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1. Heats of combustion and energy equivalents of cytoplasmic ATP have been estimated for glucose, 101 food 
proteins and 116 food fats based on amino acid and fatty acid composition data from food composition tables 
and the heats of combustion and energy equivalents of cytoplasmic ATP of each individual amino acid, fatty acid, 
glycerol and glucose. The isodynamic equivalents of carbohydrate, fat and protein at the biochemical level have 
been investigated. 

2. Heats of combustion of food proteins and fats derived from compositional data were within 1 % of published 
values obtained by calorimetry. 
3. Cytoplasmic ATP equivalents for glucose, fat and protein range from 9.0 to 14.7, 8.6 to 14.6 and 6.4 to 

13.2 mol cytoplasmic ATP/MJ of metabolizable energy respectively, depending on the choice of mitochondrial 
proton stoichiometries for these estimations. The range is extended further when considering the level and type 
of mitochondrial ‘uncoupling’. 
4. Isobioenergetic relationships between the efficiencies of glucose (G) and fat (F) (F  = 1.05 G-0.9) and glucose 

and protein (P) (P = G(1.02-0.195)-(1~8+0.55))energyconversions (wherefis the fractionofprotein oxidized 
via gluconeogenesis) were obtained and were essentially independect of the choice of mitochondrial proton 
stoichiometry and the level and type of uncoupling of oxidative phosphorylation. 

5. Potential errors in previous estimates of ATP yield from protein are shown to be as much as - 17.6 to 
> 1 18 %; accounting for the efficiency of mitochondrial oxidative phosphorylation narrows this to between 
-7.9 and 17.4% and accounting for the fraction of protein oxidized via gluconeogenesis limits this further to be- 
tween - 7.9 and 1 1  ‘1 %. Remaining uncertainty is attributed mostly to lack of knowledge about the energy cost of 
substrate absorption from the gut and transport across cell membranes. 
6. Coefficients of variation (cv) in the cytoplasmic ATP yield/g protein and /g protein nitrogen for the 101 

food proteins were large (0.033 and 0.058 respectively). This is attributed mostly to variation in the metabolizable 
heats of combustion (cv 0.033 and 0.053 respectively) and to a much smaller extent in the efficiency with which 
cytoplasmic ATP equivalents are generated/MJ of metabolizable energy (cv 0.01). 

7 .  It is concluded that the current understanding of biochemical energy transduction is sufficient to permit only 
a crude estimate of the energy equivalents of cytoplasmic ATP but that these equivalents vary by less than 5 %  
between both different food proteins and different food fats. Isobioenergetic equivalents for carbohydrates, fats 
and protein which could be applied to modify the Atwater conversion factors are possible but require first an 
accurate quantification of the energy equivalent of cytoplasmic ATP for glucose in vivo, and an indication that 
oxidative phosphorylation is similarly efficient in different individuals. 

Classically, food energy values are obtained by application of Atwater conversion factors 
for carbohydrates, fats and proteins or, alternatively, by measurements using bomb 
calorimetry (see Merrill & Watt, 1955; Paul & Southgate, 1978). There have been relatively 
few attempts at estimating the biochemically available energy in foods probably because of 
the vast book-keeping exercise involved and because some of the inherent assumptions raise 
questions regarding the validity and utility of such estimates. Nevertheless, expressing 
metabolizable energy on a biochemical basis, e.g. as an amount of ATP synthesized/unit of 
food oxidized (Schulz, 1975), is a useful concept and, rather than being a mere academic 
exercise, is a prerequisite to the evaluation of the energy costs of metabolic processes such 
as protein turnover, carbohydrate storage, fat storage, etc., when these are estimated on 
theoretical grounds (Hommes et al. 1975; Millward et al. 1976; Flatt, 1977, 1980; Schulz, 
1977; Waterlow et al. 1978; Webster et al. 1978; Hommes, 1980; Reeds et al. 1980; Gregg 
& Milligan, 1982). Further, it could provide an alternative and possibly improved basis on 
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16 G. LIVESEY 

which to estimate food energy values, in particular the protein: energy value (Miller & 
Payne, 196 1). 

The present work was undertaken to evaluate some of the limitations which arise from 
current uncertainties and gaps in knowledge about the biochemical energy transduction 
pathways and to illustrate quantitatively how these might affect both the estimation of 
biochemically available food energy and the isodynamic equivalence of protein, fats and 
carbohydrates as originally envisaged by Rubner (1 902). 

It is well established that biochemical energy available to the organism from dietary 
protein is less than that from an isoenergetic amount of fat or carbohydrate (Krebs, 1964), 
mainly due to the energy cost of nitrogen excretion as urea (Sallach & Farhren, 1969). 
Moreover, the energy available, when expressed as mol ATP/g protein oxidized, varies 
depending upon the source of the protein (Schulz, 1975). On observing that the number 
of mol ATP yielded/g protein N varied considerably between proteins, McGilvery (1979) 
emphasized the need for estimating protein energy values of individual foods. The precise 
biochemical energy values obtained are, however, not only affected by the source or 
composition of the food but are highly dependent on the assumptions made to account for 
gaps or uncertainties in biochemical knowledge. The major metabolic pathways for the 
oxidation of food components is not a subject of current controversy. However, the precise 
proton stoichiometries of mitochondria1 oxidative phosphorylation form a grey area in 
which there has been much effort at clarification but still no agreement (Mitchell & Moyle, 
1968, 1969; Brand et al. 1976a, b ;  Reynafarje et al. 1976; Alexandre et al. 1978, 1980; 
Azzone et al. 1978; Vercesi et al. 1978; Alexandre & Lehninger, 1979; Hinkle & Yu, 1979; 
Pozzan et al. 1979a, b ;  Wilkstrom & Krab, 1979; Papa et al. 1980a, b;  Al-Shawi & Brand, 
1981 ; Hinkle, 1981). +H:O stoichiometries for coupling of oxidative phosphorylation at 
sites 2+3  in mitochondria have been found to be 4, 6 or 8. For sites 1+2+3, +H:O 
stiochiometries have been found to be 6, 10 or 12 and +H : ATP values for the 8-6 ATPase 
(the site of ATP synthesis) have been found to be either 2 or 3. Fortunately these authors 
agree that the +H:ATP value is unity for the transport of ATP across the inner 
mitochondrial membrane. Whilst there are some fifty-four combinations of these stoichio- 
metries, not all combinations are possible ; six only, which are compatible with experimental 
observations, are accounted for in the present work. Whereas the above stoichiometries are 
for tightly coupled mitochondria, there is little evidence showing mitochondria in vivo to 
be tightly coupled. 31Phosphor~s nuclear magnetic resonance saturation transfer methods 
on isolated perfused rat heart and rat brain in vivo, i.e. tissues expected to have highly 
coupled mitochondria, suggest ADP:O values between 2 and 3-5 (Matthews e f  al. 1981; 
Shoubridge et al. 1982). The precise values are difficult to interpret since such 31P nuclear 
magnetic resonance studies are inherently inaccurate at present. However, evidence shows 
that mitochondria from brown adipose tissue (Nicholls, 1976, 1982; Nicholls & Lock, 1981) 
and other tissues (Skulachev, 1963; Chance, 1970; Ball, 1973) can exhibit uncoupling to 
varying extents. How these uncertainties and others affect calculations of biochemically 
available energy from foods, especially food proteins, constitutes a substantial part of the 
present paper. 

METHODS 

Heat energy values 
Metabolites. Heats of combustion of amino acids and other compounds (Hogman, 1962; 
Ponomarev, 1962; Sober, 1968) are given below together with a calculated value for 
histidine. The value for histidine is based on the regularity in heat energy values of chemical 
groups (Janz, 1958) and amino acids (Ponomarev, 1962) and agrees with the Kharasch and 
Sher formula (see Janz, 1958) for the empirical calculation of heats of combustion. Heats 
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Food energy values 17 

of combustion were (MJ/mol metabolite): isoleucine 3.58, leucine 3.58, lysine 3.68, 
methionine 2.78, cysteine 2.23, phenylalanine 4.65, tyrosine 4.44, threonine 2.05, tryptophan 
5.63, valine 2.92, arginine 3.74, histidine 3.37, alanine 1.62, aspartate 1.61, asparagine 1.93, 
glutamate 2.25, glutamine 2-57, glycine 0.97, proline 2-73, serine 1.45, urea 0-63, ammonia 
0.63, glycerol 1.66, glucose 2.82, galactose 2.81, fructose 2.83. Heats of combustion of 
saturated and unsaturated fatty acids of odd and even chain lengths were calculated from 
the formula -AHc = 0.653n-0.166d-0.421, where n is the number of carbon 
atoms/molecule fatty acid, d is the number of double bonds/fatty acid and -AHc is the 
heat of combustion in MJ/mol. This formula was derived here from a regression of - AHc 
for C2, C3, C4, C5, C6, C7, C11, C14, C16 and C18 fatty acids (values from Hogman, 
1962) against fatty acid chain length (which gave -AHc = 0653n-0.421) and corrects 
for the lower heat of combustion of the corresponding unsaturated fatty acids. This 
correction was taken to be equivalent to the difference in the heat of combustion of stearic 
and oleic acids, propionic and acrylic acids, succinic and maleic acids and ethyl and ally1 
alcohols (mean (SEM): 0.166 (0.019), n 5) .  The formulae compare favourably with the 
Kharasch and Sher formula and that for saturated fatty acids (Adriaanse et al. 1965). 

Food proteins. Heats of combustion of food proteins are based on the amino acid 
compositions of foods in McCance & Widdowson’s ‘ The Composition of Foods’ (Paul & 
Southgate, 1978) and assume that half the aspartate and glutamate is in the amide form. 
This is consistent with the average amino acid composition for specific proteins of animal 
and vegetable origin (Croft, 1973) and errors arising from this assumption are found here 
to be negligible. The heats of combustion of food proteins were determined as MJ/g food 
N according to the expression: 

==zo B 
- AHc (protein) = x x A ,  

where B is mg amino acid/g food N (from food tables), A is - AHc for the corresponding 
amino acid, C is molecular weight of the corresponding amino acid and Zg; is the sum 
for each of the twenty amino acids. This formula does not account for the heat of hydrolysis 
of the peptide bond which amounts to less than 0.3% of the heat energy of proteins, being 
equal to only 8 x 

The potential metabolizable energy in the food protein was taken to be the difference in 
the heat of combustion of the food protein and that for the end-products of metabolism, 
urea and ammonia; these products have the same heat of combustion (15 MJ/g N) so the 
above difference is independent of the distribution of N between them. -AHc for the end- 
products was expressed as MJ/g food N and calculated as follows: 

MJ/peptide bond (Rawitscher et al. 1961). 

c U l  

in which B and C are as defined previously, D is the number of N atoms/amino acid and 
the constant in the equation is -AHc for ammonia, or half the -AHc for urea (i.e. 
0.32 MJ/mol). 

Protein energy values (MJ/g food N) were, for comparison with values in the literature, 
converted to MJ/g protein by dividing by the sum weight of amino acid residues in the 
protein/g food N. 

Food fats. Heats of combustion of fats in foods were computed using the fatty acid 
composition data in the food tables (Paul & Southgate, 1978) on the basis that all fatty 
acids were present in triglyceride form. The energy contribution of cholesterol and the ionic 
rnoeity of phospholipid was neglected since this contributes only a small proportion of 
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18 G. LIVESEY 
dietary energy. Heats of combustion of food triglycerides were expressed as MJ/100 g food 
fatty acid according to the formula: 

FA, B’ FA, B’ 

FAI 3D FA, 
-AHc (triglyceride) = 1.66 -+ Z -Z, 

in which B’ is g fatty acid (FA)/100 g food total fatty acid (from the food tables), D is 
molecular weight of the corresponding fatty acid and Z is -AHc of the corresponding 
fatty acid. The constant 1-66 is - AHc (MJ/mol) for glycerol. The potential metabolizable 
energy of the food triglycerides was taken to be equal to -AHc (triglycerides). Heats of 
hydrolysis of the triester linkages were neglected as this amounts to less than 0.1 % of the 
heat energy of tryglycerides, being only approximately 2 x MJ/ester bond (Adriaanse 
et al. 1965). 

For comparison with literature values, MJ triglyceride/100 g food fatty acid were divided 
by the calculated weight of the triglyceride/100 g food fatty acid to give MJ/g fat. 

Biochemical energy values 
Metabolic pathways for the oxidation of monosaccharides, amino acids, fatty acids and 
glycerol used in the computation of ATP yields were direct, i.e. not via the storage forms 
glycogen, fat and protein. Oxidation of protein via gluconeogenesis was considered as an 
option. Several assumptions were made : ATP expenditure within the mitochondrial matrix, 
except for substrate activation during oxidation, is negligible by comparison with extra 
mitochondrial ATP utilization; metabolic stoichiometries represent the major metabolic 
pathways; glutamate transport out of mitochondria during urea synthesis is balanced by 
citrulline transport into mitochondria in order to produce no net effect on the mitochondrial 
proton electrochemical gradient (see Whittaker & Danks, 1978; Nicholls, 1982). 

ATP yields with coupled mitochondria. For each amino acid, fatty acid, glycerol and 
monosaccharide the potential net cytoplasmic ATP yield was computed as follows : 

cytoplasmic ATP yield = n, ATP,,, + n, ATP,,, 
+ n3 NADH,,, + n4 NADH,, + n,FADH, 

where n,, n,, n3, n, and n5 are mol cytoplasmic ATP, mitochondrial ATP, cytoplasmic 
NADH, mitochondrial NADH and FADH, produced (net) respectively during the oxidation 
of 1 mol substrate. ATP,,,, ATP,,,, NADH,,,, NADH,, and FADH, are the cytoplasmic 
ATP equivalents of the corresponding ‘high energy’ compounds. In all cases ATP,,, was 
rigidly defined as equal to 1. The cytoplasmic ATP equivalents of other ‘high energy’ 
compounds were computed in accordance with the +H : 0 and the +H : ATP values for the 
electron transport complexes, 4-4 ATPase and ATP transport across the mitochondrial 
inner membrane (see Table 1). The values n,, n,, n3, n4 and n, were varied in accordance 
with the oxidative pathway under consideration (e.g. direct oxidation or indirect oxidation 
of protein via gluconeogenesis), the considered energy cost of substrate absorption, the 
extent of involvement of the a-glycerophosphate shuttle in the transfer of reducing 
equivalents into the mitochondria, etc. NADPH does not appear in this formula; its 
utilization during oxidation of phenylalanine, tyrosine and tryptophan was balanced by an 
equal production of NADPH via malic enzyme. This seemed preferable since the 
transhydrogenase catalysing the formation of NADPH appears not to be linked to ATP 
utilization but to be driven by a proton electrochemical gradient (Rydstrom et al. 1981). 

ATP yields with uncoupled mitochondria. Two types of uncoupling are considered, proton 
leakage or short circuiting (Nicholls, 1976, 1982; Nicholls & Lock, 1981), which uncouples 
mitochondrial proton re-entry from 8-4 ATPase activity, and uncoupled proton trans- 
location, which disconnects electron transfer from proton ejection (Skulachev, 1963 ; 
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Table 1. Coupling ratios and cytoplasmic ATP equivalents of ‘high energy’ compounds 
and substrates for coupled mitochondrial oxidative phosphorylation 

A B C D E F G 

Coupling ratios 

(a) H+ : 0 succinate 
(b) H+ : 0 NADH,,, 
(c) H+ : ATP 4-4 ATPase 
(4 H+:ATP transport 
(e) Succinate:ATP,,, (P: 0 succinate) 
If) NADHmit:ATPCyt (P:O NADH,,,) 
k) NADHC,, :ATPc,t 
(h) ATPmit:ATPcyt 

8 8 6 6 6 4 4 
10 12 9 8 10 6 6 
2 3 2 2 3 2 2 
1 1 1 1 1 1 0 
2.67 2.00 2.00 2.00 1.50 1.33 2 
3.00 3.00 3.00 2.67 2.50 2.00 3 
3.00 2.75 2.67 2.33 2.25 1.67 3 
0.67 0.75 0.67 0.67 0.75 0.67 1 

Cytoplasmic ATP equivalents 

(i) cyt ATP/mol glucose* 
(j] cyt ATP/ME glucose 
(k) cyt ATP/ME fat? 
(0 cyt ATP/ME protein? 
(m) cyt ATP/ME protein? 
(oxidation via glucose) 

41.3 37.0 36.7 33.4 31.0 25.3 38 
14.7 13.1 13.0 11.9 11.0 9.0 13.5 
14.6 12.7 12.7 11.6 10.4 8.6 - 
13.2 11.5 11-5 10.4 9.3 7.4 - 

12.6 10.9 9.9 9.8 8.6 6.4 - 

Columns A-G are possible coupling ratios and cytoplasmic ATP equivalents; G, originally proposed by Mitchell 
& Moyle (1967a, b 1968), is now recognized as unlikely and is not used in the computations. B, C, E, Fare for 
coupling ratios proposed by Reynafarje et a/. (1976), Nicholls (1982), Hinkle & Yu (1979) and Hinkle (1981) 
respectively; A and D are other theoretically possible ratios (see text); e, & g, h are derived from a, 6, c, d by 
calculation: e = a / (c+d) , f=  b/(c+d), g = (b-d)/(c+d), h = c/(c+d); i, j ,  k, 1, m were computed as described 
in the methods section. 

ME, metabolizable energy (MJ). P: 0, phosphate: oxygen ratio. 
* ATP,,, is rigidly defined as unity (see text) whereas cyt ATP is the number of cytoplasmic ATP equivalents. 
t Values are means for 116 food fats. 
1 Values are means for 101 food proteins. 

Chance, 1970; Ball, 1973). The latter affects the +H:O stoichiometry at sites 2+  3 only. For 
coupled mitochondria coupling ratios are as given in Table 1. For uncoupled mitochondria 
the coupling ratios were as follows: 

FADH, (succinate: cytoplasmic ATP) = [a( 1 - U,)  (1 - U,)]/(c+ 6) 
NADH,, = [(b-a)(1- U,)+a(l - U,)(l- U,)]/(c+d) 
NADH,,, = [ ( b - a -  1)(1- U,)+a(l - U,)(l - U2)] / ( c+6)  

where a and b are as derived in Table 1, U, and U, are the fractional uncoupling by proton 
leakage or short circuiting and uncoupled proton translocation at sites 2 + 3 respectively, 
and the constant in the last equation, - 1, accounts for the electrogenic proton translocation 
associated with glutamate entry into mitochondria in the Borst cycle (Nicholls, 1982). When 
reducing equivalents were considered to be transferred via the a-glycerphosphate shuttle 
then the cytoplasmic ATP equivalent of NADH,,, was made equal to that for FADH,. 

ATP yields for proteins, fats and carbohydrates. These were calculated in the same way 
as the heats of combustion of proteins and fats with substitution in the appropriate formula 
of - AHc values with the potential net cytoplasmic ATP yield for the individual amino acids, 
fatty acids and glycerol. 

Carbohydrates, as monosaccharides in foods, are mostly glucose, fructose, galactose and 
ribose. Ribose represents a negligible contribution to the carbohydrate energy in foods. 
Values of n,, n,, n3, n4 and n, and -AHc are the same for glucose, fructose and galactose 
(not accounting for potential differences in the energy costs of absorption which would affect 
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20 G .  LIVESEY 
nl). Hence the cytoplasmic ATP yield and - AHc, for glucose, were taken, being as typical 
of food carbohydrate as monosaccharide. 

Available biochemical energy and metabolizable energy. In this study the available 
biochemical energy is expressed as the potential net yield of cytoplasmic ATP in mol/MJ 
of metabolizable energy in protein, fat or glucose. Metabolizable energy values, calculated 
as above, assume absorption of food components in equal proportions to their presence 
in food. This is not so of available biochemical energy which requires only that absorbed 
and non-absorbed nutrients have similar available biochemical energies (had the latter been 
absorbed). 

Spec@ dynamic action. This is defined here as the extra energy required for the synthesis 
of 1 mol cytoplasmic ATP when protein (or fat) is oxidized in place of glucose, in keeping 
with the definition of specific dynamic action given by Krebs (1964). This is a working 
definition and in no way implies that the thermic effect of food observed in the post-prandial 
period is due to the replacement of glucose as an energy source by protein (or fat) or that 
an increased rate of protein synthesis is not a major contributor to the thermic effect of 
food (see Ashworth, 1969; Garroa & Hawes, 1972; Pittet et al. 1974), or that other factors 
are of no importance in diet-induced thermogenesis (Stirling & Stock, 1968). 

RESULTS A N D  DISCUSSION 

The energy equivalents of ATP 
The yield of ATP from an oxidizable substrate is highly dependent on the designated 
cytoplasmic ATP equivalents of other intermediary ‘ high-energy ’ compounds as illustrated 
in Table 1. The proton stoichiometries shown by B, C, E and F (Table 1) are values pre- 
viously proposed and cited in the literature (see Table 3,_p. 20). Those of A and D (Table 
1)  are possible combinations of coupling ratios based on the range of proton stoichiometries 
given in the Introduction and the range of published phosphate: oxygen (P: 0) values (see 
Hinkle & Yu, 1979) and, being difficult to exclude as highly improbable, were included for 
completeness. The range of values for the biochemically available energy (mol cytoplasmic 
ATP/MJ metabolizable substrate) for glucose, protein (mean of 101 food proteins) and fats 
(mean of 1 16 food fats) varies considerably from one stoichiometry to another. These values 
are for tightly coupled mitochondria so the range is narrower than conceived when 
considering mitochondria in vivo and varying levels of coupling may be exhibited (see 
below). Some previous attempts at deriving the energy equivalents of ATP gave values 
(ATP/MJ metabolizable energy) of 12.8, 12.9 and 9.2 for glucose, 12.9 and 12.8 for fat 
and 11.7 and 9.3 for protein (see Schulz, 1975; Flatt, 1980; Hommes, 1980) which fall well 
within the range given in Table 1. It is clearly possible to find evidence to back any of a 
wide range of energy equivalents for ATP for a given substrate and this surely restricts the 
application of the ‘Atkinson (1971) metabolic pricing system’ (see Hommes, 1980). 

Isobioenergetic equivalents of nutrients 
The question remains, however, as to whether Rubner’s (1902) concept of the isodynamic 
equivalence of nutrients is valid at the level of net cytoplasmic ATP synthesis. This is of 
importance since it questions the basis of the Atwater method for the estimation of the 
energy values of foods. The question was examined by determining how the cytoplasmic 
ATP equivalents of food proteins and fats vary as the estimated glucose (typical of 
carbohydrate as monosaccharide) ATP equivalent changes in accordance with the different 
values for the coupling ratios (Table 1) in both coupled and uncoupled systems. 

Fig. 1 shows linear relationships between both fat and protein energy and glucose energy 
when expressed as mol cytoplasmic ATP/MJ metabolizable energy. The position of the 
curve for protein is lower when the pathway for oxidation is via gluconeogenesis than when 
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Fig. 1. Efficiencies of oxidation of fat and protein relative to that for glucose. The fifty-four data symbols 
on each curve represent energy values (mol cytoplasmic ATP/MJ metabolizable energy) for each of the 
six proton stoichiometries (A-F, Table 1) at three levels of proton leakage (4, = 0.0, 0.2 or 0.4) and 
uncoupling of electron transport from proton ejection (U2 = 0.0, 0.17 or 0.33). 0, Fat (mean of 116 
food fats); V, protein oxidation directly (mean of 101 food proteins); A, protein oxidation via glucose 
(mean of 101 food proteins). ., V, A, Energy values for tightly coupled mitochondria (i.e. U, = 0.0, 
u, = 0.0). 

oxidation is direct. The fifty-four data points for each curve (Fig. 1) are for the available 
biochemical energies based on each of the six (A-F) proton stoichiometries (Table 1)  at 
varying levels of mitochondrial uncoupling (U,  = 0.0,0.2 and 0.4; U, = 0.0,0.17 and 0.33; 
nine levels in all). The ranges of U, and U,  were restricted since it is unlikely that the 
‘average’ mitochondrion in vivo is extensively uncoupled. All the results fall on curves (Fig. 
1) such that each relationship is broadly independent of the precise proton stoichiometries 
and the type and extent of uncoupling of mitochondrial oxidative phosphorylation. 

The isobioenergetic relationships shown in Fig. 1 are described by the following 
equations: F = 1.05G-0.9, P = 1.02G- 1.8, P‘ = 1.01G-2-3, where F is available bio- 
chemical energy in fat (cytoplasmic ATP/MJ), G is available biochemical energy in glucose 
(cytoplasmic ATP/MJ), P and P‘ are the available biochemical energies (cytoplasmic 
ATP/metabolizable MJ) in protein oxidized directly and via glucose respectively. Knowledge 
of the cytoplasmic ATP equivalent of glucose in vivo would permit an estimation of fat 
and protein energy using these equations without prior knowledge of the precise coupling 
ratio or the type and level of mitochondrial uncoupling. If the distribution of protein 
oxidation between direct and indirect oxidations were known, the above equations for 
protein would combine to produce P = G( 1.02 - 0-0 If) - (1-8 + OsSf), where f is the 
fraction of protein oxidized via gluconeogenesis. 

Fig. 1 is, however, somewhat insensitive to the differences in cytoplasmic equivalents of 
fats and proteins relative to that for glucose for the varying proton stoichiometries (A-F) 
and extent and type of uncoupling. This is better illustrated by Fig. 2. For fats, two clusters 
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Fig. 2. Change in the efficiencies of oxidation of fat and protein relative to that for glucose. Three groups 
of curves are shown which represent (mol cytoplasmic ATP/MJ metabolizable energy in fat or pro- 
tein per cytoplasmic ATF'/MJ glucose): upper, fat: glucose; middle, protein (directly oxidized): glucose; 
lower, protein (oxidized via glucose): glucose energy. Each group is composed of eighteen curves: three 
curves (U,  = 0.0, 0.2 and 0.4) are drawn for each of the six proton stoichiometries (A-F, Table 1). 
Individual curves join co-ordinates at three levels of U, (0.0,O. 17 and 0.33). (U, and U, are the fractional 
uncoupling by proton leakage or short circuiting and uncoupled proton translocation respectively.) The 
six data symbols in each group are energy values for each of the six proton stoichiometries (A-F) in 
tightly coupled systems (i.e. U, = 0.0, U, = 0.0). 

of curves are apparent which correspond to proton stoichiometries A ,  D and F and B, C 
and D. Close inspection of the curves in Fig. 2 for the protein: glucose energy values also 
shows these two clusters but with slight overlap. Thus knowledge of the precise proton 
stoichiometry would lead to some, although only small, improvements in the estimation 
of the fat or protein: glucose energy values (approximately 2% for protein and 4% for fat). 
It is apparent from Fig. 2 that Rubner's (1902) concept of the isodynamic equivalence of 
nutrients can hold at the biochemical level only when the extent of coupling of mitochondria1 
oxidative phosphorylation changes little and, as shown for protein, that flux through 
metabolic routes having differing efficiencies of energy conversion is relatively constant. 
Further, Fig. 2 shows that the biochemical energy values of fats and glucose, which have 
previously been considered to be similar (Schulz, 1975; Flatt, 1980; Hommes, 1980) can 
differ at low efficiencies for oxidative phosphorylation. 

Potential errors in the estimate of biochemically available energy from protein 
The precise proton stoichiometries used in the calculation of protein energy values and the 
type and level of uncoupling were shown to have only small (< 2%) effects on the position 
of the regression curve relating the efficiency of protein oxidation (mol cytoplasmic ATP/MJ 
metabolizable energy in protein) to the efficiency of glucose oxidation (mol cytoplasmic 
ATP/MJ glucose). In the analysis of potential errors (Table 2) the energy value for glucose 
has been limited to the range 7-15 mol cytoplasmic ATP/MJ; below 7, the direct oxidation 
of protein is associated with a specific dynamic action for the average food proteins which 
exceeds 35% and is considered too improbable to merit further consideration. Com- 
binations of assumptions inherent in the computation of protein energy value > 35% for 
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glucose energy values above 7 mol cytoplasmic ATP/MJ are included in Table 2 but are 
similarly considered improbable combinations of conditions. 

For the analysis of errors, two bases for comparisons have been used (Table 2): Base 
1 relates to errors involved if the glucose energy value in cytoplasmic ATP/MJ were known 
and Base 2 relates to errors incurred by assuming that mitochondria in vivo are tightly 
coupled and the P:O value for succinate and NADH,, to be 2 and 3 respectively. Base 
2 comprises the conditions for which previous attempts were made to estimate the energy 
equivalent of ATP for protein (Krebs, 1964; Schulz, 1975; Flatt, 1977, 1980) and for which 
the energy equivalent of cytoplasmic ATP for glucose oxidation is 13 ATP/MJ. 

New regression curves were computed which accounted for the assumptions listed in the 
first column of Table 2. The errors incurred were determined by comparison of the new 
regression equation with the equations which match the curves in Fig. 1. (The arithmetic 
involved in the calculation of these errors is set out in Table 2.) The results (Table 2) show 
that for all the combinations of assumptions made and for which specific dynamic action 
for proteins was less than 35%, large potential errors may be incurred by assuming 
conditions which give a glucose energy value of 13 ATP/MJ; errors range from - 17.6 to 
> 118% (Table 2). Knowledge of the precise glucose energy value (cytoplasmic ATP/MJ) 
would limit these errors to between - 7-9 and 17.4% and, accounting for the extent to which 
protein is oxidized via gluconeogensis, would further limit the errors to between - 7.9 and 
1 1 . 1  %. The remaining error is the result of uncertainty in the energy cost of absorption 
of substrate from the gut plus that associated with translocaton across other membranes, 
if this is considered within the energy costs applied in the calculations. While the effects 
of recycling of N via ureolysis and the incomplete incorporation of N into urea have been 
separately examined (Table 2), it is probable that the extent of ureolysis is approximately 
equal to the rate of ammonia excretion (Walser, 1981) so that this source of error, although 
difficult to predict precisely, will be small. Furthermore, the error limits of -7.9 to 1 1 . 1  % 
do not account for the small differences (2%) in the energy values predicted by the various 
proton stoichiometries (A-F, Table 1). Hence, provided that the extent of protein oxidized 
via gluconeogenesis and the efficiency of glucose oxidation in vivo are adequately accounted 
for, it is probable that the energy value of protein can be estimated to within 15% of the 
value in vivo. 

Calculations of the specific dynamic action of proteins is subject to great errors, as shown 
in Table 3. Hence, previous estimates (e.g. Krebs, 1964; Flatt, 1977, 1980) can only be 
regarded, at best, as ‘very approximate’. 

Heats of combustion and available biochemical energy from food proteins and fa ts  
Heats of combustion (gross energy) of beef, mutton, egg albumin, egg yolk and milk protein, 
derived here from the amino acid composition data, were not significantly different from 
values obtained by direct determination (Merrill & Watt, 1955) showing a mean (and SD) 
difference of 0.3 (1.7)% (n 5) between the two methods. For the 101 proteins examined, the 
mean (and SD) gross heat of combustion, derived from the composition data, was 23.4 
(0.6) kJ/g and ranged from 21.0 (apricot protein) to 24.6 (yoghurt protein). Gross heats 
of combustion for the nitrogenous end-products, ammonia and urea, varied little between 
the 101 proteins with a range of 3 . 6 4 3  kJ/g protein with a mean (and SD) of 4.0 i0.2). 
Assuming amino acids to be absorbed in the gut in equal proportion to their presence in 
the food, the mean (and SD) metabolizable energy was 19.4 (0.6) kJ/g protein (n 101). Gross 
energy and metabolizable energy for each of the food groups in the food composition tables 
are given in Table 3. Milk and egg proteins were found to be richer in metabolizable energy 
than the average for all proteins (7 and 3% respectively), while fruit and nut proteins were 
relatively poor (- 7 and - 3 % respectively). 
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Table 2. Differences in estimated protein energy values arising from some biochemical 
uncertainties and the associated specijic dynamic action (SDA) 

Glucose energy (G; ATP/MJ). . . 7 9 11 13 15 

Direct protein oxidation (difference from P, = 1,017G- 1.80): 
(P, = 1:017G-1.80) 

Oxidation via 
glucogenesis 
(4 = 1.0126-2.29) 

80% Urea synthesis* 
(P2 = 1'058G-2.00) 

120% Urea synthesist 
(P, = 1.0456-2.55) 

Absorption cost1 : 
amino acid 2 ATP/mol + 
glucose 0.5 ATP/mol 
(P2 = 1'011G-1.84) 

Absorption cost: 
amino acid 2 ATP/mol+ 
glucose 2 ATP/mol 
(P, = 1.011G-2.01) 

Absorption cost: 
amino acid 2 ATP/mol+ 
glucose 0.5 ATP/mol 
(Pz = 1.0106-2.54) 

Absorption cost: 
amino acid 2 ATP/mol + 
glucose 2 ATP/mol 
(Pz = 1'012G- 1.31) 

Oxidation via 
gluconeogenesis, 
absorption cost: 
amino acid 2 ATP/mol+ 
glucose 0.5 ATP/mol 
(Pz = 1.008G-3.32) 

Oxidation via 
gluconeogenesis, 
120% urea synthesis, 
absorption cost: 
amino acid 2 ATP/mol+ 
glucose 0.5 ATP/mol 
(Pz = 1 '006G - 3.63) 

a-Glycerophosphate 
cycle; NADH,,, = FADH, 
(P, = 1.033G - 1.63) 

All food protein glutamate 
and aspartate in amide form 
(P2 = 1'08G- 1.86) 

Base' 1 
Base 2 
SDA 
Base 1 
Base 2 
SDA 
Base 1 
Base 2 
SDA 
Base 1 
Base 2 
SDA 
Base 1 
Base 2 
SDA 

Base 1 
Base 2 
SDA 

Base 1 
Base 2 
SDA 

Base 1 
Base 2 
SDA 

Base 1 
Base 2 
SDA 

Base 1 
Base 2 
SDA 

Base 1 
Base 2 
SDA 
Base 1 

0.0 
114.7 
31.6 
11 .q  

138.28 
46 .q  
- 1.6 
11 1.2 
29.5 
11 .q  

139.79 
46.98 

1.6 
118.011 
33.7 

54% 
125.45 
38.18 

17.45 
152.15 
54.58 

-7.911 
97.8 
21.2 

42.35 
205.78 

87.45 

55.89 
234.73 
105.28 

- 5.0 
103.9 
25.0 

1 .o 

0.0 
55.3 
22.4 

7.8 
67.5 
32.0 
- 2.2 
51.8 
19.6 
7.3 

66.6 
31.3 

1.3 
57.3 
24.0 

3.7 
61.1 
26.9 

12.38 
74.45 
37.45 

- 5.7 
46.4 
15.4 

27.89 
98.65 
56.45 

35.65 
11o.q 
65.99 

-4.1 
48.9 
17.4 
0.7 

0.0 
21.0 
12.8 
6.1 

29.1 
24.4 

-2.6 
18.5 
14.1 
4.9 

27.7 
22.9 

1.1 
23.0 
18.5 

3.0 
25.3 
20.7 

9.5 
33.3 
28.3 

- 4.4 
16.3 
12.0 

20.88 
47 .q  
41 .q  

26.28 
53.59 
47.98 

- 3.6 
17.3 
13.0 
0.5 

Protein oxidation via gluconeogenesis (differences from Pi = 1.01 2G - 2.29): 
Absorption cost: Base 1 -4.65 -2.9 -1.9 
amino acid 0.5 ATP/mol+ Base 2 116.35 54.8 20.5 
glucose 2 ATP/mol SDA 39.45 28.1 22.0 
(P; = 0.9996 - 1.97) 

0.0 
0.0 

13.8 
5.1 
5.1 

19.6 
-2.8 
-2.8 
10.6 
3.4 
3.4 

17.8 
1 .o 
1 .o 

15.0 

2.6 
2.6 

16.8 

7.8 
7.8 

22.7 

- 3.5 
-3.5 

9.7 

16.7 
16.7 
32.8 

20.98 
20.99 
37.58 

- 3.2 
- 3.2 
10.2 
0.4 

- 1.4 
-1.4 
18.1 

0.0 
- 15.1 

11.5 
4.3 

11.4 
16.3 
- 3.0 
- 17.1 

8.1 
2.5 

- 12.9 
14.2 
1 .o 

- 14.0 
12.5 

2.3 

14.0 
- 13.2 

6.7 
- 9.4 
18.9 

- 2.9 
- 17.611 

8.1 

14.0 

27.1 
- 3.2 

17.411 
-0.3 
30.1 

- 3.0 
- 17.611 

8.2 
0.3 

- 1.0 
- 16.5 

15.2 
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Table 2. (cont.) 

25 

Glucose energy (C;  ATF’/MJ). . . I 9 11 13 15 

Absorption cost: Base 1 28.35 18.58 13.85 11.1(1 9.2 

glucose 0.5 ATP/mol SDA 87 .q  56.q  41.q 33.8 27.1 
(& = 1.008G - 3.32) 

amino acid 2 ATP/mol + Base 2 19045 88.95 39.95 11.1 - 7.9 

Base 1 = ((Pk/P2)- 1) x 100% and Base 2 = ( ( X / 4 ) -  1) x 100 %, where X = 11.41 when protein is oxidized 
directly (i.e. P, when G = 13) and X =  10.87 when protein is oxidized via gluconeogenesis (i.e. P; when G = 13. 

SDA = ((l/P2)-(l/G)) x G x 100% when protein is oxidized directly and SDA = ( l /e)-( l /G))  x G x 100% 
when protein is oxidized via gluconeogenesis. 

Associated regression equations in parentheses. 
* Only 80% of protein nitrogen incorporated into urea. 
t 20% Urea recycled via ureolysis. 
$ Energy costs refer to absorption of substrates from the gut which are estimated to be between 0.5 and 

2.0 ATP/mol amino acid or glucose. 
5 Associated with an SDA > 35%, which seems improbable. 
/I Limiting values discussed in the text. 

Variations in the available biochemical energy in the 101 food proteins are also shown 
in Table 3. Four values are given which correspond to direct oxidation of protein and 
oxidation via glucose when the assumptions are such that the yield of ATP from glucose 
is low (7 ATP/MJ) and moderately high (13 ATP/MJ). These values are shown as 
percentage differences above (+ ve) or below ( - ve) the mean value for the biochemically 
available energy for the 101 food proteins. In general these differences are very small for 
proteins from foods in all the food groups and smaller than differences obtained when the 
energy values are expressed as MJ metabolizable energy/g protein (Table 3). Milk protein, 
while being energy rich on a MJ/g protein basis, was additionally energy rich on an ATP/MJ 
metabolizable energy basis for each of the four conditions. In general, however, these 
findings indicate that most of the variation in biochemically available energy, as observed 
by Schulz (1975) and McGilvery (1979) who expressed energy values as ATP/g protein and 
ATP/g protein N respectively, is not due to variations in the efficiency of conversion of 
energy into ATP but to variation in the heats of combustion of the proteins/g protein or 
/g protein N. Coefficients of variation for the energy values for the 101 food proteins were 
determined and, when expressed as MJ metabolizable energy/g protein, MJ metabolizable 
energy/g amino acid N and MJ metabolizable energy/g food N were found to be 0.033, 
0.058 and 0.139 respectively. Similar coefficients were obtained when the denominators were 
held constant but with MJ replaced by ATP. However, coefficients of variation were much 
smaller for protein energy values, expressed as mol cytoplasmic ATP/MJ metabolizable 
energy; being 0.006 for protein oxidation directly and 0.007 via gluconeogenesis when the 
efficiency for glucose oxidation was 13 ATP/MJ, and approximately 0.01 at a level of 7 
ATP/MJ glucose. 

Heats of combustion (gross energy) of beef fat, mutton fat, pork fat, olive oil and lard, 
based on the fatty acid composition data, were also not significantly different from values 
obtained by direct determination (Merrill & Watt, 1955) showing a mean (and SD) 
difference of 0.5 (1.8)% between the two methods. For the 116 food fats examined the mean 
(and SD) gross energy was 39.1 (0.4) kJ/g fat with a range of 37.0-39.2 and a small coefficient 
of variation (0.02). Amongst the food groups, milk showed the greatest deviation from the 
mean, being 38.4 kJ/g fat; this low value is due to a higher proportion of medium and short 
chain fatty acids. 
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The available biochemical energy (ATP/MJ) varied little between one food fat and 
another, with a cv of 0.002 at the several levels of efficiency of oxidation. Thus, as for 
proteins, variation in energy value between fats appears to be mostly due to differences in 
heats of combustion rather than differences in the conversion of heat energy into ATP. 

Expression of food energy values 
There is presently no compelling requirement for revision of the Atwater factors to take 
account of differing efficiencies of biochemical oxidation of carbohydrates, fats and 
proteins. This position would be reversed, however, if it could be shown that the efficiency 
of mitochondria1 oxidative phosphorylation in vivo was much lower than presently 
considered. Even so, simple factors would only be possible if oxidative efficiency was not 
variable both between and within individuals. Should either of such variations occur 
(Hegsted, 1974), relationships of the type presented here (see Fig. 1) would be necessary. 

Variation in the efficiency of oxidation of different food proteins and fats is small by 
comparison with the variation in their heats of combustion. Therefore there should be no 
major dietetic improvements in protein: energy value or net dietary protein value (Miller 
& Payne, 1961) based on corrections for the conservation of energy during biochemical 
protein oxidation. The problem is mainly one of determining the heat of combustion of 
protein in foods. Estimations based on protein N in foods will inevitably give a wide range 
of values, as shown here, since it is precisely not the N that contains metabolizable energy. 
It is suggested that heats of combustion of food proteins can be accurately determined from 
amino acid composition data. Such data is now not difficult to obtain with sufficient 
accuracy and would overcome problems associated with completeness of protein extraction 
and purity from contamination with combustible materials. 

The author is grateful to Mrs Susan A. Ring and Mr Barry J. Gordon for computer 
programming and to Dr David A. T. Southgate for helpful discussion of the manuscript. 
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