a corresponding outflow region in the
Venus vortex at some lower layer, possi-
bly close to the surface. An inflow region
in the upper levels of the atmosphere can
easily exist on Venus. The stratosphere
(portions of the atmosphere above 38
km) is known to be very stable and strati-
fied (at least in low latitudes). The bulk
of the solar energy which maintains the
circulation appears to be deposited in
this layer (6). There is thus a possibility
that an upper boundary layer exists on
Venus as suggested by Goody and Rob-
inson (7) but with the return circulation
at the poles rather than at the antisolar
point.

We have, at present, no evidence that
large amounts of latent heat are released
in the Venus atmosphere. Hence there is
a major difference between the circula-
tion on Venus and that of a tropical cy-
clone. The tropical cyclone is maintained
dominantly by the release of latent heat
in the atmosphere; the circumpolar vor-
tex in the stratosphere of Venus is main-
tained through conversion of solar ener-
gy into sensible heat. The bright polar
cloud at the center of the global vortex is
a puzzle and invites further research.

The observations during the Mariner
10 flyby lasted only 8 days, and we must
not draw too general conclusions from
this very limited data set, particularly
since ground-based observations show
that the bright cloud appears and dis-
appears occasionally in the polar re-
gions. The cause of such long-term in-

stabilities is still a mystery. Never-
theless, polar cloud or no polar cloud,
the atmospheric circulation in polar and
high latitudes is different from that at
other latitudes and is important for a
deeper understanding of the Venus at-
mosphere and its circulation.
VERNER E. Suomi

SANJAY SHRIDHAR LIMAYE*
Space Science and Engineering
Center, University of Wisconsin,
Madison 53706
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Isoleucine Epimerization in Peptides and Proteins:

Kinetic Factors and Application to Fossil Proteins

Abstract. The observed rate of isoleucine epimerization in peptides and proteins is
dependent on (in addition to time and temperature) (i) the position of isoleucine in
the peptide chain, (ii) the nature of adjacent amino acids, and (iii) the stability of the
isoleucine peptide bonds. The relative rate is: NHyterminal > COOH-terminal >
interior = free amino acid. The gradual hydrolysis of peptides and proteins to the
more slowly epimerizing free amino acid causes a decrease in the apparent first-
order rate constant with time. These results explain the isoleucine kinetics observed

in fossil shells.

Amino acid racemization-epimeriza-
tion reactions are being used increas-
ingly as a geochronological tool to date
fossil bones, shells, and deep-sea foram-
iniferal deposits (/). Efforts to develop
an accurate dating technique based on
the kinetics of amino acid racemization-
epimerization have been somewhat more
successful with bone than with carbon-
ate shell. In bone, diagenetic race-
mization reactions apparently follow re-
versible first-order kinetics approximate-
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ly to equilibrium (2), while nonlinear
kinetics prevail for the racemization-
epimerization reactions in mollusk shells
and foraminifera (3-5). The nonlinear ki-
netics in carbonates may be a result of
the different racemization-epimerization
rates experienced by amino acids in vari-
ous fractions (free amino acids, small
and large peptides, and proteins) formed
by slow hydrolysis of the original skele-
tal protein over geologic time. If diage-
netic racemization-epimerization reac-
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tions are ever to be useful in dating
carbonate fossils, however, a better un-
derstanding of the factors responsible for
the nonlinear kinetics is necessary. In
our experiments we focused attention on
the interconversion of L-isoleucine and
p-alloisoleucine (alle), an epimerization
reaction which has been studied in fos-
sils (7).

Generally, isoleucine is epimerized to
different degrees in the various amino
acid fractions of fossil shells and foram-
inifera, with free isoleucine being more
extensively epimerized than the protein-
or peptide-bound isoleucine @-6). These
relations in specimens of modern Merce-
naria, heated to simulate geologic aging,
are illustrated in Fig. 1. The conclusion
usually drawn from these observations is
that, in fossils, isoleucine epimerizes fas-
ter in the free state than in the bound
state. The greater degree of epimeriza-
tion of free isoleucine in foraminifera and
other carbonate fossils has been attrib-
uted to a concerted process of hydrolysis
and epimerization () or to catalysis by
metal ions (5). We now present evidence
that the extensive epimerization of iso-
leucine does not occur in the free state.
Instead, isoleucine preferentially epi-
merizes at the terminal position of a pep-
tide or protein chain, with a markedly
lower rate of epimerization occurring at
both interior and free positions. Sub-
sequent hydrolysis of the terminal, more
extensively epimerized, isoleucine leads
to an enrichment of alloisoleucine rela-
tive to isoleucine in the free fraction. We
suggest that this mechanism offers a bet-
ter explanation both for the observed
epimerization relationships in fossils and
for the nonlinear kinetics.

To investigate the kinetics of isoleu-
cine epimerization we have conducted,
at elevated temperatures, kinetic studies
of various dipeptides, tripeptides, and
proteins containing isoleucine. Samples
(1 ml) of 0.1 percent aqueous solutions
(pH = 8.0) were sealed under nitrogen in
Pyrex tubes and heated at 152°C in a
sand bath. At the end of the heating peri-
od, a portion of the samples was hydro-
lyzed (6N HCI at 105°C for 24 hours).
During the heating some hydrolysis oc-
curred. The ratios of alloisoleucine to
isoleucine of both the free fraction and
the total hydrolyzed (free plus bound)
fraction were measured on an automated
amino acid analyzer.

Initial epimerization rates of isoleu-
cine are different for each dipeptide and
tripeptide and are up to an order of mag-
nitude greater than the epimerization
rate of free isoleucine in aqueous solu-
tion; but they are about the same as ini-
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different dipeptides and tripeptides at 152°C.

tial rate constants obtained for isoleucine
in shells and foraminifera (Table 1) (Fig.
2). These results demonstrate that the
presence of adjacent amino acid residues
has a strong effect on the epimerization
rate and that the rate for bound isoleu-
cine is significantly enhanced as com-
pared to that of the free amino acid rate.
In addition, the rate is influenced by the
nature of the adjacent amino acids and
the position of isoleucine in the peptide
chain. For each pair of dipeptides the
rate of epimerization for NH,-terminal
isoleucine is slightly greater than that for
COOH-terminal isoleucine. In addition,
the ratio of alloisoleucine to isoleucine in
the free fraction of heated dipeptides is
always considerably less than that in the
total (free + bound) fraction (Table 1).
This is in contrast to the general observa-
tion that calcareous fossils contain a
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Fig. 2 (right). Kinetics of epimerization of isoleucine in

much higher ratio in the free fraction
compared to that in the total or bound
fractions. Thus, the enhanced epimeriza-
tion rates in these experiments cannot be
attributed to preferential epimerization
of free isoleucine. Instead, in our experi-
ments, it is the peptide fraction that is
preferentially epimerizing.

Besides initial rate constants, there are
additional similarities between the re-
sults of our experiments and the isoleu-
cine kinetics observed in fossils. One is
that the overall rate of epimerization
does not completely follow the revers-
ible first-order rate law that free. isoleu-
cine obeys, even though isoleucine is
present in these experiments in the sim-
plest bound form, that of dipeptides. De-
pending on the dipeptide, isoleucine fol-
lows reversible first-order kinetics to al-
loisoleucine to isoleucine ratios ranging

Table 1. Epimerization and hydrolysis constants of isoleucine in various peptides and proteins.
Abbreviations: lle, isoleucine; Gly, glycine; Ala, alanine; Val, valine, Tyr, tyrosine; Phe,

phenylalanine.

Isoleucine Allpiosleqcine/
isoleucine
Sample Initial Ky X 1073 Total Free*
Kepim X 1072 hyd
Free isoleucine 0.45
Ile-Gly 4.44 4.60 1.116 0.765 (74)
Gly-lle 3.0
Ile-Ala 5.30
Ala-lle 2.77 3.9 1.004 0.582 (102)
Ile-Val 2.51 0.98 0.890 0.681 (78)
Val-Ile 2.09
Ile-Tyr 3.40 1.70 0.929 0.837(73)
Tyr-lle 0.38 2.51 0.570 0.381 (160)
Ile-Phe 3.57 1.19 1.051 1.051 (160)
Phe-lle 0.36 5.42 0.503 0.446 (160)
Ile-Gly-Gly 14.5 2.51 1.151 0.669 (23)
Gly-Gly-lle 0.57 68.8 0.158 0.097 (23)
Albumin 0.64 2.52 0.461 1.142 (72)
Eledoisin 1.38 1.49 1.00 0.95 (92)
Insulin 0.96 0.49 0.831 0.932 (99)
Melittin 3.01 4.27 0.821 0.754 (70)
Oxytocin 1.02 9.62 0.427 0.47 (48)
Mercenaria 2.33 14.3 0.459 0.635(24)

*The time of heating in hours is shown in parentheses.
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between about 0.5 and 1.0 (Fig. 2). In
various carbonate samples isoleucine
epimerization is reported to follow com-
parable reversible first-order kinetics to
alloisoleucine/isoleucine ratios ranging
between about 0.3 and 0.9 (3-5). Another
similarity is in the shape of the entire ki-
netic curve. Natural samples usually
have two linear portions to the kinetic
curve, separated by a transition zone,
with the second linear portion having an
order of magnitude lower rate constant
than the first linear portion. The dipep-
tides also show a decrease of an order of
magnitude in the apparent rate constant
for the second linear portion; in all cases,
this lower apparent rate constant is ap-
proximately equal to that for free iso-
leucine in aqueous solution. Indeed, as
the results from a pair of dipeptides illus-
trate, the apparent rate constant for the
second linear portion is governed entire-
ly by the interconversion of free isoleu-
cine which, at this stage of the reaction,
comprises a significant fraction of the to-
tal isoleucine (Fig. 3). While the overall
rate of epimerization based on total iso-
leucine (free + bound) follows reversible
first-order kinetics only to an alloisoleuc-
ine/isoleucine ratio of about 0.6, the ratio
in the bound fraction appears to follow
first-order kinetics to equilibrium, which
it reaches in a relatively short time com-
pared to either the free or total fractions.
With the bound fraction essentially at
the equilibrium ratio, any subsequent
changes in the alloisoleucine/isoleucine
ratio of the total fraction result solely
from epimerization of free isoleucine,
and the rate constant for this portion of
the reaction is approximately that of free
isoleucine. Evidently, isoleucine not on-
ly epimerizes faster when it is in the
bound state, but deviation from first-or-
der kinetics and a decrease in the appar-
ent rate constant occur when a signifi-
cant fraction of the isoleucine is hydro-
lyzed to the free state. This interpre-
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tation is further supported by the re-
sults obtained from a pair of tripeptides.

The epimerization rates of two dipep-
tide-tripeptide pairs with NH,-terminal
and COOH-terminal isoleucine are
shown in Fig. 2. The curves indicate the
effect of one additional amino acid on the
rate of isoleucine epimerization. In one
pair, the NH,-terminal isoleucine tripep-
tide has a greater initial and overall rate
than the NH,-terminal isoleucine dipep-
tide. Figure 4 shows the relative produc-
tion of free isoleucine from the different
peptides and proteins. It is clear from the
smaller amount of isoleucine released
that the Ile-Gly bond in the tripeptide is
more stable than that in the dipeptide.
Apparently, the relatively rapid rate of
hydrolysis of the Ile-Gly bond in the di-
peptide results in a more rapid increase
in free isoleucine; consequently there is
a slower initial rate of epimerization, and
deviation from first-order kinetics occurs
at a lower alloisoleucine/isoleucine ratio.
In contrast, the rate of epimerization of
the COOH-terminal isoleucine in the di-
peptide Gly-lle is greater than that in the
tripeptide Gly-Gly-Ile. In this case iso-
leucine is almost completely released
from the tripeptide in a short time of
heating. Thus, the observed slow rate of
isoleucine epimerization for this tripep-
tide, about equal to the rate of epimeriza-
tion of free isoleucine, is mainly a con-
sequence of the rapid rate of hydrolysis
of isoleucine to the free state. The labili-
ty of the glycine-isoleucine bond in the
tripeptide Gly-Gly-Ile is not surprising
since the middle Gly unit no longer pos-
sesses an amino terminal position which
normally increases the stability of the ad-
jacent peptide bond (7).

These observations indicate that the
hydrolytic reaction also has an important
role in the overall epimerization rate.
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The rate of release of free isoleucine is
dependent on the strength of the peptide
bond, and the lability of a peptide bond
to hydrolysis, as for epimerization, is de-
termined by the nature of adjacent amino
acid residues (7). In the calcified protein
of a mollusk shell, peptide bonds formed
by alanine, serine, and glycine residues
are very labile (8). Dipeptides containing
COOH-terminal valine. leucine, or iso-
leucine are not as resistant to hydrolysis
as those containing these amino acids as
NH,-terminal residues (7). In our study,
the observation that the kinetic curves of
NH,-terminal isoleucine dipeptides tend
to “‘break’’ at slightly higher alloisoleu-
cine/isoleucine ratios than those of the
COOH-terminal isoleucine is consistent
with the relative strength of the respec-
tive peptide bonds (Figs. 2 and 3).

The rate of epimerization of isoleucine
located in interior positions of a peptide
or protein is more difficult to deduce be-
cause isoleucine may be partially hydro-
lyzed to the terminal position during
heating. The best approximation to the
kinetics of interior epimerization is ob-
tained for proteins or peptides in which
isoleucine forms stable peptide bonds
with both adjacent amino acid residues.
The kinetics of isoleucine epimerization
obtained for a number of proteins and
larger peptides suggest that the rate is
much slower in interior positions com-
pared to the rate in terminal positions
(Table 1). The initial rate constants ob-
tained for albumin (bovine), insulin (bo-
vine), and oxytocin (containing three,
one, and one residues of isoleucine, re-
spectively) are smaller than those ob-
tained for most of the dipeptides, with
the rate for albumin approximately equal
to that for free isoleucine. The greater
Kepim (epimerization constant) for melit-
tin and eledoisin indicates that in these

compounds isoleucine may have been
converted relatively rapidly to the termi-
nal positions, which epimerize faster.
The very low release rate of free isoleu-
cine from the larger molecules, particu-
larly insulin and albumin, and the low ep-
imerization rate of isoleucine in these
proteins suggest that interior isoleucine
epimerizes at a much slower rate than
terminal isoleucine. The slower rate of
epimerization of interior isoleucine may
be due to the lesser stability of the inter-
mediate carbanion in the internal config-
uration or to the restriction in rearrange-
ment of the intermediate carbanion
structure as a consequence of intro-
molecular hydrogen bonding. The over-
all relative rate of isoleucine epimeriza-
tion is, therefore,

NH,-terminal > COOH-terminal >
interior = free

Although di- and tripeptides represent
relatively simple systems compared to
calcified proteins, the similarities in their
respective kinetics suggest that identical
reactions are occurring. On the basis of
the results of our heating experiments,
we interpret the isoleucine epimerization
relationships and kinetic curves in sam-
ples such as foraminifera and mollusk
shells as follows. (i) Initially, most or all
of the isoleucines are in interior posi-
tions. Through partial hydrolysis, and at
a rate depending on the amino acid se-
quence, some of the interior isoleucine
will be hydrolyzed to terminal positions
where it will preferentially epimerize. (ii)
Because only one peptide bond must be
hydrolyzed, terminal isoleucine (alloiso-
leucine) will be more readily released to
the free state than interior isoleucine.
The free fraction derived by hydrolysis
of the preferentially epimerized terminal
isoleucine will have an alloisoleucine/
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isoleucine ratio greater than that of the
bound fraction, which consists largely of
slower epimerizing interior isoleucine.
(iii) After hydrolysis, free isoleucine
epimerizes at the much slower, free
amino acid rate. Consequently, as the
protein hydrolyzes to free amino acids,
the overall rate of epimerization will de-
crease, and the slope of the second linear
segment of the kinetic curve, which is
approximately parallel to the rate curve
of free isoleucine, will be governed
largely by the rate of epimerization of
free isoleucine.

The alloisoleucine/isoleucine ratios
of the free fractions of heated dipep-
tides and proteins provide additional evi-
dence for this interpretation. With the
exception of two polypeptides (eledoisin
and melittin), the ratio in the free frac-
tion of heated polypeptide and proteins
(and fossil proteins) is greater than that
of the bound fraction: for di- and tripep-
tides and two polypeptides, this rela-
tion is reversed (Table 1). In the case of
proteins, only a small portion of the total
bound isoleucine will be in the preferen-
tially epimerizing terminal position;
overall, therefore, the ratio in the total
bound fraction (terminal and interior)
will be relatively low. Because the free
isoleucine of these samples is derived
from preferential hydrolysis of the termi-
nal, highly epimerized amino acid, the
ratio in the free fraction will exceed that
in the bound fraction. However, in the
case of dipeptides, or any polypeptides
having isoleucine rapidly hydrolyzed to
the terminal position, the bound isoleu-
cine occurs only in terminal positions
and the ratio in the bound fraction will
therefore be relatively high. The ratio in
free amino acids derived from the dipep-
tides will be less than that in the bound
fraction because the first additions to the
free amino acid fraction will be from di-
peptides with initially low ratios of allo-
isoleucine to isoleucine, and these addi-
tions will subsequently epimerize very
slowly compared to the epimerization
rate of the remaining terminally bound
isoleucine.

In conclusion, epimerization-racemi-
zation of amino acids is not only time-
and temperature-dependent, but, as our
study demonstrates, the rate of epimeri-
zation of isoleucine is also dependent on
the position of isoleucine in the peptide
chain and on the strength of the isoleu-
cine peptide bonds. Because the position
of isoleucine changes from internal to
terminal to free during protein hydroly-
sis, and because Kpm of isoleucine is
different for each position, the rate of
epimerization changes during the course
of the reaction; the gradual buildup of
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slowly epimerizing free isoleucine re-
sults in a decrease in the apparent first-
order rate constant. Furthermore, in-
asmuch as the amino acid sequence of
calcified protein is unique for each spe-
cies, the shape of the isoleucine epimeri-
zation curves for fossils will be species-
dependent; variable rates of isoleucine
epimerization have already been demon-
strated for different species of foraminif-
era and mollusk shells (9). In order to use
kinetics of amino acid epimerization-
racemization for dating purposes, it is
necessary, therefore, to establish inde-
pendently the kinetics for each matrix or
species of interest; kinetics obtained for
one species may not be applicable to oth-
er species.
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Inland Ice Sheet Thinning Due to Holocene Warmth

Abstract. The climatic warming of 10,000 years ago is now affecting the central
portions of ice sheets, causing ice-flow acceleration. This process explains the pres-
ent-day thinning of the ice sheet in West Antarctica. Former ice sheets must have
also responded to climatic warming with a delay of thousands of years. This lag in
response is important in the climatic interpretation of glacial deposits and of
changes in ice volume obtained from deep-sea cores.

The response of large ice sheets to cli-
matic change is important to understand-
ing the dynamics of the present-day ice
sheets as well as to understanding the
volumetric changes of ice during glacia-
tions. A number of mechanisms have
been proposed to account for ice sheet
changes (/), but one of the simplest has
escaped close attention in the literature.

The temperature of an ice sheet is gen-
erally somewhat less than freezing for
most of the thickness. A climatic change
in temperature at the surface is slowly
propagated into the ice mass with the ice
motion and by conduction. Because the
creep of ice is temperature-sensitive, a
climatic warming must cause an ice-flow
acceleration some time later than the cli-
matic change.

It is possible to calculate the lag time
from climatic warming to ice accelera-
tion and the amount of acceleration. I
have done this for the present-day West
Antarctic ice sheet, and the slow thin-
ning of the central portion (2) can be ex-
plained in this way as a result of the
Holocene warmth. The mechanism is al-
so applicable to the former Laurentide
and Scandinavian ice sheets, and the
rapid expansions of those ice sheets, es-
pecially at the end of the glaciation,
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could have been responses to climatic
warming.

The change in the heat content of a
particle of ice in an ice sheet is described
by

C, 4o =V KV + heat e)
dt

where 6 represents temperature, f is
time, K is the conductivity, C, is the heat
capacity, and V is the gradient operator.
Heat is released as a result of deforma-
tion of the ice as it flows. In the central
portion of an ice sheet, heat conduction
is almost entirely in the vertical direc-
tion, z, and horizontal advection and var-
iations in conductivity and capacity are
not very important. Applying these sim-
plifications, Eq. 1 becomes

2

Cv:%e- =K%—Cvfzﬁ w + heat
The vertical velocity of a particle in the
ice sheet, |w|, is about 0.2 m year™' at the
top surface of a typical ice sheet and de-
creases to near zero at the bed.

Let the steady-state temperature be-
fore a climatic change be described by 6,
and the temperature after a climatic
change by 6 = 6, + 0,. Thus, 0, repre-
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