Available online at www.sciencedirect.com
sclEN05@DlREcT° thermochimica
acta

ELSEVIER Thermochimica Acta 422 (2004) 55-61

www.elsevier.com/locate/tca

Use of calorespirometric ratios, heat per £fd heat per @ to
quantify metabolic paths and energetics of growing ¢ells

Lee D. Hanseh*, Craig Macfarlang
Nicole McKinnorf, Bruce N. SmitR, Richard S. CriddI&

a Department of Chemistry and Biochemistry, Brigham Young University, C100 BNSN Provo, UT 84602, USA
b School of Plant Biology, Faculty of Natural and Agricultural Sciences, The University of Western Australia,
35 Stirling Hwy, Crawley, WA 6009, Australia
¢ Department of Plant and Animal Sciences, Brigham Young University, Provo, UT 84602, USA

Received 20 November 2003; received in revised form 19 May 2004; accepted 24 May 2004
Available online 17 September 2004

Abstract

The two calorespirometric ratios, the ratio of metabolic heat rate to the rategf©@uction and the ratio of metabolic heat rate to the rate
of O, uptake (R/Rco, andRy/Ro,, respectively), provide different information about the activities of metabolic pathways. In a steady state
systemRy/Rco, depends only on the oxidation state of the substrateRafRb, equals Thornton’s constant or the oxycaloric equivalent. In a
growing or developing system, the measured ik, differs from the oxycaloric equivalent only if reactions that do not consume oxygen
and have nonzerdH are present. Relative rates of aerobic and anaerobic @t 0) reactions can thus be calculated from the measured
Rq/Ro,, but the substrate carbon conversion efficiency cannot. The difference betwd®nhRbg, ratio predicted from Thornton’s rule and
the actual measured ratio contains information on the rates of anaerobic reactiongHntiD. The latter ratio thus allows partitioning of
the CQ production rate between oxidative catabolism and anabolic reactiong\Withk 0. This partitioning allows calculation of substrate
carbon conversion efficiency and rates of growth or development.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oxygen consumption (&,), and the rate of carbon dioxide
production (Ro,). Not considering the inverses as differ-
Understanding and measurement of metabolic efficiency ent ratios, three ratios can be formed from these three mea-
isimportant for at least two reasons. Firstis the practical prob- sures of respiratory rate, i®8q/ Rco,, Ry/ Ro,, andRco,/Ro,
lem of maximizing yield of a desired product from biological The first two are the calorespirometric ratios discussed here.
cultures as widely varied as fermentation vats and farmers’ The last is the respiratory quotient, which has been dis-
fields. Second is the fundamental problem of understand-cussed extensively in treatises on respiratory metabolism, but
ing the thermodynamic relations describing metabolism and usually with the assumption of a steady state system. This
growth. Three readily measurable properties of respiration in paper discusses the relations between metabolic efficiency,
living tissues are the rate of heat productiog)(Rhe rate of metabolic paths, and measured values of the calorespiromet-
ric ratios in both steady state and in growing or developing
E— systems. There are differences in the information content of
* Presented at the thirteenth meeting of the International Society for Bio- Ry/Rco, andRy/Ro, so that each ratio provides unique infor-
logical Calorimetry, Wurzburg-Veitschochheim, Germany, 27 September to mation on metabolic activities and efficiency. Measurement
1 October, 2004. . . . . . .
* Corresponding author. Tel.: +1 801 378 2040; fax: +1 801 422 0153.  Of both ratios provides information not available from either
E-mail addresslee.hansen@byu.edu (L.D. Hansen). alone.
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Table 1

Typical values of the variables in models used to interpret calorespirometric ratios

Variable Typical value Definition

AHop, —455+ 15kImot?! O, Heat of combustion of organic

compounds, Thornton’s
constant, oxycaloric
equivalent
Vs 0 for carbohydrates Oxidation number of carbon
in substrate
—1.0 for proteins

—1.8 for lipids
AHco, —470kJ mot! CO, for sugars in Heat of combustion of organic
aqueous solution compounds

—570kJ mot! CO; for proteins
—660kJ mot! COy, for lipids

%) -0.25 Oxidation number of carbon
in anabolic products

AHa 0kJCmole?! Heat of disproportionation of
organic compounds

AHp +10 to +100 kJ Cmole! Heat of reduction of organic
compounds by removal of
oxygen

e 0-0.9 Substrate carbon conversion
efficiency

Rq/Ro, 455kJI mot? O, Calorespirometric ratio for
oxygen

Rg/Rco, 0-600 kJ mot? CO, Calorespirometric ratio for

carbon dioxide

Thornton's rule plays a prominentrole in the interpretation appears to apply to formation of any oxidation product except
of calorespirometric ratios. Thornton's rule states that the en- peroxides.
thalpy of combustion of organic compounds is approximately ~ The calorespirometric ratios measured on live organisms,
constantwhen expressed per mole ofQ. This observation tissues, and cultures typically deviate from those predicted
was first made by Thorntonin 1917 and was based on heats ofrom Thornton'’s rule. This deviation contains the information
combustion of hydrocarbons. The rule was later shown to ap- on metabolic pathways that is available from calorespiromet-
ply to a wide variety of organic compounds and materials by ric studies.Ry/Rco, measurements on living tissues during
several otherf?], often without reference to Thornton, e.g. growth and development may vary from near zero to over
see referenc8]. Gnaiger and Kemjp4] and others referto 600 kJ mot! (e.g. se¢7,8]). Rq/Ro, values as large as nearly
Thornton’s constant as the theoretical oxycaloric equivalent, 1500 kJ mot® have been measurdf]. These large varia-
a term widely used in connection with indirect calorimetry. tions from Thornton’s rule provide quantitative information
The numerical value of Thornton’s constant or the oxycaloric on relative activities of metabolic pathways and metabolic ef-
equivalent varies from-430 to—480 kJ mot* O, depend- ficiencies. However, interpreting the calorespirometric ratios
ing on the class of compourj8l]. If the compound class is  requires a biochemical model. The model is connected to the
unknown, we recommend use of the median value 455 calorespirometric ratios through an enthalpy balance:
+ 15kJImol ! O,. Assuming heats of solution are negligi-
ble, which appears to be generally t6§ few, if any, com- Rq = Z RiAH; @)
pounds in their normal state in biological systems fall outside whereR; is the rate of théth reaction with an enthalpy change
this range. From the oxycaloric equivalent (a¥and the A H; and the sum is over all the reactions in the system. To
chemical oxidation state ¢y of the organic compound being  assist the reader in assimilating these modiasle 1lists
combusted, an estimate of the enthalpy change of combustionypical values of the variables.
per mole of CQ released (A Ho,) can also be obtained.

s 2. Steady state systems, with efficiency = 0
AHco, = (1— Z> AHo, )

In a steady state system, i.e. non-growing, mature, not
Also note that, as a consequence of Thornton’s rule, for any developing or senescing organism, tissue, or culture where
reaction in which @ is taken up by an organic substrate, the net accumulation and change in composition of biomass is
enthalpy change is approximately equal-td55 kJmot?! zero, the only reaction is the catabolic reaction, 8gtRco,
0z. CO; need not be a product of the reaction. This corollary andRg/Ro, are related solely by the oxidation state of the
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catabolic substrate. Both plants and animals can approximatenvheree is the substrate carbon conversion efficiency or the
a steady state system during some stages of their life cycle. Adraction of substrate carbon retained in anabolic products,
an example, the guinea pigs used by Lavoisier and Laplacei.e. in new cellular material represented hereQyp. This

in their experiments reported in 1788 were assumedto be reaction may be conceptually divided into two parts. One
in a steady state. Following Lavoisier and Laplace’s conclu- being the overall reaction of catabolism, i.e. the oxidative
sion that respiration is a slow combustion, but using modern metabolism ofCsypstratet0 CO, and water. The other part is
nomenclature, the catabolic reaction can be represented aanabolism, i.e. all the reactions required for construction of

oxidation of carbon substrate to G@nd water: Chpio or, in other words, for the construction of the compo-
Ve nents of functioning cells. With this definition, the rate of
Csubstratet (1 - Z> 02 > COz + (—3(19)H20+ - -- production of new cellular material by anabolism is given
3) by:
and the enthalpy balance is: Ranabolism= Rco, (1 ¢ ) (8)
— &
V
Rq = Ro,AHo, = Rco, (1 - ZS) AHo, 4) wheree/(1 — ) is simply the ratio of the coefficients i&q.
: . _— ().
For this case the respiratory quotient is: From the enthalpy balance, the rate of heat production
Rco, 1 during growth and de_velopm_ent is giv_en_ by the ra_tes of the
= (5) catabolic and anabolic reactions multiplied by their respec-

ke 1=rs/4 tive enthalpy changes. The rate of heat production can be
That is, the ratio of the rate of GQproduction to Q uptake expressed as a function of the rate of Q@oduction:
is equal to the ratio of the coefficients on €é&nd G in Eq.

(1). In the steady state case, the two calorespirometric ratiosXd = ~##1c0, Rco, — A He Ranabolism ©)
are then related by: where A Heo, is the enthalpy change per mole of €@r

Rq _ (1_ E) Ry - (1_ E) NS © :ﬁgit;gr;ti(gzrand&HB is the enthalpy change per Cmole for
Rco, 4 Ro, 4 2 ’

The assumption of a steady state system is the basis forCsubstratet (compounds of NP K, etc.)

indirect calorimetry in which the heat rate is calculated asthe  — Cpio + (%(—ys))oz (10)
product of the oxycaloric equivalent and the rate of oxygen . ) o .
uptake, i.eEq. (4). Because no energy is being conserved in whereyg is the average chemical oxidation state of carbonin

asystem in a steady state, the efficiency is zero, no net growthCbio» the products of anabolism. The rate of heat production
or development is occurring, and the relation betwge, can also be expressed as a function of the rate of oxygen

andRo, depends only on the oxidation state of the substrate COnsumption:

¥s- As ahistorical note, all three ratios can be calculated from p _ _ A g R — AHAR . 11

the data of Lavoisier and Laplaf®; Ro,/Rco, = 1.23 from d 0270z A Tanabolism h
which ys = —0.92,Ry/Rco, = 367 kJ mot?, and Rg/Ro, = whereAHp is the enthalpy change per Cmole for the reac-

298 kJmot. These data are the first and one of very few tion.

examples where data were collected from which all three

ratios can be calculated. Sin&/Ro, # AHo,, the data Csubstratet- (compounds of NP, K, etc.)
also show that the guinea pig was not in a steady state as 4 Vs — VB
assumed. The assumption of steady state was and is probably — Chio + CO; 12)
. : sump weady state P y Vs — Ys—ve+4

incorrect in most indirect calorimetry studies.

Note that the stoichiometries i&qgs. (7), (10), and (12)
depend on the oxidation state of nitrogen in the substrate.
3. Growing and developing systems, The stoichiometry oEq. (7), i.e.¢, additionally depends on
with efficiency > 0 growth conditions. In this paper we assume the substrate ni-
trogen to be fully reduced so no reducing equivalents are
In growing or developing systems, new cells are being ysed to incorporate nitrogen into the biomass. The quantities
produced and/OI‘ theirsize and CompOSition Change W|th t|me Of Other required e|ements that may undergo Changes in oX-
For systems in which the substrate is more oxidized than thejgation states are typically too small to be of significance in
biomass produced, the overall chemical equation becomes: the overall energy considerations. Also note that intermedi-
ates such as ATP and NADH are not included in the reactions
because their concentrations, even in growing or developing
— &Cpip + (1 — £)CO, (7 tissues, remain essentially constant, i.e. in a steady state.

Csubstratet XO2 + (compounds of NP, K, etc.)
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CombiningEgs. (1), (8), and (9ives: Dejean et al[16], we calculateAH of —28 kJ mot? lac-
Rq " e tate for growth of yeast on Iactate..This value MA is not
Reo (1 — Z) AHo, — AHp (1—5) (13) only much smaller than that obtained by Dejean ef{8]
© but also differs in sign. We have committed the same error,
which shows howRy/Rco, is related toe. CombiningEgs. i.e. usingRy/Ro, as a general indicator of efficiency, in some
(8) and (11)and the respiratory quotient frokq. (5)gives: past discussions, but hopefully not in print. The idea that “the
R . less heat produced per oxygen consumed indicates a more
% = —AHo, — AHp (1 — 8) efficient system for producing biomass” is incorré&j/Ro,
2

values less than the oxycaloric equivalent instead can only
Vs P ve— s\ )t indicate the presence of endothermic reactions which may
x (1 - —) + (14)

4 1= 2 or may not be beneficial to the organism or in producing a
& . . .
wanted byproduct. The use of tiRy/Ro, ratio to indicate
which shows howRy/Ro, is related tce. efficiency implicitly assumes reaction (10) describes the ac-
tual anabolic reaction in the system, whereas this reaction
is only a convenient tool for unraveling the thermodynamics
4. Interpretation of calorespirometric ratios in terms of the system. In contrast, reaction (12) describes the actual
of efficiencies anabolic reaction of respiration in most biological systems,
and, as a consequence, measuRgtRco, values that are
Because the oxidation state of carbon in biological tissues, |ess than the value predicted by Thornton’s rule are a quan-

i.e. yg, is typically <0[2] and AHg is typically >0[6], Eq. titative indicator of the efficiency of conversion of substrate
(13)can be used to obtain informationeffom measurement  into growth.

of Ry/Rco,. Determination ot with Eq. (13)is experimen-

tally challenging however, becaugeHg is typically only

10-20% of the value oA Ho, [3,6,10]. Nonetheless, appli- 5, |nterpretation of calorespirometric ratios in terms

cation ofEq. (13)to calorespirometric dafd1,12]produces of metabolic paths

values ofe similar to those of other metho@3,6,13,14], but

with much less effort. Values for tissues from several species A model of the biochemistry of the system is required

of plants showe varies from 0 to a maximum of about 0.85  to obtain information on the relative activities of metabolic
+ 0.05 depending on conditions and age of the tij$6¢ paths from calorespirometric ratidsq. (3)is an example of

In contrastEq. (14)and the ratidRy/ Ro, isimpracticalfor  sych a model for steady state systems Bgd. (7) and (10)
obtaining information ore becauseAHa is approximately  or Egs. (7) and (12¢onstitute models for growing or devel-
zero, i.e. by application of Thornton's rule Exj. (12). The  gping systems. The basis for obtaining the relation between
second term irEq. (14)is therefore negligible anBq/Ro, the calorespirometric ratios and these models is an enthalpy
is Slmply equal to the OXycaloriC equivalent. Any deviation ba|anceEq_ (Z)Eqs (9) and (11;“’9 examp|es of enthalpy
from this value indicates that reaction (7) is not a complete pglance equations based on the model&js. (7) and (10)r
description of the overall chemistry of the system and other Eqs. (7) and (12), respectively. Because of the obvious direct
types of reactions with nonzeroH must be present. Because  connection to the oxycaloric equivalent, this approach has
of this dependence on other reactions with nonzero heat, themost commonly been used with tRg/Ro, ratio.
Rq/Ro, ratio is useful in some cases for determining the effi- Rq/Ro, is the ratio commonly measured on mammalian
ciency of production of byproducts of metaboli§sj. How- cells in culture, on aquatic animals, and on microorganisms
ever, theRy/Ro, ratio is blind to reactions witthH ~ 0. For becauseRo, is readily measured electrochemically in aque-
example, when a significant amount of £ produced by ous solutions (e.g. see referenf®49]) while Rco, is more
disproportionation of carbon compounds, npi©consumed  difficult to measure in an aqueous milieu. The general en-

in the reaction, little heat is produced or consumed by the re- thalpy balance equation used to interpret measured values of
action, and the measured valueRyf Ro, differs little from the Ry/Ro, ratio is:

the oxycaloric equivalent.
AHa and AHg are often confused in discussions of en- Ry = —Ro,AHo, — Z RiAH;
ergy transfer from catabolism to anabolism and thus of energy
efficiency. For example, Dejean et §l6] incorrectly con- = Ro, (455kJ mot 1) — Z RiAH; (15)
cluded that variation oRy/Ro, indicated growth efficiency o
of yeast on lactate substrate becausen@s included in the ~ a@nd the ratio is given by:
anabolic reaction and thusHa was calculated incorrectly. R 1
They estimatedAHp as +156 kJ moi? lactate whereas Bat- RJ = 455kJmof?t — (R) Z R;AH; (16)
tley [17] calculatedAHa of —31 kJ mot! lactate for growth ©z ©z
of Pseudomonas saccharophilia lactate. Using the meth-  The Ry/Ro, ratio thus can only deviate from the oxycaloric
ods of Battley[17,18] and the elemental formula given by equivalent if anaerobic reactions witkH # O exist in the
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system. Mammalian cells typically haf&g/Ro, values more bic/anaerobic model, deviations from Thornton’s rule in the
exothermic than-455 kJ motl. Because the measured ra- ratio Rg/Rco, can be analyzed by viewirfgg. (3)as the oxi-
tio differs from the oxycaloric equivalent it contains quan- dation or aerobic reaction aiitd). (12)as the disproportiona-
titative information about the metabolic pathways causing tion or anaerobic reaction. While other oxidation (i.e. oxygen
this difference. Kem5] models this difference with anaer- consuming) reactions are possible, and need not lead o CO
obic reactions typical in mammalian cells, and shows how as a product, these are often insignificant in metabolism dur-
such anaerobic reactions cauRgRo, ratios to be larger  ing growth of terrestrial organisms. Reactions (3) and (12)
than 455 kJ moll. These reactions occur normally in fully  thus represent actual processes in many organisms. The en-
aerobic systems and are not usually due to anoxic condi-thalpy balance in terms of the rate of g@roduction is:
tions. With knowledge of the chemical nature of the prod-
ucts, calorespirometric data thus enable calculation of the Rq = Rcop[~fAH3 — (1~ f)AH12] (19)
relative amounts of carbon substrate flow through oxidative
respiration or synthesis of the prodyis}. Becausezq. (16)
partitions the reactions according to their relative heat ef-
fect, theRy/Ro, ratio is blind to reactions witiAH ~ 0. For
example, when a significant amount of €8 produced by A g, — (1 _ ﬁ) AHo,
disproportionation of carbon compounds, no deviation from 4
Thornton’s rule is seen in tH&y/ Ro, ratio, but deviation does _ (1 _ ﬁ) (—455+ 15) kJ mo (20)
occur in theRy/Rco, ratio. 4

The ratio most commonly measured on terrestrial plants Thornton’s rule also gives:
and animals i&y/Rco, One model for interpreting deviations
of Ry/Rco, fromthe value predicted with Thornton'srulewas A Hi ~ 0kJ mol? (22)
given above irEq. (13), i.e. in terms of. Eq. (9) can also
be used to predict growth or anabolic rates from measured ' herefore,
heat and CQ@rates. Note thaEq. (11)cannot generally be _ Rg/Rco,

wheref is the fraction of CQ produced by reaction (3) and (1
— f) is the fraction produced by reaction (12). The enthalpy
change for reaction (3\Hs, is given by Thornton’s rule as:

used to obtain gnapolic rates becansga ~ 0. Interpreting I 455 (1— ys/4) (22)
the Ry/Rco, ratio with Egs. (8) and (9vorks well for plant ) ) )
tissues under normal growth conditioj29]. However, this N @ completely anaerobic system describedelly (12), i.e.
model is not unique. in a system in which the substrate is more oxidized than the
The general enthalpy balance equation for interpreting the Product biomass, the heat rate is approximately zero, the CO

Ry/Rco, ratio is: production rate is finite, and therefoRg/Rco, =~ 0 andf =

0. In a completely aerobic system with no net anabolism:
Rq = —Rco,AHco, — Z R/ AH; (17) R

Mo _ (B — _rs

Row = (1 . ) AHo, = 455(1 . ) (23)

whereA Hco, is now defined differently than ikq. (9). In
Eq. (9), AHco, is the weighted average of theH values andf = 1. This aerobic/anaerobic model appears to apply to
for all the CQ producing reactions, of which there are only insects in which respiration varies frdim: 0 at low temper-
two types in biological systems. GQan be produced by  atures td ~ 0.5 at higher temperaturés).

oxidation of organic compounds by oxygen wiH = (1

— y¢/4)(—455 kJ mot 1) or it can be produced by dispropor-

tionation reactions wit\H ~ 0 that produce C®and a 6. Limitations on information obtained on biological

more reduced compound. A reasonable approach is thus tasystems from only one calorespirometric ratio

partition the CQ between these two types of reactions. The

calorespirometric ratio is then given by: Validation of Kemp’s model based dR,/Ro, for mam-

R 1 malian cell culture$5] required extensive chemical analyses
M f ( VS) (455 kJ mot 1) of substrates and products throughout the course of growth of
Rco, 4 the culture. Simultaneous determination of y¢Rco, ratio

1—f prior to the chemical analyses would have shown there was
- { Rco, ] Z RiAH; (18) another reaction(s) to be accounted for in the enthalpy bal-
ance, allowed calculation of the rate of this (or these) anaer-
wheref is the fraction of CQ produced by oxygen consum-  obic reaction and the average oxidation state of the products,
ing reactions. This model, which is more generally applicable and provided an estimate of the enthalpy change for these
than the model ifEgs. (7) and (10), partitions the G@ate reactions.
between aerobic and anaerobic metabolic paths. However, Interpretation ofRy/Rco, data has problems similar to
these models are all limited to systems in which all oxy- interpretations of th&/Ro, ratio, i.e. chemical informa-
gen consumption leads to GOAs an example of this aero-  tion must be determined or assumptions must be made. For
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example, at favorable conditions for aerobic growth of ter- 7. Information available from both calorespirometric

restrial ectotherms, e.g. plants and insectsR{i&co, ratio ratios

is typically less exothermic than the oxycaloric equivalent

[7,11,12]. However, depending on the tissue and the condi- Using both calorespirometric ratios allows testing of the
tions, Ry/Rco, can be more exothermic than the oxycaloric assumptions required when using models to interpret a single
equivalent, typically when conditions are outside the normal calorespirometric ratio and shows whether assumptions are
range of growth conditiond]. Egs. (13) and (2)anbe used  valid. For example, measurement Rf/Ro, in addition to

to analyze these results. Oxidation of long chain fatty acids Ry/Rco, allows determination of whether there is significant

can account foRy/Rco, values up to about 650 kJ mdl. accumulation of partially oxidized reaction products. Thus,
Since it is unlikely that fatty acids will be the sole substrate, the Ry/Ro, ratio determines whether there is a need to as-
values ofRy/Rco, greater than about 500 kJ mél likely sume that all oxygen consuming reactions lead t@ G@.

imply incomplete oxidation of substrate. Simultaneous mea- whether the)~ R; A H; term inEq. (17)is significant. When
surement ofRy/Rco, andRy/Ro, could be used to decide  this term is significant, values can be obtained to estimate the
between these cases. extent of accumulation of other oxidation products. Measure-
Since it would be unusual fops to be positive (i.e. for ment ofRy/Rco, in addition toRy/Ro, allows determination
substrate to be more oxidized than carbohydrate) in theseof whether there is significant anaerobic production 0hCO
systemsEq. (13)suggestRy/Rco, values less exothermic  and therefore eliminates the blindness of RgRo, ratio
than the oxycaloric equivalent are dueadig ande both to reactions withAH ~ 0. In summary, measurements of
being greater than zero. The raflg/ Rco, thus becomes less  both ratios provide important additional information and al-
exothermic ag\Hg ands become larger. Inimmature, rapidly  low determination of whether assumptions made in a model
growing, vegetative plant tissues, the substrate is commonlyare valid.
carbohydrate witlys = 0, AHg is typically 25-50 kJ mol?,
ande ranges from about 0.5 to 0.85 giving 200Rg/Rco,
< 430kJmot?. Values ofRy/Rco, < 455kImoft are thus 8. Conclusions
taken to be a quantitative indicator of how favorable condi-
tions are for growth or development. Bdqs. (13) and (22) The two calorespirometric ratios both yield useful, but
indicate thaRy/Rco, can only be more exothermic than the different, information about metabolism in growing and de-
oxycaloric equivalent if/s is negative or if aerobic processes veloping systemsR,/Rco, measurements can provide use-
are not culminating in C& Because these processes typi- ful information about substrate carbon use efficiency, but
cally occur to a significant extent only when the organism or Ry/Ro, usually does not. Both ratios provide information
tissue is stressed or fully matury/Rco, > 455kJ mott about metabolic pathways, but additional chemical informa-
in growing tissues is taken as an indication that conditions tion on metabolic products is often needed to quantify and
are outside the range that can be tolerated for any extendednterpret the results from measurement of a single ratio. Si-
time period. Values oRy/Rco, > 455kJ mot?, which are multaneous measurements of both calorespirometric ratios
commonly seen at high and chilling temperatyi§sand in would eliminate many of the limitations on interpretations of
mature plant leaf tissue (unpublished data this laboratory), calorespirometric data.
indicateys < 0 and/or incomplete oxidation of substrate to A consequence of fundamental importance following
CO; in oxidative catabolism. Simultaneous measurement of from the measured values of calorespirometric ratios is that,
Rg/Rco, andRy/Ro, could be used to eliminate the need to in systems where reaction (12) accurately describes the over-
make these assumptions abgut all anabolic process, and thindia ~ 0, none of the enthalpy
Values ofRy/Rco, less than about 200 kJ mdi clearly generated in catabolism is conserved in the growth of the
imply the presence of anaerobic respiration. If the Kreb’s cy- biomass, a conclusion also reached by others many years ago
cle is fully active, values of cannot be less than about 0.38. ([2,21] and refs. therein). However, it is commonly stated
This calculation is based on minimiziridy the maximum and widely supposed that energy from catabolism (reaction

values ofs and AHg (0.85 and 50 kJ mott) commonly ob- 3) is transferred to the chemical bonds of the products of
served and settings = O (i.e. carbohydrate substrate). This anabolism. This conclusion is based on (a) the fact that, per
givesf = 0.38, corresponding tB/Rco, = 173kJ mot 1. Cmole, the heat of combustionGf;, is typically greater than
CombiningEgs. (13) and (223hows why this is so. that of Csupstratd 3,6,13], and (b) the conjecture, popularized
by Schidinger[22], that Cpj, has unusually low entropy.
f=1- ( € ) AHg (24) But, as the stoichiometry &q. (12)shows, the enthalpies of
B 1—¢/ (1— ys/4)(455) combustion ofCsypstrate@nNdCpio Should not be compared on

the basis of a Cmole of each. Instead, the enthalpy of com-
Simultaneous measurement BH, would measure the ex-  bustion of a Cmole 0Csypstratemust be compared with the
tent of CQ production from @ consuming reactions and enthalpy of combustion of [4/g~— yg + 4)] Cmole 0fCpjo.
thus could be used to verify the presence of anaerobic The fact thatAHA ~ O (i.e. AH for reaction 12), demon-
respiration. strates the enthalpies of combustion of the substrate and the
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appropriate amount dfy;, are the same. Thus, there is es-
sentially no enthalpy from catabolic oxidation Gfypstrate
transferred to the chemical bonds@fi,. The answer to the
guestion of how much Gibbs free energy is transferred from

catabolism to anabolic products thus rests solely on the valid-

ity of Schiddinger’s conjecture, an issue we intend to pursue
in a later paper.
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