decarboxylation of pyruvate has been
demonstrated by experiments in vitro (139,219,220). Results of one of them are
presented in Table 12. The kinetic nature of the effect is confirmed by the ob-
served isotopic shifts in the very positions predicted by the theory, namely at the
cleavage point of C—C bonds (218,221), such as carbonyl carbon atom in acetyl-
CoA (C, fragments), carboxyl and related carbonyl carbon atom in the residual
substrate (C; fragments) of reaction products. The methyl carbon atoms of the C,
and C; fragments save their isotope composition practically unchanged (see Table
12).

The pyruvate decarboxylation occurs at the crosspoint of the main
metabolic pathways and C, and C; fragments are used as structural units in syn-
thesis of nearly all cell metabolites. From the above mechanism of in vivo CIF, it

Table 12. Carbon Isotope Fractionation Observed in Enzymatic Pyruvate Decarboxyla-
tion with Enzyme Isolated from Yeast Under Different Reaction Conditions (140). 3'3C
Values are Given in Per Mill Relative to PDB Standard

313C %o
No. Exp. Experimental Conditions Acetaldehyde CO, A
1 100% reaction conversion —20.6 —22.5 5
2 0.5% reaction conversion, 15°C —26.5 —28.1 i;’
3 1.4% reaction conversion, 25°C —28.5 —28.8 ju
4 0.8% reaction conversion, 35°C -30.2 —-30.2 =
methyl carbonyl 2
5 100% reaction conversion —20.1 —199 —223 g
6 1.9% reaction conversion, 25°C —-21.1 —34.0 —28.8 éJ
;
©
S
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Table 13. Carbon Isotope Composition of Lipids Formed by Fermentation of Different
Substrates (140). 8'3C Values are Given in Per Mille Relative to PDB Standard

Source Carbon Lipids Isotopic Shift
Substrate ¥ IO ARC
Glucose —9.5 —15.7 —6.2
—16.3 -7.8
CH;COCOONa —20.5 —28.9 —8.4
CH;COONa —20.1 -21.5 —-14
—20.7 —0.6

AC = 3"3Cyip — 8" Cyyps, where 3'3Cyi, and 8'3Cyyps are the isotope compositions of lipids
and substrates, respectively.

is easy to predict the intramolecular heterogeneity of metabolites determining
their isotopic differences as well as the differences of biochemical fractions. The
analysis of isotope distributions in a series of metabolites (72,205) has shown a
good agreement between theoretically expected and experimentally observed iso-
tope distributions.

The direct experimental confirmation of the key role of CIE of pyruvate de-
carboxylation was first obtained for lipids (140). DeNiro and Epstein (140) pro-
posed an original route to check the hypothesis: to block the entry of C, fragments
from glycolytic chain by introducing them from outside of the cell when using ex-
ogenous acetate. In this way, the influence of the above effect on the carbon iso-
tope composition of lipids (if it really exists) is eliminated. Escherichia coli bac-
terium was chosen for experimental examination because of its ability to grow
both on glucose and pyruvate metabolized through the glycolytic chain, whereas
in the presence of exogenous acetate it preferentially uses acetate formed in pyru-
vate decarboxylation.

By cultivation of E. coli in glucose and pyruvate media it was found (see
Table 13) that isotopic composition of the lipids is enriched in '*C versus carbon
of the substrates by 6-9%o. By cultivation in the acetate medium the isotopic com-
position of the lipids was close to that of the substrate. Hence, the results are in an
agreement with what might be expected from the model.

A somewhat different approach to prove the influence of pyruvate decar-
boxylation isotope effect on fatty acids (the main part of lipid fraction) was used
by Monson and Hayes (141). They showed (see Table 14) that the intramolecular
distribution of carbon isotopes in fatty acids isolated from E. coli lipid fraction
was exactly the same as it is to be expected from the synthesis of fatty acids by
condensation of C, fragments according to the “head-to-tail” principle. Bearing in
mind the above mentioned uneven intramolecular isotope distribution of C, frag-
ments having methyl atoms unchanged in CIE of pyruvate decarboxylation and
carbonyl atoms subjected to isotopic shifts, one can expect that atoms in even po-
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Table 14. Distribution of Carbon Isotopes in Fatty Acids of Lipid Fraction of E. coli
Grown on Glucose of Known Isotope Composition (3'?Cg = —9.96%0, N is Ordinal Num-
ber of Carbon Atoms) (141). 8'3C Values are Given in Per Mille Relative to PDB Standard

Old Atoms Even Atoms
Total Carbon

Fatty Acids 3"3C %o N 83C% N 3C %o
Myristic 14 : 0% —13.75 1 —27.1
Palmitic 16:0 —12.23 1 —15.2
Palmitoleic 16:1 —13.01 1 —19.2
9 —16.0 10 -9.5
9,10-Methylene-palmitic 17 : cycle —13.71 1 —20.3
Vaccenic 18:1 —12.58 1 —13.9
11 —15.8 12 —9.5

* Total number of carbon atoms : number of double bonds.

sitions of fatty acid skeletons must have a carbon isotope ratio close to that of am-
bient substrate whereas atoms in odd positions must change their carbon isotope
ratio. Data of Table 8 are in full agreement with theoretical expectations and give
strong evidence in favor of the concept under consideration.

However, some authors (140,141) considered that the action of pyruvate de-
carboxylation CIE is reduced to lipids. To prove the universal role of CIE we car-
ried out experiments with Corynebacterium to investigate its influence on the dis-
tribution of carbon isotopes in some amino acids. The idea of this series of
experiments was identical to that described above to block pyruvate decarboxyla-
tion by substituting carbohydrate substrates with acetate to check whether this re-
sulted in shifts in isotopic patterns of amino acids. It should be underlined that in
spite of completely different pathways of lipid and amino acids biosynthesis
(222,223), they have the same source of the structural units. In the absence of an
exogenous source of C, fragments, they are produced by pyruvate decarboxyla-
tion reaction metabolizing substrates coming from glycolytic chain and would un-
dergo isotopic shift as compared with '*C distribution of substrate. In case of par-
tial or full substitution of carbohydrate substrate with acetate, the shifts are to be
either less or must disappear at all. Hence, the observed shifts in the intramolecu-
lar isotope distribution of amino acids in the above experiments might confirm the
influence of pyruvate decarboxylation CIE on isotopic composition of protein
components.

As seen from Table 15, cultivation of Brevibacterium flavum E-531 on car-
bohydrate substrate (molasses) the carboxyl carbon in lysine produced by bac-
terium is enriched in '*C versus total carbon of amino acids by 6.3%o. Cultivation
on molasses with addition of acetate resulted in reduction of '*C enrichment to
2.7%o. In the cultivation of Corynebacterium glutamicum 3144 on molasses, the
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bacterium produced glutamic acid with the carboxyl group enriched in '*C by
7.4%o. Complete substitution of molasses with acetate changed the sign of enrich-
ment. Thus, carboxylic group of glutamic acid became enriched in '*C by 2.7%o
as it was observed in experiment with B. flavum in the case of acetate addition to
molasses. The total isotopic shift of carboxyl carbon of glutamic acid caused by
the change of substrate was 10.1%o. Identical carbon isotope ratio of carboxyl car-
bon found in amino acids produced by bacteria on acetate substitution led to the
conclusion that in both cases the carbon isotope distribution of amino acids was
determined by the isotope distribution of acetate. Different signs of carboxyl car-
bon enrichment in '*C for lysine and glutamic acid in cases when bacteria were
grown on molasses confirms the first postulate (see above) on the relationship be-
tween carbon isotope distribution and metabolic pathways.

The results obtained support the hypothesis about dependence of isotopic
composition of the protein fraction components and that of the lipid components
on the isotope effect of pyruvate decarboxylation. Note that isotopic composition
of carbohydrate components must also depend on this effect via lipid-carbohy-
drate and protein-carbohydrate exchange. Therefore, one can infer that pyruvate
decarboxylation actually plays a key role in the cell distribution of carbon isotopes
and hence, the validity of the second postulate of the model appears to be con-
firmed.

Let us consider the third postulate of the model: pyruvate decarboxylation
in vivo proceeds by depletion of pyruvate pool. The assertion has a deep biophys-
ical sense because it means that cell processes are non-steady ones. Depletion of
pyruvate pool coupled with CIF in the reaction provides C, and C; fragments with
carbon isotope ratio, which changes in the course of depletion. From the above,
the following important biophysical conclusion can be derived: carbon isotope
distribution of metabolites and their isotope ratios are the function of the sequence
(time) of their syntheses in the cell cycle.

Table 15. Changes in Intramolecular Carbon Isotope Distribution in Amino Acids Pro-
duced by Corynebacteria Grown on Different Substrates (40,41). 8'*C Values are Given in
Per Mille Relative to PDB Standard

Bacteria Substrate 313C %o Amino acids 3BC %o ABC %o

B. flavum E-531 Molasses —23.6 Lysine —24.8 —6.3
Molasses + —23.6 Lysine —29.7 =27
acetate* —31.5

C. glutamicum 3144  Molasses 222 Glutamic acid —28.0 +7.4
Acetate —322 Glutamic acid —26.7 —-2.7

Note: AC = 8" Cearpoxyi— 8" *Crotats 8'*Cearboxyt and 8'*Cyor are the isotope composition
of carboxyl and total carbon of amino acid.
* Nutrition mixture: 80% molasses + 20% acetate.
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Before considering experimental data confirming the above assertion, it
seems reasonable to analyze the conclusions, which might be derived from the al-
ternative approach. This approach can be formulated as follows: the processes are
steady-state ones and hence, there is no depletion of the pyruvate pool in decar-
boxylation. Then, '2C-enriched C, fragments with isotopically light carboxyl car-
bon are formed providing the same isotope distribution of carbon units for all to
acetate-derived products, such as fatty acids, sterines, terpenes, carotenoids, etc.,
determining their similar carbon isotope ratio.

In parallel, C; fragments having carboxyl and the adjacent carbonyl carbon
atoms enriched in '*C, which are used in the syntheses of amino acids and other
metabolites, provide corresponding isotope pattern and '*C enrichment of these
substances or those parts of their molecules where C3 fragments are incorporated.
Under given cell conditions, carbon isotope ratio of C, and C; fragments and their
intramolecular isotope distribution must be constant. Hence, carbon isotope ratio
of metabolites derived from these fragments should reflect their isotopic compo-
sition and remain unchangeable for the given conditions. Following this logic, car-
boxyl carbon of different fatty acids must have the same isotopic composition.
Fatty acids, which are characterized by the methyl-C to carboxyl-C ratio of 1:1,
compared to polyisoprenoids with the ratio of 3:2 must be proportionally enriched
in '3C (224). This approach leads to interpretational difficulties, which have been
discussed by Blair et al. (201) and Hayes (224).

In purple photosynthetic bacterium, Chromatium vinosum, organic acids
with 1:1 ratio of methyl-C and carboxyl-C appear to be enriched in >C versus
carotenoids having 3:2 methyl:carboxyl ratio (225). Nevertheless, in most cases
the opposite situation is observed. For example in cyanobacterium, zooplankton,
vascular plant, and eucaryotic alga fatty acids were found to be depleted in '*C by
1-2%0 in comparison with polyisoprenoids (226). Sharkey et al. (227) found that
in oak tree leaves, isoprene and carotenoids were depleted in *C versus fatty acids
by 2%o. 24-Ethylcholestanol having isoprenoic structure (whose origin was as-
cribed to terrestrial plants) was found to be enriched in '*C versus relative to -
alkyl plant waxes of the same sediment with low methyl:carboxyl ratio (228,229).
A similar distribution of '*C was observed in methanotrophic bacteria, Methylo-
coccus capsulatus and Methylomonus methanica, under different cell growth con-
ditions (33). Fatty acids were enriched in '2C compared with hopanoids and
steroids by 5-7 %o.

The steady-state approach fails to explain big differences between individ-
ual polyisoprenoid structures (33). Squalene forming carbon skeletons of many
steroids and hopanoids is enriched in '*C by 5-7%c compared with these sub-
stances. Even substances with very close structures, such as hopane and 3[3-
methylhopane, methyl and dimethylsterol, or sterols differing from each other by
one unsaturated C=C bond are characterized by the difference in carbon isotope
ratio of 5-7%o0. Removal of one methyl group or cleavage of one unsaturated car-
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bon bond is unlikely to result in so drastic a change in carbon isotope ratio of large
molecules.

The strongest arguments in favor of the non—steady-state nature of cell pro-
cesses including pyruvate decarboxylation is provided by consideration of in-
tramolecular '*C distribution in metabolites. According to the steady-state ap-
proach, fatty acids must have carboxyl carbon enriched in '>C and be of the same
isotope ratio. As seen from Table 16, the real situation contradicts this conclusion.

Different fatty acids isolated from the lipid fraction of various organisms
have carboxyl carbon with isotope ratio of ~20%oc. In most cases, the carboxyl
group of fatty acids is enriched in '*C versus total carbon. In wheat seeds, the car-
boxyl carbon of vaccenic and linoleic acids is depleted in '2C as compared with
total one.

Blair et al. (201) examining E. coli metabolism found an even higher iso-
topic difference between carboxyl and total carbon of acetic acid (a metabolic
product of C, fragment cell transformation) excreted by bacteria. The '*C enrich-
ment of carboxyl carbon was about 12%o. This kind of isotope distribution cannot

Table 16. '3C Distribution in Fatty Acids Isolated from Lipid Fraction of Different Or-
ganisms. 8'°C; Values are Given in Per Mille Relative to PDB Standard

3'3C of Fatty Acid

Total Carboxyl

Organism Fatty Acids Carbon Carbon
E. coli (141) Myristic 14:0* —13.7 —-27.1
Palmitic 16:0 —-12.2 —-15.2

Palmitoleic 16:1 —-13.0 —-19.2

9,10-Methylenepalmitic 17:cycle —13.7 —20.3

Vaccenic 18:1 —12.5 —-13.9

S. cereviseae (199) Myristic 14:0 =51
14:1 -0.7

Palmitic 16:0 —-3.1

Palmitoleic 16:1 +1.1

Stearic 18:0 —17.4

Vaccenic 18:1 =51

Wheat seeds (230,231) Palmitic 16:0 —18.1 —20.2
Vaccenic 18:1 —16.0 —12.3

Linoleic 18:2 —15.4 —6.5

Soybeans (230,231) Palmitic 16:0 -30.3 —40.1
Vaccenic 18:1 —-294 —-31.5

Linoleic 18:2 —29.7 —28.5

Nutmeg (231) Myristic 14:0 —29.9 —38.8

* Total number of carbon atoms : number of double bonds.
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be achieved by the steady-state pyruvate decarboxylation but it can be easily ex-
plained by Releigh effect arising in the course of substrate pool depletion.

The analysis of the intramolecular carbon isotope distribution leads to the
same conclusions. Amino acids belonging to the same acid family and inheriting
carboxyl carbon from the same source, according to the steady-state concept must
have carboxyl groups of identical carbon isotope ratio. This contradicts the data
shown in Table 17. As seen, the isotope ratio of carboxyl carbon of amino acids
differs dramatically from that of the total carbon (232), which is similar to what is
observed for fatty acids (see Table 16). This confirms once again that cell pro-
cesses are not steady-state processes.

Let us consider how the above results can be explained from the stand-
point of the non-steady model. In accordance with the theory of kinetic isotope
effect (218), the degree of '3C enrichment of C, fragment carboxyl carbons as
well as that of CO, formed in decarboxylation is determined by the degree of
the pyruvate pool depletion. At low degrees (0 < F < 0.5) these carbon atoms

Table 17. '*C Distribution in Amino Acids Isolated from Protein Fraction of Photosyn-
thetic Microorganisms (92). 8'3C Values are Given in Per mille Relative to PDB Standard

13C Distribution

Amino Acid Family Amino Acid Chlorella Euglena Gracilaria
a-Ketoglutaric Glutamic acid
acid family Total carbon —18.7 —17.3 —-17.2
Carboxyl carbon —8.8 -0.2 -84
Arginine
Total carbon —19.2 —159 —13.8
Carboxyl carbon —2.6 +3.6 -3.6
Oxaloacetic Aspartic acid
acid family Total carbon —6.6 -9.6 —14.4
Carboxyl carbon +2.2 +1.0 —-53
Threonine
Total carbon —14.5 —8.6 —14.5
Carboxyl carbon -0.5 +2.1 —8.5
Triose family Alanine
Total carbon —10.3 —143 —153
Carboxyl carbon -73 —13.8 —11.5
Serine
Total carbon —=5.5 —8.3 —14.1
Carboxyl carbon +2.5 —6.1 —8.8
Glycine
Total carbon —14.3 —12.8 —10.2
Carboxyl carbon —6.3 —11.6 —12.8
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Table 18. Carbon Isotope Fractionation in E. coli Grown on Glucose of Known Carbon
Isotope Composition (8'*Cgiycose = —9.0%0) (201). 3'3C Values are Given in Per Mille
Relative to PDB Standard

13C Distribution in Acetate

Lipids Fatty Acids Total Carboxyl Methyl

—11.7 —12.1 +3.3 +15.0 —8.8

must be enriched in '?C versus initial substrate. At higher F (0.5 < F < 1) the
same atoms must be enriched in '*C. Methyl carbon atoms of C, fragments are
not involved in the C—C bond cleavage in pyruvate decarboxylation and retain
their carbon isotope ratio inherited from initial substrate. Then the theory pre-
dicts that the carboxyl carbon of both fatty and amino acids can be enriched both
in '2C and in '3C depending either on F value or the sequence (time) of their
formation in the cell cycle. This explains thoroughly the data presented above.
The isotopic differences of metabolites result from the intramolecular discrep-
ancies. One more argument in favor of this assertion can be found in the work
by Blair et al. (201).

By studying the CIF in E. coli in fermentation of glucose of known carbon
isotope composition, the authors found that fatty acids were enriched in >C ver-
sus initial glucose whereas acetic acid produced by bacteria (though also synthe-
sized from C, fragments) was sharply enriched in '*C (see Table 18).

It is important to emphasize that the whole '*C enrichment of acetic acid
was entirely linked with its carboxyl atom, which inherited the carboxyl atom
from C, fragments while the isotope composition of methyl carbon atom was
close to that of carbon of the nutrient glucose. Although the data followed the
same isotope distribution pattern as that reported by Monson and Hayes (141) for
fatty acids, the sign of the isotopic differences was opposite. This directly con-
firms that C, fragments formed in decarboxylation of pyruvate may be enriched
either in '?C or in '*C. This confirms, in turn, that pyruvate pool is depleted and
metabolic processes are not the steady-state ones.

In this context, an abnormal '*C enrichment of the guanido group of argi-
nine (8'3C = +7.1%o) versus total carbon (8'*C = —22.3%0) found in photosyn-
thetic alga Chlorella pyrenoidosa (34) must also be mentioned. It is known (232)
that the guanido group is formed by interaction of CO, and NHj in ornithine cy-
cle of the cell. Since the exogenous carbon dioxide (8'*C = 0%0) cannot be the
source of heavy carbon isotope and among other possible sources only CO, de-
rived in decarboxylation of pyruvate can provide heavy carbon for guanido syn-
thesis, one has to conclude that it occurs at a high degree of pyruvate pool deple-
tion. It also means that arginine is formed at a high degree of pool depletion. This
conclusion is supported by high '*C enrichment of arginine carboxyl group in
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comparison with carboxyl groups of the other amino acids (34). The analysis of
13C distribution in amino acids will be given below.

The conclusion about exhaustion of pyruvate pool following the analysis of
isotopic data agrees with biophysical assumption of the model about existence of
the reciprocal periodic vibrations in glycolytic chain of the cell. Though at pre-
sent, no direct evidence in favor of these vibrations can be found, some data ob-
tained by studying '*C distribution in amino acids produced by Corynebacteria
grown on substrates of known carbon isotope ratio (100), may be regarded as in-
direct confirmation of such vibrations.

It was found that in some lysine-producing bacteria an addition of acetate to
the carbohydrate substrate sharply reduced the intramolecular isotopic differences
(see Table 15). In other cases (see Table 19), even complete substitution of the
substrate with acetate is not accompanied by such remarkable changes. The most
logical explanation for this effect stems from the idea of existence of the recipro-
cal vibrations in the glycolytic chain. A decrease of the intramolecular isotope dif-
ferences in lysine observed in the experiment with B. flavum E-531 after addition
of acetate (see Table 15) was explained by the blocking of pyruvate decarboxyla-
tion by the flow of exogenous C, fragments (used for lysine synthesis) occurring
in the glycolytic phase.

In the experiment with C. glutamicum E-95-10 (see Table 19), the addition
of acetate results in a small change of the intramolecular isotope distribution. Even
complete substitution of molasses by acetate does not result in a big change. A
possible explanation of these results is either the absence of blocking in the case
of partial substitution or incomplete blocking in the case of complete substitution
of molasses by acetate. This can be explained, in turn, by consumption of exoge-
nous C, fragments in B. flavum E-531 occurring in glycolytic phases of cell cycle
when pyruvate decarboxylation must proceed and thus, they block the reaction. In

Table 19. Fractionation of Carbon Isotopes in Bacterium C. glutam-
icum E-95-10 Grown on Molasses and Acetate Media (40,41). §'3C Val-
ues are Given in Per Mille Relative to PDB Standard

Substrate Lysine
Type 3¢ 33C ot ABC
Molasses —23.6 —24.4 —8.2
Molasses + —23.6 —30.0 —-7.8
Acetate” -31.5
Acetate —-31.5 —324 -5.5

Note: A13C = 813Ccarboxyl - 813Clolal, 813Ccarboxyl and 813Clolal are the
isotope composition of carboxyl and total carbon of lysine.
* Nutrition mixture: 80% molasses + 20% acetate.
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C. glutamicum E-95-10 cells the consumption of exogenous acetate occurs in glu-
coneogenetic phase where it is used for carbohydrate synthesis. In the glycolytic
phase, the carbohydrates synthesized from exogenous acetate feed the glycolytic
chain, the pyruvate decarboxylation, and Krebs cycle, and hence no blocking of
the reaction occurs. The intramolecular isotope differences in lysine are deter-
mined by the isotope effect of pyruvate decarboxylation. From this the conclusion
that substrate can be consumed either in gluconeogenetic phase when carbon flow
increases or in glycolytic phase when it decreases may be regarded as indirect ev-
idence in favor of the existence of periodic fluctuations in glycolytic chain.

13C Distribution in Cell and Temporal Organization of Metabolic
Processes: Preliminary Notes

The described model makes it possible to link '*C distribution in a cell with
temporal organization of metabolic processes. But the lack of currently available
experimental data for different types of cells and organisms requires confining
consideration by some examples and preliminary notes. The basic principles of
such a consideration are formulated below.

All metabolites are mainly composed of C,, C{(CO,), and C; fragments,
which are the products of pyruvate decarboxylation reaction. To analyze their iso-
tope distribution one needs to know the isotopic pattern of the above units. The
isotopic patterns of C, fragments and CO, are described above. In C; fragments
the carboxyl and the adjacent carbonyl atoms in accordance with isotopic material
balance of pyruvate decarboxylation reaction are always enriched in '*C versus
carbon of the initial substrate whereas their methyl carbon (as in C, fragments) re-
tains its isotopic composition. Hence, all carbon atoms that are used in metabolite
syntheses may be divided into 3 types: 1) carboxyl atoms of C, fragments and
CO,, which may be enriched either in 'C at F < 0.5 or in '3C at F > 0.5 relative
to the initial substrate carbon; 2) carboxyl and adjacent carbonyl atoms of C; frag-
ments, which at any level of pyruvate pool are always enriched in '*C; and 3)
methyl atoms of C, and C; fragments, which retain an unchanged carbon isotope
ratio. Let us consider for simplicity that pyruvate atoms located at the ends of the
broken C—C bonds undergo equal isotopic shifts in decarboxylation, and the
atoms of the initial substrate are isotopically identical.

Another principle is based on the close link between '*C distribution of
metabolites and their synthetic pathways with the use of the above structural units.
Following these principles and taking into account the known regularities in '*C
distribution and biochemistry of cell processes, let us try to find out some features
of temporal organization of cell metabolism.

It is a well-known fact that lipids are always enriched in 'C compared with
proteins regardless of the organism type. Considering that lipids are mainly pre-
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sented by fatty acids whereas synthesis of the most amino acids proceeds via
Krebs cycle; based on the model, one can conclude that the synthesis of fatty acid
occurs in a cell prior to Krebs cycle functioning. It seems to be a general principle
of temporal organization of any cell.

The fatty acids of lipid fraction of methanotrophic bacterium, cyanobac-
terium, eucaryotic alga, zooplankton, and vascular plants were found to be de-
pleted in 13C by 2—-5%o versus steroids, carotenoids, terpenoids, and high molecu-
lar hydrocarbons (33,196,226-229). By following the above logic and noting that
all the components are synthesized from C, fragments, in these organisms, poly-
isoprenoids and high molecular hydrocarbons are formed in cell cycle prior to
fatty acids.

Since 1961 there is only one work by Abelson and Hoering (92) where *C
distribution in protein fraction of photosynthetic microorganisms was compre-
hensively studied. Let us analyze their data shown in Table 20 in detail. By setting

Table 20. '3C Distribution in Amino Acids Extracted from Protein Fraction of Photo-
synthetic Microorganisms (92). 8'>C Values are Given in Per Mille Relative to Nutrient
CO,. 3'3C of CO, is 0%o

Amino Scenedes

Acid Chlorella  Anacystis Mus Chromatium  Euglena  Gracilaria

Leu —26.0 —17.8 —22.2 —23.7 —25.6 —22.1
—16.3 —15 —17.8 =225 —13.6 —24.1
i-Leu —22.0 —12.2 —17.7 — — —19.8
—-74 —1.5 —13.1 — — —14.0
Lys —20.9 — — — —224 —
+2.5 — — — —24.8 —
Ala —11.8 —14.2 —20.5 — —14.6 —17.2
—-74 +0.2 —135 — —13.8 —11.5
Ser —9.9 — — —84 —9.8 —16.8
+2.5 — — 2.8 —6.1 —8.8
Gly —233 —11.1 —17.5 — —14.1 —17.7
-53 —8.8 —11.8 — —11.6 —12.8
Glu —21.1 —16.7 —26.6 —20.1 —21.5 —19.3
—8.8 +11.7 —5.6 +2.2 -0.2 -84
Arg —22.6 — — — —19.8 —15.9
—2.6 — — — +3.6 —-3.6
Asp —15.6 —22.1 —243 —27.6 —20.3 —184
+2.2 —2.6 —-0.8 —15.9 +1.0 -53
Thr —19.2 — — — —12.2 —16.4
-0.5 — — — +2.1 -85

Note: upper (underlined) and lower 3'C values correspond to amino acid radicals and car-
boxyl carbons, respectively.
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amino acids in the order of enrichment of their carboxyl carbon in 13C, one can ob-
tain the following sequences:

Gracilaria Leu <i-Leu < Gly < Ala < Phe < Ser < Thr < Glu
< Tyr < Asp < Arg

Euglena Lys < Ala < Leu < Gly < Ser < Tyr < Phe < Glu
< Asp < Thr < Arg

Chlorella Leu < Gly < Ala <i-Leu < Glu <Thr < Asp < Ser
< Lys < Tyr

Anacystis Leu < Gly <i-Leu < Ala < Asp < Glu

Scenedesmus Leu < Ala < i-Leu < Gly < Glu < Asp

Chromatium  Leu < Asp < Ser < Glu

The analysis of these sequences allows one to conclude that more often than
others the branched amino acids such as leucine and i-leucine and then alanine and
glycine are at the head of the rows. In accordance with the proposed model this
means that they are the first among the protein components, which are formed in
the cell cycle. Amino acids produced via Krebs cycle such as glutamic acid, argi-
nine, aspartic acid, and threonine, as well as those formed in shikimate pathway,
tyrosine and phenylalanine, are located closer to the end of sequences, and hence,
they are synthesized later in the cell cycle. Some amino acids like lysine and as-
partic acid can be found at the opposite ends of the sequences. This means that
their synthesis in different microorganisms proceeds at different stages of the cell
cycle. Different sequences of amino acid synthesis often corresponds to different
metabolic pathways of their formation.

Lysine species in Chlorella and Euglena (see Table 20) are close in car-
bon isotope ratio of their radicals and differ by that of carboxyl carbon. Enrich-
ment of carboxyl carbon of lysine in Euglena with light isotope compared with
carboxyl carbon of amino acids associated with Krebs cycle allows for the con-
clusion that in this microorganism the synthesis of lysine precedes Krebs cycle
activity. Unlike Euglena, enrichment of lysine carboxyl carbon in Chlorella with
heavy isotope testifies that its synthesis proceeds via Krebs cycle. The follow-
ing two pathways of lysine synthesis are known from the literature (232): via di-
aminopimelic acid (see Fig. 11a), and via a-aminoadipic acid (see Fig. 11b),
which corresponds to the observed isotope distributions. The first one is associ-
ated with Krebs cycle, and the carboxyl group of lysine is inherited in this case
from aspartic acid. Comparing carboxyl carbon of lysine and that of aspartic
acid in Chlorella (see Table 20), one can see that they are really very close in
13C content. The second pathway is associated with the use of C, fragments as
a sole source of structural units, like in the synthesis of fatty acids. The “light-
ness” of the carboxyl group of lysine in this case testifies to the synthesis of ly-
sine in Euglena by using C, fragments. Like synthesis of fatty acids, it precedes
Krebs cycle operation.
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Figure 11. Distribution of carbon atoms in diaminopimelic acid (a) and a-aminoadipic
acid (b) routes of lysine biosynthesis (232): methyl atoms originated from C, and Cj; frag-
ments (asterisks); atoms originated from carbonyl atom of C, fragments (empty circles);
carbonyl and carboxyl atoms originated from carbonyl atom of C; fragments (filled circles)
(see text).

Comparing the isotope distributions of leucine and i-leucine one can see that
carboxyl and radical carbon atoms in the former are more enriched in '*C than those
in the latter. In accordance with the known metabolic scheme of amino acid biosyn-
thesis (232) (see Fig. 12), the carboxyl group of leucine is formed from C, frag-
ments whereas the carboxyl group of i-leucine originates from C; fragments. This
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agrees with the described '*C distribution in the units used in their synthesis as-
suming that both amino acids are formed at the close levels of pyruvate pool de-
pletion.

The C, fragments origin of the carboxyl group of leucine is also supported
by the fact that isotope ratio of its carboxyl carbon can be enriched either in '*C
(Gracilaria) or in '3C (other cases) (see Table 20). As it has been shown, both
signs of isotopic shifts in intramolecular distribution are typical for C, fragments.

The lightness of leucine radical carbon compared with that of i-leucine
stems from the difference in carbon atom distribution of their skeletons (see Fig.
12). The difference can be explained by incorporation of methyl carbon atoms
from C, fragments into leucine skeleton instead of carbonyl carbon atoms in i-
leucine skeleton. Carbonyl atoms of C, fragments are enriched in 13C versus
methyl atoms at F' > 0.5 (see above).

The analysis of Table 20 shows that radical carbon of alanine, serine, and
glycine in most of the studied microorganisms is characterized by high '*C con-
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Figure 12. Distribution of carbon atoms corresponding to possible biosynthesis path-
ways of leucine and i-leucine formation (232).
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tent compared with other amino acids. According to the known schemes of their
biosynthesis (232), the amino acid precursors can be either phosphoglyceric acid
formed in Calvin cycle or/and pyruvic acid derived in glycolysis. The logic of this
consideration prompts to explain heavy isotopic composition of the amino acids
with CIE of pyruvate decarboxylation. In this case, the proportionality between
13C enrichment of radical and of carboxyl carbon must be observed, since heavy
atoms are included both in radical and carboxylic group. However, as it follows
from Table 20, a light carboxyl carbon of the aforementioned amino acids corre-
sponds to a relatively heavy carbon of radical. Then it seems reasonable to assume
that the observed '*C enrichment of radical carbon emerges due to the contribu-
tion of the above amino acids synthesized by photorespiratory pathway. As it has
been shown under Modeling of CIF in Photorespiration, the metabolites includ-
ing amino acids synthesized in the photorespiratory chain are enriched in "*C.
Moreover randomization of atoms in transketolase and transaldolase reactions in
the cycle ensures '>C enrichment of any carbon atoms including those of radical.
Thus, addition of alanine, serine, and glycine synthesized in this way to the total
pools of these compounds can provide the described isotopic shift of their radical
carbon.

As seen from Table 20, most amino acids produced via Krebs cycle, such as
aspartic acid, threonine, glutamic acid, and arginine, are characterized by rela-
tively light radical carbon and by carboxyl carbon, which is far more enriched in
13C. To explain this, one needs to take into consideration that when amino acid
synthesis occurs, the cycle is supplied both with C, and C; fragments. It has been
shown (233) when intensity of Krebs cycle is low what corresponds to a low ratio
of C, to C5 fragments (Nc»/Nc3) entering the cycle, the radical carbon of Krebs
cycle metabolites is more enriched in 13C than at high intensity (Nc2/Ne3z>7).
This is the result of different randomization of light and heavy carbon atoms orig-
inated from structural units. At the same time a high content of '*C in carboxyl
carbon of amino acid indicates that Krebs cycle supplies amino acid synthesis
with substrates at a high degree of pyruvate pool depletion. Hence, the observed
13C distribution in amino acids derived via Krebs cycle testifies in favor of high
intensity of the cycle in the majority of microorganisms studied. On the contrary,
13C enrichment of radical and carboxyl carbon of threonine in Euglena, aspartic
acid in Chlorella, and of glutamic acid in Anacystis indicates that sometimes the
intensity of Krebs cycle is reduced.

The analysis of the above amino acid sequences permits the conclusion that
amino acids of the triose family in most organisms are synthesized in cell cycle af-
ter the synthesis of branched amino acids and before Krebs cycle operation.

It must be emphasized that the chemical sequence of metabolites in their
synthesis does not always coincide with their temporal sequence. The former re-
flects only the way of component synthesis while the latter corresponds to the real
temporal sequence of their accumulation in a cell determined by the needs of en-
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ergetic and structural metabolism of the organism under given conditions. For ex-
ample, according to the chemical sequence, threonine synthesis must follow that
of aspartic acid. If the temporal sequence were the same as the chemical one, the
carboxyl carbon of threonine in Chlorella and in Gracilaria would be more en-
riched in 'C than that of aspartic acid, because the latter is the precursor of thre-
onine. In fact, as one can see from Table 20, an opposite situation is observed. This
means that the pool of threonine is accumulated before that of aspartic acid. On
the contrary, in Euglena the carboxyl carbon of threonine is isotopically heavier
than that of aspartic acid, being the result of coincidence of chemical and tempo-
ral sequences in amino acid synthesis. Another reason for the difference in chem-
ical and temporal sequences is the existence of the different ways of metabolite
pool formation, which are active (as a rule) at different stages of cell cycle. The
dramatic difference in '*C distributions of glycine and serine in Chlorella from
what it is expected to be if glycine is derived from serine (by removal of its
methoxyl group) (232) gives proof of the existence of another pathway of serine
synthesis. In particular, it might be the result of participation of photorespiratory
carbon flow in amino acid synthesis as it has been indicated before. All above ex-
amples clearly demonstrate great possibilities of using metabolic CIEs in the ex-
amination of regulation and temporal organization of metabolism in organisms.

Other Points of CIF in Respiration Metabolism

All previous consideration of CIF in a cell was based on the key postulate
that CIE of pyruvate decarboxylation is the sole reason for '*C distribution in a
cell. Though pyruvate decarboxylation isotope effect is very important and plays
the ultimate role in cell carbon isotope distribution influencing the carbon isotope
ratio of each cell component, this approach can give only a simplified picture of
real isotope distribution. Nevertheless, it creates a necessary background to in-
vestigate mechanism of isotope fractionation more thoroughly by comparing iso-
tope distribution in the frame of theoretical model with experimental isotope data.
The discrepancy between the predicted isotopic distribution and the observed one
can give information on the existence of some other isotope fractionation
metabolic points. Some evidence for the existence of such points are given below
and their role in cell isotope distribution is discussed. One of them is bound to fatty
acid synthesis.

It is known that skeletons of fatty acids are built of C, fragments due to their
condensation in accordance with head-to-tail principle (174). By following the
suggested CIF model one must expect that even atoms of fatty acid skeletons
should be of identical carbon isotope ratio. The isotope ratios of odd atoms (tak-
ing into account the duration of fatty acid synthesis) should reflect a trend to the
gradual '*C enrichment along the molecule skeleton starting from the carboxyl
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carbon atom. The shift of the isotope ratio is determined by the depletion of pyru-
vate pool in the course of fatty acid synthesis. The longer time of synthesis, the
higher isotopic shift must be observed. The data on carbon isotope ratio of indi-
vidual atoms presented in Table 21 do not support the expected isotope distribu-
tion. Atoms C-9, C-10, C-11, C-12, and C-13 are considerably enriched in 2c
compared with C-1. The explanation for such a discrepancy is in the fact that all
atoms examined are located at the ends of unsaturated C—C bonds. This enables
us to suppose that isotope fractionation accompanies the formation of unsaturated
bonds. The magnitude of this effect reaching 30%o testifies in favor of carbonic
ion mechanism of bond formation (234), but the lack of additional data does not
permit us to make more definite conclusions.

Another point of CIF was reported by Welacher et al. (212). They investi-
gated '*C distribution in purine alkaloids extracted from black tea grown in dif-
ferent regions and found that carbon of methyl groups of caffeine (1,3,7-trimethyl-
2,6-dioxopurine) is considerably enriched in '2C versus total carbon of the
caffeine molecule (see Table 22).

Good reproducibility of the results obtained for plants grown under differ-
ent conditions shows that '2C enrichment of C; fragments is not occasional and
reflects CIF occurring in their formation. It is confirmed by the observed '°C en-
richment of methoxyl groups in some phenylpropanoic derivatives isolated from
sugar cane and wheat (207). Weillacher et al. (212) considered the known way of
C, fragment synthesis by splitting the methoxyl group of serine in glycine forma-

Table 21. Isotope Ratio of Carbon Atoms Located in Some Positions of Fatty Acid Skele-
tons. 8'3C Values are Given in Per Mille Relative to PDB Standard

Object d13C
Organism Fatty Acid 0Odd Atoms Even Atoms
E. coli (141) Palmitoleic 16:1* C-1 —19.2
C-9 —16.0 C-10 -9.5
Vaccenic 18:1 C-1 —13.9
C-11 —15.8 C-12 -9.5
S. cereviseae (199) Palmitoleic 16:1 C-1 +1.1
C-9 -9.7 C-10 —13.8
Vaccenic 18:1 C-1 =5.1
C-9 —18.0 C-10 —20.2
Soybeans (230,231) Vaccenic 18:1 C-1 —31.5
C-9 —63.1 C-10 —414
Linoleic 18:2 C-1 —28.5
C-9 —56.2
C-13 —30.8

* Total number of carbon atoms : number of double bonds.
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Table 22. Carbon Isotope Ratio of Certain Methyl Groups of
Purine Alkaloids Extracted from Black Tea Leaves Grown in Differ-
ent Regions (212). !3C Values are Given in Per Mille Relative to
PDB Standard

Caffeine of Black Tea
Origin Total Carbon Methyl Carbon
Sri Lanka —31.3 —34.7
Darjeeling —30.2 —41.4
Assam —29.4 —433
USSR —29.2 —38.4
China —-41.4 —38.2
Mean values —30.3 —39.2

tion. They assumed that the reduction of C; fragments in transfer to S-adenosyl-
methionine from tetrahydropholic acid pool is the point where the isotope effect
emerged. It has been found that the carbon isotope ratio of C; fragments in differ-
ent positions (even of the same molecule) is dramatically different (212). It allows
us to suppose that in this process, like in the previously investigated, the isotope
fractionation is followed by isotope effect of substrate pool depletion. Neverthe-
less, a thorough examination is needed to discuss this mechanism in more detail.

The above data show that the real distribution of carbon isotopes in a cell is
more complex than that predicted by the proposed model. At the same time, it
seems obvious that detailed study of 'C distributions and their links with
metabolic processes is impossible without knowing the principal features of dis-
tribution determined by isotope effect of pyruvate decarboxylation.

CARBON ISOTOPE CHARACTERISTICS OF HIGHLY
ORGANIZED ANIMALS AND HUMANS

Preliminary Notes

How far the results obtained by CIF analysis in the simplest biological sys-
tems (mainly photosynthetic and heterotrophic microorganisms) can be trans-
ferred to highly organized biological systems (including humans) is the crucial
point determining the applicability of isotopic data to investigate such systems.
Because of the lack of experimental data, the problem is still far from being
solved. Nevertheless, the following main reasons permit use of the results of the
previous analysis to study highly organized animals and humans.

CIE in pyruvate decarboxylation was shown to be the principal element of
CIF mechanism of any cell where the essential elements of metabolism are the
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glycolytic chain, the Krebs cycle, and the chain of fatty acid synthesis. This as-
sertion seems to be more reasonable because of the closeness of cell conditions
(pH, temperature, ionic strength) regardless of the organism type and the level of
its organization. Hence, there is no reason to suppose that the same processes un-
der close conditions will result in different isotope fractionation in highly orga-
nized systems. This means that CIE in pyruvate decarboxylation is responsible for
isotopic characteristics and their changes in organisms.

On the basis of this hypothesis, it is reasonable to extend the above conclu-
sions obtained for the simplest systems to the complex ones. In particular, the
most important finding that CIF in cells occurs in pyruvate pool depletion, i.e.,
metabolic processes are the non—steady-state ones, should be also valid for the
complex organisms. Thus, a certain set of isotopic characteristics should corre-
spond to each energetic state of organisms. They may be different for different or-
gans of an organism consisting of different types of cells. The differences in car-
bon isotope ratio of individual components and tissue fractions, intramolecular
isotope heterogeneity, and temporal cyclic variations of carbon isotope ratio of
metabolic CO, evolved at different stages of cell cycle, typical of the simplest or-
ganisms and caused by dynamics of cell processes might be expected for highly
organized animals as well.

Accounting for a high differentiation of tissue functions and compartmen-
talization of metabolic pathways, the dependence of isotopic characteristics on the
parameters controlling nerve, hormone, and transport systems must also be ex-
pected. The ability of systems to self-regulate to maintain their internal medium
in close limits allows one to expect a relative stability of the isotopic characteris-
tics at particular functional states of the organism. At the same time, the differ-
ences of isotopic characteristics in different pathological and energetic states of
the same organism may be predicted and will be shown below.

Let us consider now some peculiarities of studying the carbon isotope char-
acteristics in highly organized animals and especially in humans. First of all, it
should be emphasized that a low accessibility of the objects for a detailed study
making to use for the investigations some integral isotope characteristics like iso-
tope ratio of the breath CO, or those of the urine urea. The contributions of dif-
ferent tissues and organs of an organism to integral characteristics can be differ-
ent for each energetic state and are the object of thorough consideration. In this
situation it is reasonable to select for study such functional states of the organism
when the contribution of individual organs are either dominant or specific.

Nevertheless, there are some difficulties connected with the lack of knowl-
edge of temporal organization, regulation, and coupling of the processes in vari-
ous tissues. In particular, the idea about the existence of reciprocal autovibrations
in the glycolytic chain of cell based on purely chemical regulation in respect to
highly organized animals becomes unclear. At the same time, periodic fluctua-
tions of carbon metabolism under the control of endocrine, nerve, and transport
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Table 23. Carbon Isotopic Composition of Different Organ Tissues of Rodents (236).
8!3C Values are Given in Per Mille Relative to PDB Standard

3!3C of Organ Tissues

Organism Liver Fats Spleen Muscle of Legs
Dipoclomys
Male —15.6 —16.9 —14.1 —153
Female —153 —18.2 —15.0 —14.6
Sigmodon hispidus
Male —23.2 —25.4 —22.4 —22.1
Female —19.1 —19.6 —16.4 —-134
Spermophilus Spilosoma
Male —222 —23.8 —20.8 —19.2
Female —19.2 —224 —19.5 —19.8

systems are likely to exist. With the above ideas and doubts in mind and realizing
the difficulties of the task, let us consider first the known factual material.

General Background

The heterotrophs including highly organized animals were considered at
first to be incapable of fractionating carbon isotopes (78,235). This conclusion
was based on the observed proximity of the carbon isotope ratio of biomass and
that of the diet. Soon it was defeated by the discovery of the isotopic discrepan-
cies between different organs of animals and humans (236-239). Data of Tables
23 and 24 clearly indicate the existence of CIF in tissue cells of animals. This con-
clusion more evidently follows from Tables 25 and 26 showing the results of com-
prehensive isotopic analysis of biomass fractions (123,238). As seen from these
tables, the lipid fraction is enriched in '*C versus biomass and other fractions. The

Table 24. Carbon Isotopic Composition of Human Organ Tissues (237). 8!3C Values are
Given in Per Mille Relative to PDB Standard

Organ Pancreas Thyroid Thymus Kidney Heart Muscle

31*C —253 —22.7 —25.6 —24.0 —22.8 —23.6
Blood

Organ Spleen Liver Brains Blood Plasma Lung

d13C —223 —22.7 —21.1 —18.2 —18.2 —224
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Table 25. Carbon Isotopic Composition of Biomass and Lipid Fraction of Marine Ani-
mals (129). 8'3C Values are Given in Per Mille Relative to PDB Standard

3'3C
Object Total Carbon Lipids
Grass shrimp, Palemonetes vulgaris —14.0 —19.0
Brown shrimp, Penaeus aztecus —11.0 —14.0
Fiddler crab, Uca pugilator —13.0 —18.0
Blue crab, Callnectes sapides —-17.0 —19.0
Killfish, Cyprinodon variegutus -9.3 —11.5
Pinfish, Lagadon rhomboides —13.0 —16.0
Spot, Leiostomas xanthures —13.0 —13.0
Silver perch, Baindiella chrysures —11.0 —13.0
Mullet, Mugel cephales —12.0 —14.0

similarity in '>C distribution with that found for microorganisms and plants con-
firms our conclusion on the principal proximity of CIF mechanism in respiration
metabolism in organisms of different types and organization levels.

The results obtained by studying the carbon isotope ratio of breath CO,
gave another confirmation of CIF in tissues of highly organized animals. In most
cases, CO, respired by animals and humans was remarkably enriched in '*C
compared with their tissue carbon and diet (see Table 27) (238), although some-
times the isotope composition of carbon of breath CO, and that of the diet car-
bon were found to be nearly identical (239). Some authors observed variations
in composition of CO, respired by different animals and even by separate organs
(liver) reaching 5%o (240). It was also noticed that carbonate fraction of bones
of animals and humans was highly enriched in '*C compared with metabolic
CO; and organic carbon of tissues (237,238). Isotopic differences were found to

Table 26. Carbon Isotopic Composition of Biomass and its Fractions of Heterotrophs and
Tropic Fly Species (238). 8'C Values are Given in Per Mille Relative to PDB Standard

Flies Grown Flies Grown
on Horse-flesh on Pork
Object Horse-flesh  Caliphora  Musca Pork Caliphora  Musca
Lipids —28.5 —26.3 —-253 —135 —13.0 —13.2
Glycogen —24.1 —234 —-23.0 —12.0 —14.1 —14.8
Soluble proteins —23.7 —-23.0 —222 —144 —15.0 —14.9
Biomass —-239 - - —13.5 —14.9 —13.8
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Table 27. Carbon Isotope Fractionation in Animal Diet System (238). 8'*C Values are
Given in Per Mille Relative to PDB Standard

3!3C of the Objects

Organism, Nutrient

Substrate Breath CO, Feces Biomass Diet
Grasshopper, Melanoplus —39.0 —39.0 —36.2 —40.2
sanguinipes, Wheat seedlings to to to
—42.0 —40.0 —38.5
Grasshopper, Melanoplus —23.0 —20.9 —20.6 —22.8
sanguinipes, Corn seedlings to to to
—26.5 —-21.2 —-20.9
Milkweed bug, Oncopeltus, —27.8 —26.3 —26.0 —26.8
Branches, latuca sativa to to
—28.6 —27.6
Snail, Helix aspersa, —25.0 —25.2 —25.2 —26.7
Leaves, latuca sativa to to to
—26.9 —27.3 —26.2

be 10%0 and more. The change in carbon isotope ratio of the diet caused an ad-
equate isotopic shift in carbon isotope ratio of bone carbonates (237). This con-
firms that metabolic CO, is the main source for carbonate carbon in bone tissue
formation. If this is so, the drastic “heaviness” of bone carbonates in light of the
suggested model may be regarded as evidence of the Releigh effect of substrate
pool depletion in pyruvate decarboxylation occurring in animal tissue cells. In
other words, CO,, which is used for bone carbonate formation, is produced at
the end stage of the glycolytic phase of cell cycle when heavy pyruvate is uti-
lized (see above).

As previously mentioned, CO, respired by animals is an integral character-
istic contributed by different metabolic processes and tissues. Hence, the complex
character of the curves describing temporal changes in carbon isotope ratio of
breath CO, is not surprising. But it is worthy to note the great difference in curves
characterizing the variations of breath CO, isotope ratio for junior and aged rats
under prolonged starvation observed by Mosora et al. (241) (see Fig. 13). Because
of the obvious difference in energetic status of junior and aged rat organisms, this
finding gives a confirmation of interconnection between isotopic characteristics
and the functional state of the organism. The influence of hormones (desoxycor-
ticosterone, glucagon, and insulin) and feeding substrates (glucose) on the dis-
cussed isotopic characteristic (241-243) gives more evidence in favor of this as-
sertion.

CO; respired by rats and other animals (241-243) was found to be consid-
erably enriched (up to 10%0) in '*C versus nutrient substrate. As seen from Fig.
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Figure 13. Variations of carbon isotope ratio of CO, respired by aged (1, 2) and junior
(3, 4) rats under long-term starvation (241). 8'C values are given relative to standard
3'3C = 28.5%o, PDB units.

13, the curves describing variations of the above characteristics for junior and
aged animals despite the isotopic shift observed for different animal groups have
some common features. All the curves have an irregular pattern characterized by
alternating the maxima and minima. It will be shown later that this pattern also is
typical of the 8'°C of breath CO, variations of humans. 8'*C values of CO, vary
from —17.5 to —25.5%., and after 5 h of starvation, a distinctive trend to '*C en-
richment is observed.

Jacobson et al. (244) showed that feeding of rats with alloxan-containing
nutrients caused diabetic shifts in their metabolism and resulted in '*C enrichment
of breath CO,. The diabetic isotopic shifts of CO, were ~2%o, which agrees with
intense metabolization of lipids observed and confirms the expected difference
between the normal and pathological states.

Hence, all theoretical predictions based on the cell CIF model when applied
to highly organized animals were either directly or indirectly supported by inde-
pendent experimental data. This stimulates us to more thoroughly examine the hu-
man isotopic characteristics and attempting to apply them in the solution of cer-
tain physiological and medical problems.

13
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Carbon Isotope Characteristics of Humans in Different
Functional States

Isotopic characteristics of humans, such as carbon isotope ratio of hair,
blood, nails, and respiratory CO,, were studied recently (245,246). The results of
long-term observations have shown that these characteristics are not constant. For
example, systematic examination of human hair showed slow (with a 20-30 day
period) variations of 8'*C values around a certain mean level with variable am-
plitude (see Fig. 14). The patterns of curves shown in Fig. 14 and the magnitude
of amplitudes are different depending on the subject. In one case (see Fig. 14,
curve 3), a sharp maximum (up to 20%o) corresponding to *C enrichment of hair
carbon was detected for the patient who had recently undergone surgery for the re-
moval of a tumor in the large intestine. The emergence of the peak coincides with

'
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Figure 14. Time variations of 3'*C (PDB units) of facial hair for male subjects 29 (filled
circles), 49 (crosses), and 79 (empty circles) years old. Time of subjects testing does not
agree by date (246).
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the worsening period of his state. In the further examination of this patient (1-
month observation), this effect was not observed. The isotopic composition of
nail, epidermis, and blood varied in time within the limits of 6% but the observa-
tions were not systematic.

Variations of carbon isotope ratio of blood plasma in different endocrine
pathology states illustrate the relationship between isotopic characteristics and
different hormone and energetic states of patients (247). Blood plasma samples of
48 patients suffering with diabetes mellitus, obesity, hypo- and hyperthyroidism,
and Itzenko-Kushing syndrome were investigated. The entire interval §'3C
changes of blood plasma varied from —19.7 to —24.7%o. The distribution of
blood plasma 8'3C values inside this interval was not random (see Fig. 15). As
seen in Fig. 15, for patients suffering with diabetes mellitus 3'3C values are sub-
stantially higher than for those with obesity. This trend agrees with the traditional
concept of the “polarity” of these types of dysmetabolism under consideration.
The 3'3C values of blood plasma of patients suffering with Itzenko-Kushing syn-
drome tend to group in two intervals what can be explained by the heterogeneity

IR0 1RSSR £5 e :;:H:;:;:;:;:;;;;:;:;]

HYPOTHYROIDISM

ITZENKO—KUSHING SYNDROME

MELLITUS
1 i 1 i 1 1
=20 -21 —22 -23 —24 -25

5 *C, %, PDB

Figure 15. 8'3C (PDB units) of blood plasma of subjects with endocrine pathologies.
Vertical dashes in bars correspond to different subjects (247).
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Table 28. Carbon Isotope Composition of Respiratory CO, Collected During Physical
Exercise of Constant Intensity (200 W, 60 rpm on Veloergometer) [245]. 8'3C Values are
Given in Per Mille Relative to PDB Standard

Ti, Exp. Exp. Exp. Ti, Exp.

Min No. 1 No. 2 No. 3 Min No. 3
0 —25.6 —29.6 8 —-27.1
1 —-30.6 —28.4 —25.6 9 —28.6
2 —27.3 —27.6 10 —31.6
3 —28.8 —28.0 11 —32.6
4 —-27.0 —29.2 12 —30.8
5 —-27.1 13 —29.7
6 —28.7 —26.8 —28.8 14 —-22.9
7 —25.3 —29.7 15 —294

Note: each T; value corresponds to sampling for 1 min before 7; . The subject under study
was 29 years old.

of this pathology (248). Thus, it was found that in some cases the increase of cor-
tisol in blood, which was typical to the syndrome, was followed by characteristic
metabolic shifts of diabetes mellitus (according to sugar load curves). In other
cases, it was followed by those of obesity. A broad interval of 3'*C variations in
case of hypo- and hyperthyroidism are probably explained by high variability of
energy metabolism observed in these pathologies (248). The distinctive '*C en-
richment of blood plasma of infants compared with adults agrees with the ob-
served isotopic differences of respiratory CO, for junior and aged rats as described
before. In both cases, the differences are likely bound to a different energetic sta-
tus of the organism.

The observed fluctuations of the studied isotopic characteristics may be ex-
plained by regular variations of the energy needs of the organisms metabolism and
finally of the cells corresponding to its functional state and environment. Indeed,
the degree of the pyruvate pool depletion depends on the current energy demand
of a cell causing corresponding shifts in '*C distribution (see above). By analogy,
the individual pattern of curves describing 8'°C variations in human hair (see Fig.
14) might be explained by the different energetic status of a particular subject. Un-
fortunately, at the moment, a more definite conclusion about relationships be-
tween variations of human isotopic characteristics and cell energy metabolism
cannot be derived.

The variations of carbon isotope ratio of respiratory CO, under physical ex-
ercises were studied (245). The results of this study are presented in Table 28. The
patient performed physical exercises at a constant stress of 200 W on a veloer-
gometer for different time intervals. The power of the exercises was found to be
less than that of the anaerobic exchange threshold, i.e., the exercises were per-
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formed in a purely aerobic regime without an accumulation of oxygen deficit re-
sulting in formation of lactic acid as a substrate. Thus, the experimental conditions
provided the total utilization of glucose in cells during muscular contraction when
the metabolic shifts in the organism were most remarkable compared with aero-
bic regimes.

During physical exercises of such intensity, the muscles consume over 90%
oxygen to meet the energy requirements. The respiratory CO, in this case corre-
sponds to ~90% of the macroergic substrate carbon spent to provide the energy
supply work. In addition, the measurement of the respiratory quotient* (by using
0,/CO, gas analyzer) showed that starting from the 4th minute of the exercise, its
value became close to unity. In the absence of progressive accumulation of the
oxygen debt, it demonstrates practically 100% carbohydrate backing of muscular
activity in the experiment.

Three experiments were conducted under the above conditions. In accor-
dance with the above assumption, a fairly complex pattern of carbon isotope
changes in respiratory CO, was found. As in the experiments with rats subjected to
prolonged starvation (241), no smooth trend of the above characteristics in time
was detected. Significant deviations from the mean were recorded with maximal
amplitude of ~6%o. The 8'3C variations of respiratory CO, observed correspond
to their maximal changes found for rats. They are also close to the isotopic differ-
ences between the lipid and carbohydrate-protein components of the diet. But it
would be a mistake to assume that to ensure the energy needs of the muscles, whose
energy consumption in physical exercises is dominant, the observed variations in
313C of respiratory CO, arise due to mobilization of different components of the
diet. Indeed, simultaneous measurement of the respiratory quotient showed that its
value was close to unity, i.e., almost a purely carbohydrate provision of muscular
activity was provided. The last conclusion was reached by Aulik (249). It fully
agrees with the results of direct measurements of non-esterified fatty acid level in
blood (250). It seems reasonable to suppose that the only reason for the observed
changes in 8'3C of respiratory CO, is the periodic filling/depletion of the pyruvate
pool (taking into account the transitional firing process) in response to the varying
energy needs of the organism. To obtain more detailed information, a comparison
of respiratory CO, 8'3C variations determined under physical exercises at differ-
ent power levels and with different time spans with those under the rest are needed.

Temporal variations of 8'2C of respiratory CO, were investigated in clinic
for three metabolic states: norm, insulin-dependent diabetes mellitus, and obesity
(71). The corresponding diurnal curves are shown on Figs. 16—18. The norm was
presented by three females: no. 1 (14-years old), no. 2 (19-years old), no. 3 (21-

*The ratio of the volume of carbon dioxide expired to the volume of oxygen inspired dur-
ing the same period.
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Figure 16. Variations of carbon isotope ratio of respiratory CO, in norm (71). 8'3C val-
ues are given in per mille relative to PDB standard.
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Figure 17. Variations of carbon isotope ratio of respiratory CO, in diabetes mellitus (71).
3'3C values are given in per mille relative to PDB standard.
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Figure 18. Variations of carbon isotope ratio of respiratory CO, in obesity (71). 8'C val-
ues are given in per mille relative to PDB standard.

years old) (see Fig. 16). Diabetes mellitus was present in four females: no. 4 and
no. 7 (both 14-years old) with type I in the decompensation phase, no. 5 (13-years
old) with type I, and no. 6 (14-years old) with type I complicated in the decom-
pensation phase (see Fig. 17). The obesity was presented by no. 8 (male, 11-years
old) with hypogonadism and obesity of degree III, and no. 9 (female, 10-years old)
with obesity of degree II (see Fig. 18). The patients from the diabetes mellitus
group received insulin treatment for a period of 68 h, 20 min before the next up-
take of food (six times per day according to the schedule). As seen in Figs. 17 and
18, the second (the insulin-dependent patients with diabetes mellitus in decom-
pensation phase corresponding to acute metabolic stress), and the third group
(obesity referring to the chronic dysmetabolism) are polar in their dysmetabolism.
All experiments were carried out under identical conditions: diet, daytime
regimes, time of food uptake, and administration of insulin (for diabetes mellitus
patients). Drugs other than insulin (affecting metabolism) were not used. The
analysis of the results allowed us to derive the following conclusions:

1. Carbon isotope ratio of respiratory CO, irrespective of functional state
of the organism in all cases was found to be lighter (by 6—8%0) than that
of the diet carbon. For all subjects, the patterns of diurnal curves (de-
scribing 8'3C variations of respiratory CO, in time) are complex. The
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Figure 19. Averaged daily variations of carbon isotope composition of respiratory CO,
in norm (71).

curves are characterized by alternating maxima and minima with vari-
able amplitudes (see Figs. 16-18). The shape of the curves including
the limits of their variations (6—8 vs. 4—6%o) strongly resembles analo-
gous curves for rats (see Fig. 13). Hence, the 8'°C fluctuations can be
considered to be regular and associated with the same reason.

2. To simplify the analysis of the particular features of the curves within
the patient groups all individual curves were averaged (see Figs. 19 and
20). As seen from Fig. 20, respiratory CO, 8'3C values for the subjects

-20

..22 d— -
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—24 +—
.26 4— —#— Obesity
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S - —
w0

20 22 24 2 4 6 8 10 12 14 16 18 20
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Figure 20. Averaged daily variations of carbon isotope composition of respiratory CO,
in diabetes mellitus and obesity (71).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. m
270 Madison Avenue, New York, New York 10016 o



10: 46 25 January 2011

Downl oaded At:

ORDER i REPRINTS

1890 IVLEV

from the obesity group are shifted to the negative range relative to the
corresponding values for the subjects from the diabetes mellitus group.
Having an antibatic character, the curves for both groups approach each
other at the moments of considerable uptake. Compared with the curves
for diabetes mellitus subjects, which are flat in the nocturnal phase (be-
tween midnight and 6 A.M., see Fig. 17), the obesity subject curves are
smooth having less amplitudes of variations all day long (see Fig. 18).

Let us see how the observed peculiarities of the above curves can be ex-
plained by using the cell CIF model. The alternation of the curve peaks can be as-
cribed to the changes in pyruvate pool level in the tissue cells in the course of
pyruvate decarboxylation followed by its refilling. The CO; released is enriched
either in '>C when the level drops or in '2C when it lifts. The pool level is con-
trolled on one hand, by metabolism needs (both energetic and structural) of the or-
ganism, and by food consumption on the other. In respect to human metabolism,
one can imagine it to be as follows.

Consumption of the food causes the increase of glucose content in the blood.
It invokes insulin secretion by the pancreas providing glucose consumption by the
cells of insulin-dependent tissues, such as liver, muscle, or fat tissues. Insulin ac-
tivates glycolysis, lipogenesis, and glucogenesis, provides the carbon flow to fill
pyruvate pool, and increases the fructose bisphosphate concentration. The latter is
an allosteric regulator for pyruvate kinase. Activation of this enzyme results in the
increase of the rate of pyruvate decarboxylation supplying with substrates first
fatty acid and other lipid component synthesis, and then Krebs cycle, producing
energy and amino acids. Therefore, after filling the pyruvate pool is exhausted.

Among different ways of regulation of carbon flow in glycolytic chain the
coupling of pyruvate diffusion into mitochondria (it is known that pyruvate pene-
trates into mitochondria by diffusion (251)) with decarboxylation seems to be the
main one. The possible regulatory role of this factor is associated with the differ-
ence in diffusion and chemical reaction rates as it was shown for photosynthesis
(see Modeling of CIF in Photosynthetic Assimilation of CO,), where the coupling
of CO, diffusion into the cell with RuBP carboxylation is assumed to provide a
discreteness of CO, carbon flow. Since the processes proceed under the control of
hormone, nerve, and blood transport systems, their duration and intensity depend
not only on the pool sizes (as in unicellular organisms) but on the energetic and
biosynthetic needs at a particular functional state of the organism. Biosynthetic
needs seem to play a secondary role compared with the energy consumption. The
variations of pyruvate pool level in response to the change in the functional state
of the organism should cause corresponding variations of the carbon isotope ratio
of CO; evolved in both decarboxylation and Krebs cycle.

A decrease of glucose concentration in cells and then in the blood to a cer-
tain level causes the reswitch of ribulose bisphosphate futile cycle to gluconeoge-
nesis and increases the glucose content in the blood. These changes result in elim-
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ination of insulin and in secretion of somatotropin, glucagon and some other hor-
mones (251), inducing lipolysis and protein catabolism and inhibiting enzymes re-
sponsible for the glycolysis. In the course of gluconeogenesis operation of the
phosphogluconate cycle provides additional energy supply due to glucose oxida-
tion. It is supposed that CO, produced in this cycle is of the same isotope compo-
sition as that formed from the oxidized glucose since there is no evidence of any
CIF in gluconeogenesis. The gluconeogenesis causes the increase of glucose con-
tent in the blood again to the threshold when it induces excretion of insulin and
other anabolic hormones and adequately eliminates catabolic hormones stimulat-
ing the opposite processes. Then cell cycle (consisting of glycolysis and gluco-
neogenesis) repeats again after a period determined by the organism resources (if
they are not recovered by new food consumption).

Thus, in cells of insulin-dependent tissues, the carbon isotope ratio of CO,
evolved in glycolytic phase of the cycles is determined by the value of kinetic iso-
tope effect in pyruvate decarboxylation and by Releigh effect of pyruvate pool de-
pletion corresponding to a particular functional state. The isotope ratio of CO,
formed in gluconeogenetic phase is determined by that of substrates oxidized in
the phosphogluconate cycle.

The normal functioning of cells of insulin-independent tissues (e.g., nerves
or brain) requires a stationary flow of glucose without any sharp deviations of its
content. Hence, a stable level of pyruvate pool maintains the stability of all iso-
topic characteristics of the tissue. Nevertheless, CO, formed in these tissues may
vary by the carbon isotope ratio because of the various sources feeding glycolytic
chain in glycolysis and in gluconeogenesis having glucose of different carbon iso-
tope ratio.

The following data confirm this standpoint. For example, the absence of
food consumption at night makes the lipids the main source of the energy sub-
strate. The prevalence of lipid oxidation, which is known to have light isotope
composition explains the observed '>C enrichment of CO, respired in the noctur-
nal phase (between midnight and 8 A.M.) in norm (see Figs. 17-20).

Some peculiarities of carbon isotope variations of breath CO, related to di-
abetes mellitus subjects also correspond to the known metabolic shifts of this
pathology. They primarily concern the insulin-dependent tissues. The insulin
deficit (absolute or relative) in this state results in accumulation of glucose in the
blood whereas the cells appear in glucose shortage. It is also observed that due to
inhibition of glycolytic enzymes in cells, the gluconeogenetic processes are active
(251,252). The role of phosphogluconate cycle coupled with gluconeogenetic pro-
cesses for energy supply increases compared with that of the Krebs cycle. Because
the functioning of phosphogluconate cycle is not accompanied by CIF (see
above), CO, evolved in the cycle reactions must be of the same carbon isotope ra-
tio as the oxidized substrates. Considering that the breath CO, is enriched in '*C
compared with diet carbon and the above assertion on CO, produced in phospho-
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gluconate cycle, the increasing contribution of CO, evolved in phosphogluconate
cycle to the total breath CO, of diabetes mellitus subjects explains the observed
13C enrichment of the latter compared with the norm (see Table 29). Another spe-
cific feature of CO, respired by the diabetes mellitus patients is a more flat pattern
of diurnal curves describing the variations of carbon isotope ratio of breath CO,
compared with the norm that was particularly distinct at night (see Figs. 16 and
17). This testifies to the suppression of pyruvate decarboxylation reaction result-
ing in isotopic uniformity of oxidized substrates and for a higher role of the phos-
phogluconate cycle.

The metabolic shifts observed in obesity primarily affect the adipose cells.
They are characterized by an increase of their mass, volume, and surface accom-
panied by simultaneous decrease of the number of insulin receptors at least by a
factor of 2 (253). As a result, the sensitivity of cells to insulin diminishes, which
causes an increase of secretion of this hormone by the organism. Insulin promotes
conversion of glucose to lipids and inhibits lipolysis (252). This intensifies the li-
pogenesis at the expense of synthesis of other components. Lipids are the domi-
nant source for energy production in obesity.

The above metabolic shifts determine the observed '?>C enrichment of CO,
respired compared with norm (see Fig. 21) as lipids are lighter by their isotope
composition relative to other components. The dominance of lipids as substrates
under oxidation explains the lower amplitudes of 8'3C variations of CO, respired
by the obesity subjects.

It is interesting to note that carbon isotope composition of CO, respired by
obesity subjects is enriched in '2C in comparison with that respired by diabetes
mellitus subjects (see Fig. 20) whereas an opposite situation is observed for blood
plasma (see Fig. 15). Such differences in '*C distribution can be explained as fol-
lows. Unlike a high glycolytic conversion of substrates in obesity, a suppressed
glycolysis in diabetes mellitus determines a lower '*C enrichment of cell compo-
nents in the first case than in the second. Regarding blood plasma as a part of
biomass, one can explain the above difference. The more breath CO, is enriched
in '2C, the more residual carbon (i.e., a part of diet carbon transformed to biomass)
must be enriched in '°C.

A comparison of the mean daily carbon isotope ratio of respiratory CO, with
that of the diet (see Fig. 21) for both types of dysmetabolism shows that distinc-
tive metabolic shifts (A'*C) of the opposite signs (compared with the norm) be-
tween different hormone-metabolic states are observed with a high level of confi-
dence (P) (72): A'’C(diabetes mellitus—obesity) = +1.7%0 (P < 0.01);
A'3C(diabetes mellitus—norm) = +0.8%¢ (P < 0.13); A!3C(obesity—norm) =
—0.9%o0 (P < 0.11).

It is important to emphasize that although the interval of daily variations of
breath CO, 8'3C values is quite broad (from 5 to 7%o), the variations within hor-
mone-functional groups are fairly small, i.e., by an order of magnitude less than
the differences between functional states (see Table 29).
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Figure 21. Comparison of daily averaged carbon isotope composition of CO; respired by
humans in diabetes mellitus of type 1 (1), in norm (2), and in obesity (3) with carbon iso-
tope composition of their diet (72).

More information can be obtained from the comparison of the daily aver-
aged carbon isotope composition of the diet with those of respiratory CO, and
urea urine for different functional states. The results of a corresponding experi-
ment are given in Table 30 (73). Patients with the following functional states were
used in this experiment: 1) norm with normal diet regime, subject 1 (male, 32-
years old) and subject 2 (male, 23-years old); 2) norm under starvation, subject 3
(male, 54-years old); 3) obesity, subject 4 (female, 7-years old); 4) hypophysis
cerebri nanism, subject 5 (male, 14-years old); 5) autoimmune thyroiditis, subject
6 (female, 14-years old); and 6) hypothyroidism, subject 7 (male, 6-years old).

As seen from Table 30, in all cases the CO, respired is markedly (~3-6%o)
enriched in '*C (as described above) whereas urea urine appears in some cases to
be '*C-enriched versus food carbon. Excluding non-assimilated part, the residual
food is converted in breath CO,, urea urine, and biomass growth representing the
main parts of the system “food—body”. Supposing proximity of the carbon isotope
ratios of biomass and diet carbon and based on the material balance consideration,
one must conclude that both isotopic characteristics are interrelated. The coupled
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isotopic shifts of both characteristics in norm under starvation and under normal
diet regime give some evidence for this conclusion. The '?C enrichment of breath
CO, under starvation is followed by '*C enrichment of the urea urine (see Table
30).

To explain these isotopic shifts relative to food carbon by using the cell CIF
model, one must take into account that urine is formed in the ornithine cycle cou-
pled with functioning of the Krebs cycle. Ornithine interacts with CO, derived in
pyruvate decarboxylation and forms guanido groups, which are then transformed
into urine (232). The observed isotopic shifts within the frame of the model per-
mit one to assume that ornithine cycle coupled with Krebs cycle operates at the
late stage of glycolytic phase and corresponds to a deep exhaustion of the pyru-
vate pool of cells (see °C Distribution in Cell and Temporal Organization of
Metabolic Processes: Preliminary Notes). Hence, CO, evolving at this stage de-
termines '3C enrichment of guanido and urine carbon. It is interesting to note that
13C enrichment of guanido group was experimentally found by studying the car-
bon isotope composition of arginine extracted from protein fraction of microor-
ganisms (92). The same conclusion on operation of the ornithine cycle at late
stages of the glycolytic phase (see />C Distributuion in Cell and Temporal Orga-
nization of Metabolic Processes: Preliminary Notes) also follows from the analy-
sis of carbon isotope distribution in amino acids of microorganisms (92). One can
suppose that such a sequence of metabolic processes is likely to be one of the com-
mon features of temporal organization of cell metabolism regardless of the level
of subject organization. Though regular 8'3C variations of urine have not been
systematically examined, high deviations observed for individual subjects (see
Table 30) along with the interrelation between carbon isotope composition of
urine and that of breath CO, support this assumption. Note that the observed range
of 8'3C variations for urine (within 3% interval) appears to be narrower than that
for COz

Data given in Tables 29 and 30 confirm once again an interrelation between
isotopic characteristics and metabolic peculiarities of the examined functional
states. The polarity of isotopic shifts observed in diabetes mellitus and obesity in
respect to the norm agrees with the known polarity of metabolic shifts. The '2C en-
richment of breath CO, in obesity and under starvation corresponds to the known
preferential utilization of lipids in these states. The '*C enrichment of urine carbon
in these states testifies to the relationship between carbon isotope ratio of breath
CO; and urea urine. In all endocrine pathologies under study (except hypothy-
roidism) and in norm under starvation, the breath CO, was found to be enriched in
12C. This enables us to conclude that under stress conditions the organism prefers
lipids as the main source of “fuel” substrates. A broad interval of breath CO, §'*C
variations observed in hypothyroidism corresponds to the previously noted abnor-
mally wide interval of 8'3C variations for blood plasma (see Carbon Isotope Char-
acteristics of Highly Organized Animals and Humans: Preliminary Notes).
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In the above-described study of various functional states, an attempt to find
out the nature of the discovered daily variations of carbon isotope ratio of the res-
piratory CO; has been undertaken. To obtain a more detailed pattern of diurnal
curves, the intervals of sampling were decreased to 1 h (excluding nighttime from
12.00 p.M. to 8 A.M.) and in some cases to 30 min. The results obtained are pre-
sented in Figs. 22-25.

Lines 1 and 2 in Fig. 22 describe 8'*C variations of respiratory CO, at norm
under normal diet regime. Line 3 describes the same variations under starvation.
The variation patterns in all cases are similar. They are characterized by alternat-
ing peaks with periods of 2-3 h and variable amplitudes. Sometimes periods
shorten to 1.5 h or increase to 4 h. The curve corresponding to the starvation state
is shifted to a more negative range of 3'C values with longer variation periods of
3—4 h. Although maxima and minima on curves 1 and 2 do not coincide, they de-
velop an absolutely clear synchronic pattern.

The same behavior was observed for daily variations of 8'C of respiratory
CO, for endocrine pathology states shown in Fig. 23. As seen, the daily curve cor-
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Figure 22. Daily variations of carbon isotope composition of respiratory CO, in norm
under normal regime of diet (subjects 1 and 2) and under starvation (subject 3) (73).
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Figure 25. Variations of carbon isotope ratio of respiratory CO, in endocrine pathologi-

cal states: diabetes mellitus type 1 (subject 4); thyroiditis (subject 6), and nanism (subject
5) (73). Samples were collected every 0.5 h (see text).

responding to hypothyroidism is characterized by higher amplitudes of variations.
Sharp peaks with big amplitudes, typical to this functional state, indicate an un-
usual energy status of the organism (see above). On the contrary, the curve corre-
sponding to obesity is characterized by less amplitudes, which agrees with the
known character of the shifts indicated before. Comparison of diurnal curves cor-
responding to the normal and pathological states shows that they have one com-
mon maximum at 4 A.M. (see Figs. 22 and 23). Figures 24 and 25 show the noc-
turnal phase of daily curves for the norm with sampling intervals of 1 and 0.5 h,
respectively. As seen from both Figs. 24 and 25 (showing a more detailed struc-
ture of variations), the same approximately 2-h synchronic variations of 8'*C val-
ues are observed for two different subjects.

It seems important to emphasize that variations of 8'C values of respiratory
CO; mainly reflect the changes in the pyruvate pool level. An indirect confirma-
tion of this conclusion follows from cyclic variations of mitochondrial respiration
and oxidative phosphorylation that have been observed by studying mitochondria
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isolated from the rat liver tissues subjected to X-rays and neutron irradiation
(253,254). Mitochondria are the cell organella where the pyruvate decarboxyla-
tion and the Krebs cycle operate. The period of variations of mitochondrial activ-
ity (~3 h) was found to be very close to the period of 8'3C changes of breath CO,.
This coincidence can be supposed to be due to the same nature of both variations.

The material presented here enables to make an important conclusion that
the main principles of CIF mechanism in a cell found for microorganisms and for
plants are applicable to highly organized animals including humans. These prin-
ciples are the following:

1. The key point in the CIF mechanism is CIE in the pyruvate decarboxy-
lation, which is responsible for the isotope heterogeneity of animal tis-
sue. Although this effect arises in tissues where decarboxylation occurs,
its influence spreads all over the organism due to the intertissue ex-
change of substrates.

2. The Releigh isotope effect associated with depletion of the pyruvate
pool in the course of the reaction controlled by endocrine, nerve, and
transport systems of the organism determines the specific isotopic char-
acteristics, such as 8'3C of breath CO,, the carbon isotope ratio of hair,
urea urine, blood plasma, etc., at particular functional states.

3. Time-dependent character of the isotopic characteristics is caused by
the change in energy and biosynthetic needs of the organism adapting
to the changes in environmental conditions and (or) in its hormone
functional status.

CONCLUSIONS

The following main conclusions can be derived from the results presented
in this article: at least three metabolic reactions are known to be the points where
CIF occurs: 1) isotope effect of RuBP carboxylation; 2) isotope effect of glycine
decarboxylation; and 3) isotope effect of pyruvate decarboxylation. Since all these
reactions proceed in the key metabolic points, which are common for cells of the
great majority of organisms, CIE has a universal character.

The first effect accompanies photoassimilation of CO,, which occurs in all
photosynthesizing organisms including plants, alga, and bacteria. It results in the
observed '>C enrichment of plants and photosynthesizing microorganisms versus
assimilated CO,. As it follows from the proposed mechanism of CIF, assimilation
of CO, is a discrete process, which may be described as a flow of CO, batches into
a cell. This flow arises due to periodic alternating “reswitches” of Rubisco (the
key enzyme of photosynthesis) capable of working as either carboxylase or oxy-
genase depending on CO,/O; ratio in a cell. The discreteness of the flow provides
the periodic filling/depletion of CO, cytoplasmic pool and determines the ap-
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pearance of isotope Releigh effect. The degree of depletion determines the level
of '2C enrichment of cell biomass. The full consumption of CO, batches entering
the cells is the main reason (besides the isotope effect of photorespiration) for the
observed '3C enrichment of C,4 plants compared with C; and CAM plants.

The second CIE is observed in glycine decarboxylation. It is the key point
of isotope fractionation in photorespiration. The mechanism of CIF in this case is
the same as that for CO, assimilation representing a combination of isotope effect
of enzymatic reaction with Releigh effect of substrate pool depletion. The kinetic
isotope effect of reaction is “normal”, i.e., CO, evolved in the reaction is enriched
in 12C whereas substrates circulating in a closed loop comprising glycolate chain
and Calvin cycle are enriched in '*C. Their combination results in two main con-
sequences. The first is a decrease of *C discrimination emerged in CO, photoas-
similation. Some environmental factors, such as salinity, light intensity, water
availability, and some others influencing photorespiration, cause considerable
changes in the observed isotope discrimination in photosynthesis. In particular,
when CO, assimilated is enriched in a heavy isotope (*C or *C), the isotope ef-
fect of photorespiration can even prevail over that of photoassimilation, and the
biomass carbon is enriched in '*C versus initial CO,. The second consequence is
the emergence of two isotopically different carbon flows. One is enriched in '*C
and results in formation of light carbohydrate pools providing substrates for dark
respiration metabolism, including glycolysis, fatty acid synthesis, Krebs cycle,
and coupled amino acid synthesis. Another carbon flow is enriched in '*C spin-
ning in phoraspiratory chain and results in formation of heavy carbohydrates. This
flow provides substrates for different synthesis of organic acids, amino acids, and
some lipids, especially under stress conditions. Both carbon flows are independent
from each other and are separated in time and in space. The coupling of these
flows arises due to the double function of Rubisco thus providing discreteness of
carbon flows. The light flow emerges in the carboxylation phase of Rubisco func-
tion, while the heavy flow arises in the oxygenation phase. Hence, the CIE of pho-
tosynthesis is in fact an integral result of two effects: CIE of CO, assimilation and
that of photorespiration.

The third CIE in pyruvate decarboxylation is responsible for the appearance
of carbon isotope heterogeneity in respiration metabolism (isotopic distinctions of
fractions, metabolites, and uneven intramolecular distribution of '*C in
biomolecules). Since this reaction is the key crosspoint of the central metabolic
pathways in the overwhelming majority of cells, the third isotope effect is typical
of the most organisms including photosynthesizing and heterotrophic, protozoan,
and humans. The mechanism of appearance of this isotope effect is the same as in
the previous cases: a combination of CIE of the enzymatic reaction with Releigh
effect of substrate pool depletion. Isotope effect of pyruvate decarboxylation oc-
curs in the glycolytic phase of a cell cycle consisting of glycolysis and gluconeo-
genesis and supplies lipid and amino acid syntheses with structural units com-
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prising C, and C; fragments. The kinetic nature of decarboxylation isotope effect
generates intramolecular heterogeneity of structural units and finally of all cell
components. Due to the Releigh effect accompanying pyruvate pool depletion, the
carbon isotope ratio of units changes in parallel with pool depletion determining
the differences in carbon isotope composition of metabolites whose synthesis oc-
curs at different levels of the pyruvate pool. Therefore, !*C distribution in the cell
indicates temporal organization of cell processes. As it follows from the experi-
mental data, in the majority of organisms the synthesis of fatty acid and other lipid
components, which is coupled with amino acid synthesis cycle, precedes the func-
tioning of Krebs cycle. It was also concluded that for a given energetic state of
cells, corresponding to a particular energetic status of the organism, the synthesis
of components occurs synphasically in the cell cycle, i.e., within the same inter-
val of pyruvate pool depletion. This provides a relatively stable and definite iso-
topic pattern of metabolites and definite distribution of '*C in a cell and in organ-
ism biomass as a whole.

To simplify understanding of the mechanism of CIF in respiration
metabolism one can imagine a cell as a system consisting of a basin and valves.
The pyruvate pool is regarded as a basin and metabolic pathways as valves. The
basin is periodically depleted and filled with substrates. The opening of valves oc-
curs within certain intervals of cell cycle in accordance with its needs. The leak-
age of substrates from the basin (their transformation into other cell metabolites)
is under energy and biosynthetic control of the cell and is followed by the change
in their isotope composition (isotope effect in pyruvate decarboxylation). Thus the
opening and closing of valves in the course of cell cycle results in specific carbon
isotope distribution between cell metabolites corresponding to a particular energy
state of a cell and organism as a whole. The stereospecificity of enzymatic reac-
tions and design of metabolic pathways determine the real intramolecular carbon
isotope distribution in biomolecules.

Comparison of carbon isotope characteristics (carbon isotope ratio of breath
CO,, urea urine, blood plasma, etc.) of highly organized systems (animals and hu-
mans) permits one to conclude that basic principles of CIF established by study-
ing respiration metabolism in plant cells and microorganisms are also valid for
cells of such systems.

CIE of pyruvate decarboxylation was found to be the main reason for CIF
in insulin-dependent tissues. It gives rise to temporal variations of isotopic char-
acteristics. The periodic filling/depletion of pyruvate pool in cell cycles causes
changes of biochemical and isotopic characteristics of the organism in time. These
periodic variations are under the control of endocrine, nerve, and transport sys-
tems of the organism and reflect its energetic status, which is conditioned by the
motor activity, the food regime, and the functional state.

The 2- to 3-h cyclic synphasic variations of isotopic characteristics observed
for different subjects regardless of their functional state illustrate the influence of
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some common external factors of an unknown nature. The daily averaged and dy-
namic carbon isotope characteristics (such as the carbon isotope ratio of breath
CO; and urea urine) are found to correspond to the functional state of the organ-
ism. This opens new routes for application of these parameters in medical practice
and scientific researches.

In conclusion, it is important to emphasize that there are still a lot of prob-
lems to be studied and solved in this particular area. Many theoretical suggestions
must be better documented experimentally and confirmed. Nevertheless, theoret-
ical analysis of currently available experimental data testifies to the validity of es-
tablished principles of CIF in a cell, which can be used as a delicate instrument in
studies of living processes and for application of metabolic carbon effects in var-
ious fields.

LIST OF SYMBOLS AND ABBREVIATIONS

GTP guanosine triphosphate

GDP guanosine diphosphate

PEP phosphoenolpyruvate

RuBP ribulose 1,5-bisphosphate

Rubisco ribulose-1,5-bisphosphate carboxylase/oxygenase
THF tetrahydrofolic acid

OA oxaloacetate

PLP pyridoxal phosphate

ADP adenine diphosphate

ATP adenine triphosphate

NAD nicotinamidadenine dinucleotide

NADH nicotinamidadenine dinucleotide reduced
NADP nicotinamidadenine dinucleotide phosphate
NADPH nicotinamidadenine dinucleotide phosphate reduced
HPMS o-hydroxy-2-pyridinemethanesulfonate
INH isonicotinylhydrozide

Leu leucine

Gly glycine

Ala alanine

Phe phenylalanine

Ser serine

Thr threonine

Glu glutamic acid

Asp aspartic acid

Arg arginine

Lys lysine
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Tyr tyrosine
TPN tripyridine nucleotide
X5P xylulose-5-phosphate
R5P ribose-5-phosphate
6PG 6-phosphogluconate
F6pP fructose-6-phosphate
FBP fructose-6-bisphosphate
PGA phosphoglyceric acid
DHA-P dihydroxyacetone phosphate
o kinetic coefficient of isotope separation
A 13C discrimination
F degree of pool exhaustion
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