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Abstract-Isotopic fractionation of nitrogen and carbon is considered during peptide bond hydrolysis. 
Theoretical considerations suggest that hydrolysis will enrich residual, unhydroiyzed protein in “N while 
r3C should be relatively unaffected. Preliminary experimental results support this conclusion, although 
further studies are reauired to auantifv the magnitude of this effect as a function of protein degradation, 
in particular under natural environmental conditions. 

INTRODUCTION 

DURING THE LAST DECADE there has been increasing use of 
carbon and nitrogen stable isotope ratios in archaeological 
bone for estimating the diet of prehistoric human populations 
(see references in PRICE, 1989). In order to determine the 
reliability of these dietary recons~ctions, investigations have 
been conducted to ascertain how factors such as trophic level 
interactions (SCHOENINGER and DENIRO, 1984), environ- 
mental conditions (AMBROSE and DENIRO, 1986) and phys- 
iological parameters (YOUNG and BIER, 198 I) affect the col- 
lagen isotopic signatures. Additional studies have focused on 
the scrambling of the original signatures by depositional and 
diagenetic processes (HARE, 1980; DENIRO, 1985; NELSON 
et al., 1986; MASTERS, 1987; TUROSS et al., 1988). It is gen- 
erally considered that reliable palaeodietary information can 
be obtained from the isotopic analyses of collagen, the major 
protein present in fresh bone. Recent efforts have concen- 
trated on defining the chemical and physical characteristics 
of collagen in modern bone and assessing the extent that 
these are preserved in archaeological material (DENIRO and 
WEINER, 1988; S~HOENINGER et al., 1989). Only organic 
fractions which exhibit the properties of modern collagen are 
considered usable for isotopic dietary analyses. “Collagen- 
like” material, retained in variable amounts in archaeological 
bone, is believed to have retained its original carbon and 
nitrogen isotopic signatures. 

As we discuss here, peptide bond hydrolysis which is re- 
sponsible for the degradation of proteins can, in theory, result 
in significant alterations of the original nitrogen isotopic 
composition in residual, unhydrolyzed protein. Our prelim- 
inary expe~mental results suggest that if the degree of hy- 
drolysis of the original protein has been substantial, residual 
collagen isolated from bone can have isotopic ratios enriched 
in “N. In contrast, peptide bond hydrolysis should theoret- 
ically have a minimal affect on carbon isotopic ratios, and 
our prelimin~ results support this prediction. 

THEORETICAL CONSIDERATIONS 

The peptide bond hydrolysis reactions can be generalized 
as follows: 
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where k is the first-order rate constant for hydrolysis and - 
denotes continuation of the peptide chain. The value of k is 
both pH and temperature dependent. In addition, k will be 
a function of the isotopic atoms in the peptide bond. 

We will first consider the nitrogen isotopic effect on the 
hydrofysis rate. Since the zero-point energy for the ‘2C-15N 
bond is less than that of the 12C-14N bond, the peptide bond 
containing 14N should rupture preferentially (STACEY et al., 
1952). Therefore, the rate constant for the hydrolysis of the 
peptide bonds ~on~ning 14N (k14) will be greater than those 
with “N (k,,), i.e., k14 > k15. As hydrolysis proceeds, the 
remaining unhydrolyzed protein should become increasingly 
enriched in “N. The magnitude of this isotopic fractionation 
hydrolysis effect will be a function of the k14/k,5 ratio, which, 
as we discuss here, is poorly known. 

Nitrogen isotopic fractionation during peptide bond hy- 
drolysis can be examined theoretically by treating the reac- 
tions involving the isotopic bonds as two independent, com- 
peting reactions. Thus, 

k14 
14N + B + C 

“N + B + C 

where k14 and kls are the hydrolysis rate constants for cleavage 
of the 12C-‘4N (‘4N) and 12C-“N (“N) bonds, respectively, 
in a protein. 

The irreversible, first-order rate expressions for these two 
reactions can be written as 
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In (‘4N,/‘4No) = -k,, * t (1) 

In (15N,/15No) = -k15. t (2) 

where Nt and No refer to the nitrogen in unhydrolyzed protein 
at time t and t = 0. Combining and rearranging these equa- 
tions yields 

In (15N/14N), = In (15N/‘4N),, + (1 - k15/k14)kL4. t (3) 

where the subscripts of the “N/14N isotopic ratios refer to 
times t and t = 0. 

In Fig. 1, we have used Eqn. (3) to model the change in 
the initial “N/14N isotopic composition of a protein as a 
function of the percent hydrolysis using various k,,/k,, ratios. 
As can be seen, even if the difference in the isotopic rate 
constants is only 0.5 to 1 .O%, the residual, unhydrolyzed pro- 
tein is significantly enriched in heavy nitrogen if the percent 
hydrolysis is greater than 50%. 

Although equations similar to those given above would 
apply to the effect of peptide bond hydrolysis on the carbon 
isotopic composition of a protein, the magnitude of the car- 
bon effect should differ from that of nitrogen. Carbon is pres- 
ent in protein components (e.g., the amino acid R-groups) 
other than the peptide bond whereas nitrogen is essentially 
contained entirely within the peptide bond. Carbon isotopic 
fractionation during peptide hydrolysis would affect only the 
isotopic composition of the carbonyl carbon. Since this car- 
bon atom constitutes only part of the total carbon in a protein 
molecule (it makes up roughly 30% of the total carbon in 
collagen), the carbon isotopic fractionation effect due to hy- 
drolysis should be less in comparison with that for nitrogen 
when the total protein carbon is utilized for isotopic analyses. 
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FIG. 1. Theoretically predicted changes in the 6’sN/‘4N (?Go) of 
residual, unhydrolyzed protein as a function of % hydrolysis calculated 
from Eqn. (3) using various k,,/k,, ratios. The overall hydrolysis rate 
was assumed to he 10m3 y-l. The initial nitrogen isotopic ratio was 
set at d = +59bo. I-, kL4/k15 = 1.000; -A-, k14/k15 = 1.005; -O-, kd 
kls = 1.010; and-O-, k14/k15 = 1.050. 

In order to evaluate the actual magnitude of isotopic mod- 
ification of a protein during peptide bond hydrolysis, values 
of the isotopic rate constants given in Eqn. (3), and in the 
corresponding equations for the carbon isotopes, are required. 
As can be seen in Fig. 1, the value of k14/k15 is critical in 
determining the enrichment of heavy nitrogen associated with 
various degrees of protein hydrolysis. However, no experi- 
mental data for either the nitrogen or carbon isotopic hydro- 
lysis rate constants in peptides or proteins apparently exist. 

Limited data are available for reactions somewhat related 
to peptide bond hydrolysis. The k14/k15 ratio for the hydrolysis 
of amides has been cited as ranging from 1 .OO- 1 .O 1 (O’LEARY 
and KLUETZ, 1972), although the actual experimental results 
are unpublished. The k14/k15 ratio for the intramolecular hy- 
drolysis of phthalamide to phthalimide and ammonia has 
been measured to be 1.010-1.014 at 180°C (STACEY et al., 
1952). In the case ofcarbon, studies of the alkaline hydrolysis 
of esters have yielded k,,lk,, ratios for the carbonyl carbon 
of around 1.04 (O’LEARY and MARLIER, 1979). However, 
as discussed above, the overall carbon isotopic fractionation 
during peptide bond hydrolysis should be significantly less 
than this k,,fk,, ratio because of the non-carbonyl carbon 
in proteins. Although amide and ester hydrolysis may be 
considered roughly analogous to peptide bond hydrolysis, it 
is unclear to what extent the isotopic rate constants for these 
reactions can be used to evaluate nitrogen and carbon isotopic 
fractionation during protein hydrolysis. It is unknown 

whether peptide bond hydrolysis in biogeochemical systems 
is acid or base catalyzed (or perhaps neither). For these rea- 
sons, these amide and ester isotopic rate constants can be 

considered crude indicators, at best, of the magnitude of the 
kinetic isotopic effect during protein degradation in natural 
systems. 

EXPERIMENTAL PROCEDURE 

A relatively straightforward experiment was devised as a prelimi- 
nary investigation of the isotopic fractionation rate constants during 
peptide bond hydrolysis. A piece (approximately 0.1 g) of bovine 
Achilles tendon collagen (CALBIOCHEM, La Jolla, CA) was placed 
in a test tube containing about 10 ml of 0.1 N NaOH. Basic pH was 
chosen because hydrolysis takes place rapidly under mild temperature 
conditions. The tube was sealed and then heated at 50°C for 20 h 
until only a small portion of the initial collagen fragment remained. 

Four amino acid fractions were prepared for isotopic analysis. 
Fraction #I: a piece of the original, unheated Achilles tendon collagen 
was acid hydrolyzed in 6 M HCI for 24 h. Followine acid hvdrolvsis. 
the HCl was evaporated to dryness, the residue dissolved h doubly 
distilled water, and the solution desalted using cation exchange chro- 
matography to isolate the amino acids. Fraction #2: the heated NaOH 
solution from the sealed glass tube was filtered through a glass fiber 
filter. The solution was adjusted to neutrality by HCl addition, and 
a portion of it was dialyzed against water in cellulose dialysis tubing 
with a molecular weight cut off of > 1000 daltons. The solution re- 
tained in the tubing (peptides with more than 8 amino acid residues) 
was dried, acid hydrolyzed and desalted to obtain amino acids as 
described above. Fraction #3: the residual, unhydrolyzed component 
retained on the glass fiber filter during filtration of the heated NaOH 
solution was also acid hydrolyzed and desalted to obtain the com- 
ponent amino acids. Fraction #4: the remaining portion of the heated, 
filtered NaOH solution (i.e., the portion not placed in dialysis tubing) 
was evaporated to dryness, the residue dissolved in doubly distilled 
water, the pH adjusted to neutrality with HCl, and the solution de- 
salted to obtain the component amino acids. 

Before combustion of the amino acid extracts for carbon and ni- 
trogen isotopic analyses, any NH, which perhaps remained from 
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desalting (e.g., in the cation exchange procedure) was remove2 by 
raising the pH to 11 (with addition of 0.1 N KOH) and evaporation 
in VUCW. The samples were then acidified to pH l-2 with HCl in 
order to remove any carbonate derived from the alkaline treatment, 
transferred into quartz ampoules, and then again evaporated to dry- 
ness. After addition of 1 g of copper oxide, 1 g of granular copper, 
and 2 mm* of silver foil (all pre-annealed), the ampoules were evac- 
uated, sealed, and the samples combusted to CO2 and N2 at 800°C 
for 4 h. The gases were purified and separated cryogenically in a glass 
vacuum line. Elemental CzN ratios were determined manometrically. 
The isotopic compositions were determined by mass spectrometry 
at the UCLA stable isotope facility. Previous studies (BADA et al., 
1989) have demonstrated that this analytical procedure yields ~*‘NMR 
and 613CPuB values which are repr~ucible to within tO.2%0 and 
t-0. I %o, respectively. 

RESULTS AND DISCUSSION 

The four amino acid fractions described above represent 
different stages of peptide bond hydrolysis. The relative 
amounts of carbon in each component were estimated from 
the quantity of CO2 generated during combustion of each 
fraction and were used to estimate the relative percent of 
each component (see Table 1). Fraction #I represents the 
amino acids in the initial intact starting collagen and thus 
corresponds to 0% hydrolysis. Fraction #2 represents large 
protein fragments first liberated during hydrolysis. This sol- 
uble protein fraction constitutes approximately 70% of the 
original collagen and thus represents peptide bonds which 
remain intact after approximately 30% hydrolysis. Fraction 
#3, the residue component, is that material most resistant to 
hydrolysis. It constitutes approximately 5% of the starting 
material. Thus, this fraction represents the material remaining 
after the initial collagen has been degraded by more than 
90%. Fraction #4 is composed of free amino acids liberated 
during hydrolysis. They total approximately 25% of the start- 
ing collagen and correspond to the end-products of complete 
protein hydrolysis. 

The isotopic compositions of the various components an- 
alyzed in our collagen NaOH hydrolysis experiment are 
shown in Table 1. The carbon isotopic ratio of the soluble 
protein (the second fraction) is virtually identical with that 
of the starting collagen. The nitrogen isotopic ratio, on the 
other hand, is noticeably more positive than that of the orig- 
inal collagen. Even more obvious, however, the amino acids 
in the residue (the third fraction) are significantly enriched 

in r5N and slightly depleted in ‘jC when compared to the 
ratios of the initial collagen. The nitrogen and carbon isotopic 
compositions of the liberated free amino acids differ very 
slightly in comparison with those of the initial collagen amino 
acids. 

The elemental ratio C:N of the soluble protein component 
suggests an increased relative contribution of glycine (C:N 
ratio = 2). As discussed by TUROSS et al. (1988), however, 
an increase in glycine should result in a depletion in “N 
rather than an enrichment as observed here. These results 
suggest that the observed enrichment in r5N cannot be ex- 
plained by a change in amino acid com~sition. Similarly, 
the elemental ratio of the residue (6 f 2) is much higher than 
that observed in collagen extracted from fresh bone 
(SCHOENINGER and DENIRO, 1981), although there is a high 
degree of uncertainty in this number given the measurement 
limits of the NZ manometer. Even so, the measurement sug- 
gests an increase in C:N relative to the ratio for intact collagen. 
MASTERS (1987) suggested that such an increase in C:N ratios 
would be observed in organic material extracted from ar- 
chaeological bone if non-collagenous proteins survived deg- 
radation preferentially over collagen. In contrast to our results, 
however, the non-collagenous proteins were found by Masters 
to have the same isotopic com~sition as collagen. The C:N 
ratio of approximately 4 in the residue when compared with 
a value of 3.4 found for the initial collagen suggests that the 
residue consists of hydrophobic amino acids such as the leu- 
tines and valine, which tend to form peptide bonds relatively 
resistant to hydrolysis (BADA and MAN, 1980). These amino 
acids are also depleted in 13C in comparison to that of the 
total collagen amino acids (HARE and ESTEP, 1983), which 
could explain the change in carbon isotopic composition. 
Although a change in amino acid composition should also 
generate an enrichment in &15N in the residue, this would be 
expected to be on the order of 2%0 at most (TUROSS et al., 
1988). 

Although not consistent with a change in amino acid com- 
position, the nitrogen isotopic changes observed in both the 
unhydrolyzed material and the soluble peptides are consistent 
with theoretical predictions of the kinetic isotope effect during 
protein hydrolysis. The soluble peptides which represent a 
point at which the initial protein has undergone roughly 30% 
hydrolysis show an enrichment in 6r5N of +7%0. The residue 

TABLE 1. Amino acid nitrogen and carbon isotopic compositions of various components during collagen hydrolysis in 0.1 N NaOH at 50°C 
for 20 hours.* 

Percent of 
starting material 

Fraction # 1: starting collagen 100% 3.4 + 0.1 +6.2 t 0.2 -15.5 rt 0.1 

Fraction #2: soluble protein 70% 2.7 & 0.1 +12.5 + 0.2 -15.6 + 0.1 

Fraction #3: residual unhydrolyzed collagen <5% 6 t2’ +25.4 f 1.0 -20.1 f 0.2 

Fraction #4: free amino acids 25% 3.0 * 0.2 +I.8 f 0.3 -17.9 rt: 0.1 

* An isotopic mass balance for carbon indicates we have examined most of the components in the system. A nitrogen isotope mass balance, 
on the other hand, indicates that some of the 14N has been lost. The components of this missing fraction are not known but most likely are 
small peptides (2-8 residues) not isolated during the processing steps. These small peptides would diffuse through the dialysis tubing, and would 
thus not be components of the soluble fraction. Nor would they be isolated along with the free amino acids; because the PK. of their free amino 
group is significantly less than that of free amino acids, these small peptides would not be retained on the cation exchange column, 

+ Because of the small amount of Nr obtained from this fraction, this ratio has a high degree of uncertainty. 
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which corresponds to more than 90% hydrolysis is even more 
enriched in 6”N, i.e., +20%0. These changes are expected in 
the nitrogen isotopic composition of unhydrolyzed protein 
if the k,,/k,, ratio was roughly 1.01 (see Fig. 1). The free 
amino acids, which are the end-products of complete protein 
hydrolysis, have nitrogen and carbon isotopic ratios similar 
(within l-2%0) to that of the starting material. This is also 
consistent with the theoretical expectation in that free amino 
acids liberated during the early part of protein hydrolysis 
should approximately reflect the isotopic composition of the 
initial protein. The small differences in carbon and nitrogen 
isotopic ratios we have measured between the starting collagen 
amino acids and the liberated free amino acids are likely due 
to differences in amino acid composition of these two com- 
ponents. 

The carbon isotopic composition of the soluble protein 
fraction is also consistent with our prediction that there is 
less carbon isotopic fractionation during hydrolysis in com- 
parison to that for nitrogen. The carbon isotopic shift between 
the initial and the residue fraction cannot be the result of 
isotopic fractionation during hydrolysis. A shift due to hy- 
drolysis would result in an enrichment in the heavier isotope 
rather than a depletion as observed here. As discussed above, 
this carbon isotopic modification probably reflects a change 
in the amino acid composition of the unhydrolyzed com- 
ponent, rather than carbon isotope effect from hydrolysis. 

Both the soluble protein and residue fractions have sig- 
nificant enrichments in 15N which are likely due to isotopic 
fractionation during peptide bond hydrolysis. These fractions, 
however, have C:N ratios which are considered out of the 
range for meaningful isotopic analysis of archaeological bone 
collagen (DENIRO, 1985). Isotopic analyses, however, are 
carried out on archaeological bones which contain little col- 
lagen but which nevertheless have acceptable C:N ratios 
(SCHOENINGER et al., 1989).* One example is the report by 
MASTERS (1987) for a human skeleton (SDM 16709) from 
a coastal Southern California midden burial. The skeleton 
had a collagenous amino acid composition and a C:N ratio 
of 3.14, but the percent remaining collagen was only a few 
percent of modern bone. The 6”N of f2 1.5% for this skel- 
eton is considerably more positive than the 6r5N values (range 
+ 14 to + 15%) reported for other human skeletons from 
coastal Southern California and offshore island sites (WALKER 
and DENIRO, 1986). In contrast, the 613C of the SDM 16709 
skeleton (- 13.8%) was nearly the same as the 613C values 
(range -14 to -15%) of the other skeletons. These results 
are consistent with the predicted changes in collagen stable 
isotope composition arising from isotopic fractionation dur- 
ing peptide bond hydrolysis. 

The theoretical treatment of peptide bond hydrolysis (see 
Fig. 1) indicates that even at 50% hydrolysis, the remaining 
intact collagen may be enriched in 15N. Further studies are 
needed to ascertain the magnitude of this nitrogen fraction- 
ation effect as a function of collagen degradation and changes 
in C:N ratios. 

* Even though there have been extensive isotopic analyses of col- 
lagen in archaeological bone, the percent remaining collagen is rarely 
reported. 

CONCLUSIONS 

As we have discussed here, isotopic fractionation should 
take place during the process of peptide bond hydrolysis. 
This fractionation should result in the isotopic enrichment 
of the nitrogen and carbon atoms in those peptide bonds 
which remain intact. Because nitrogen in proteins is primarily 
present in the peptide bond whereas carbon is present in 
other protein components, this isotopic enrichment should 
be manifested mainly in nitrogen. This effect will be increas- 
ingly important as the degree of protein hydrolysis increases. 
Thus, the isotopic analysis of collagen extracted from ar- 
chaeological bone where there has been extensive organic 
depletion may give misleadingly heavy nitrogen isotopic ra- 
tios. These, in turn, would complicate the use of these isotopic 
results in palaeodietary reconstructions. Such an effect may 
occur when the C:N ratio is similar to that of intact collagen. 

Clearly, extensive studies of peptides and proteins are re- 
quired in order to establish the isotopic hydrolysis rate con- 
stants for nitrogen and carbon. In addition, a systematic study 
of how stable nitrogen and carbon isotopic ratios are affected 
by the degree of collagen preservation is needed. These re- 
sults will help ascertain to what extent isotopic fractionation 
during peptide hydrolysis affects the original isotopic com- 
position of the residual collagen remaining in archaeological 
and fossil bone. 
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