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Amino Acid Racemization and the
Preservation of Ancient DNA

Hendrik N. Poinar, Matthias Hoss,* Jeffrey L. Bada,
Svante Paabo

The extent of racemization of aspartic acid, alanine, and leucine provides criteria for
assessing whether ancient tissue samples contain endogenous DNA. In samples in which
the D/L ratio of aspartic acid exceeds 0.08, ancient DNA sequences could not be retrieved.
Paleontological finds from which DNA sequences purportedly millions of years old have
been reported show extensive racemization, and the amino acids present are mainly
contaminates. An exception is the amino acids in some insects preserved in amber.

The invention of the polymerase chain
reaction (1) has made it possible to deter-
mine DNA sequences from remnants of
extinct species and past populations (2, 3).
In addition, recent reports have claimed
that DNA can be retrieved from paleonto-
logical finds that are millions of years old
(4). However, because only a minority of
ancient specimens contain amplifiable an-
cient DNA (5), false positives resulting
from minute amounts of contaminating
DNA pose a serious threat (6, 7). Although
several ways to authenticate ancient DNA
have been suggested (2, 6, 8), the field is in
need of techniques that can indicate
whether a particular ancient specimen may
contain endogenous nucleic acids.

All amino acids used in proteins, with
the exception of glycine (Gly), can exist in
the form of two optical isomers, the D- and
L-enantiomers, of which the L-enantiomer
is used exclusively in protein biosynthesis.
Once isolated from active metabolic pro-
cesses, the L-amino acids undergo racemiza-
tion to produce D-amino acids until even-
tually the L- and D-enantiomers of a partic-
ular amino acid are present in equal
amounts. The rate at which racemization
takes place differs for each amino acid and
is dependent on the presence of water, the
temperature, and the chelation of certain
metal ions to proteins (9). Racemization is
thus affected by some of the same factors
that affect depurination of DNA, the major
hydrolytic reaction responsible for the
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spontaneous degradation of nucleic acids
(10). The racemization of aspartic acid
(Asp), which has one of the fastest racemi-
zation rates, has an activation energy and
rate constants over a wide temperature
range (at neutral pH) that are similar to
those for DNA depurination (10, 11). To
test whether the extent of amino acid race-
mization is a useful indicator of the extent
of DNA degradation in ancient specimens,
we examined archaeological specimens
from which DNA sequences have been re-
trieved (12). In order to ensure as far as
possible that the samples used yield genu-
inely ancient DNA, we limited our analysis
to nine cases that fulfill a number of criteria
of authenticity (2, 6, 8) and we excluded
human remains because of the inherent dif-
ficulty of recognizing contamination from
contemporary humans (2, 6, 8). We also
analyzed 17 samples, including some human
samples, from which no ancient DNA se-
quences could be amplified.

No DNA sequences could be retrieved
from samples in which the D/L Asp ratio
was higher than 0.08 (Table 1), whereas all
samples with D/L ratios below 0.08 yielded
DNA sequences. Furthermore, there was a
rough relation between the extent of Asp
racemization and the length of the retriev-
able DNA sequences (Fig. 1). In samples in
which the extent of Asp racemization was
similar to that caused by the 6 N HCI
hydrolysis procedure (D/L = 0.05), sequenc-
es between 140 and 340 base pairs (bp)
could be amplified, whereas samples with
greater amounts of racemization tended to
yield only shorter DNA fragments.

No general correlation was observed be-
tween the age of the samples and the re-
trieval of DNA or the extent of racemiza-
tion. However, of the nine samples that
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yielded DNA, seven stemmed from cold
environments and four of them have been
shown to contain smaller amounts of DNA
damage than samples that do not yield am-
plifiable DNA sequences (13). On the basis
of the racemization half-lives of Asp report-
ed for bone in various climatic regimes (9),
the finding that an Asp D/L ratio of about
0.1 is the limit for the retrieval of useful
DNA sequences implies that the survival of
DNA is limited to a few thousand years in
warm regions such as Egypt and to roughly
10° years in cold regions. Such' temporal
limits for DNA retrieval are similar to those
predicted from laboratory experiments (10).
Aspects of amino acid preservation other
than racemization do not show any corre-
lation with DNA preservation (14).
Because the racemization of Asp is faster
than that of other amino acids (9, I11),
the extent of racemization of Asp, among
the amino acids analyzed here, should be
the greatest, followed by alanine (Ala) and
leucine (Leu), if all amino acids are of the
same age. In contrast, a D/L ratio for Asp
that is lower than that for Ala or Leu indi-
cates contamination by more recent amino
acids. For the samples from which ancient
DNA sequences could be retrieved (Table
1), the extent of racemization of Asp was
always greater than that for Ala and Leu,
however, no authentic DNA sequences
could be retrieved from samples in which
the racemization of amino acids did not
follow this pattern. Thus, amino acid race-
mization provides a way to identify the large
majority of ancient samples that are not
expected to yield any ancient DNA. The
usefulness of this technique is enhanced by
the fact that samples of only a few milli-
grams are sufficient for the analysis, and the
results can be obtained in only a few days.
Ancient DNA sequences that are pur-
portedly millions of years old have been
reported from dinosaur bones, Miocene
plant fossils, and amber inclusions (4). The
D/L Asp ratio in the Utah dinosaur bone
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Fig. 1. Extent of Asp racemization plotted (as the
logarithm of the D/L ratio of Asp) against the max-
imum length of DNA ampilified (in base pairs).



from which DNA sequences were reported
(4) is 0.21, and is thus higher than for
remains from which endogeneous DNA has
been extracted (Table 2). Moreover, Ala is
more racemized than Asp, an indication
that the amino acids present in this speci-
men are a mixture of different ages. The
poor preservation of the amino acids im-
plies that no endogenous DNA should re-
main in this sample, which is in agreement
with earlier results (7). The D/L Asp ratio of
a Tyrannosaurus rex bone found in Montana
(4) was 0.23, and Ala was more extensively
racemized than Asp. Two dinosaur speci-
mens from Antarctica, a cold depositional
environment, also indicate substantial race-
mization as well as the presence of contam-
inating amino acids (Table 2). Thus, the
prospects of retrieving DNA  sequences
from dinosaur fossils seem bleak.
Chloroplast DNA sequences have been
reported from the approximately 17-mil-
lion-year-old Clarkia deposit in Idaho (4).
However, these results have been ques-
tioned (6-8). The amounts of Asp in the
fossils are so low for several of the speci-
mens that either the L or the D forms of
Asp, or both, could not be accurately deter-
mined (Table 2) (15). However, both D-
and L-Ala were detected, and in all cases,
the D/L ratio for Ala was over 0.15, indicat-
ing extensive racemization. This result is
consistent with the results of analyses of the

Table 1. The extent of racemization of Asp, Ala, and Leu and DNA amplifi-
ability for 26 archaeological and paleontological samples. DNA was extracted,
amplified, and sequenced as described in the references. Briefly, for nonhu-
man samples 140 bp of the mitochondrial 16S ribosomal DNA (rDNA), or 120
bp of the mitochondrial 12S rDNA, were amplified, whereas for human sam-

preservation of lipids and other biopolymer
(16) in Clarkia fossils, which indicate ex-
tensive microbial degradation.

The extent of racemization in some rep-
resentative insects in amber and copal (Ta-

| REPORTS |

ble 2) was close to what is caused by the
hydrolysis procedure, an indication that lit-
tle or no racemization has taken place. Be-
cause the amino acid concentration of the
surrounding amber matrix is substantially

Table 2. Racemization of Asp, Ala, and Leu in paleontological samples from some of which DNA
sequences have been reported. Samples for which the D/L ratios were difficult to determine because
quantities of amino acids were too small are indicated as ND (20). The Utah and Montana dinosaur
samples are identical to those from which DNA sequences have been reported (4) or in which the
presence of DNA has been reported in the press. The Clarkia and amber specimens were similar to
samples from which reported DNA sequences (4) stem. Ma, million years ago; ka, thousand years ago;
ND, not determined. Gly/Asp ratios are given for bone samples only.

Sample Age D/L Asp D/L Ala D/L Leu Gly/Asp
Dinosaurs
Tyrannosaurus rex (Montana) 65 Ma 0.23 0.59 ND 1.18
Dinosaur bone (Utah) 65 Ma 0.21 0.91 ND 1.78
Hadrosaur (Antarctica) 65 Ma 0.16 0.16 ND 3.33
Ornithomimidea (Antarctica) 65 Ma 0.17 0.44 0.48 0.26
Clarkia
Modern leaf, Clarkia (Idaho) 0 Ma 0.05 0.02 0.01
Clarkia leaf 1 17 Ma ND 0.15 0.00
Clarkia leaf 2 17 Ma ND 0.29 0.00
Clarkia leaf 3 17 Ma ND 0.42 0.05
Clarkia leaf 4 17 Ma ND 0.32 0.55
Clarkia sediment 1 17 Ma ND 0.15 0.00
Clarkia sediment 2 17 Ma ND 0.14 0.00
Amber
Hymenoptera (Dominican Republic) 0.1 ka 0.08 0.01 0.00
Hymenoptera (Colombia) 3 ka 0.03 0.02 0.00
Hymenoptera (New Zealand) 30 ka 0.03 0.00 0.00
Hymenoptera (Dominican Republic) 35 Ma 0.01 0.01 0.00
Diptera (Baltic Sea) 35 Ma 0.05 0.01 0.00

Gly/Asp ratios are given.

ples primers for an 87-bp fragment of the mitochondrial control region were
used. In all cases in which no DNA could be amplified, extractions were
performed as in (18) and at least two attempts were made under conditions
allowing amplification from single template molecules. For bone samples,

3
Sample yégres(zlgo) D/L Asp D/L Ala D/L Leu I(Dg\:) ';“ Gly/Asp Reference
Equus sp. (California) 0.05 0.05 0.01 0.00 340 0.27
Mylodon darwinii (Chile) 13 0.05 0.00 0.01 140 6.27 @)
Mammuthus primigenius (Yuribei, 9.7 0.05 0.00 0.00 200 8)
Siberia)
Equus ferus (Siberia) 42 0.06 0.01 0.01 140 6.52
M. primigenius (Khatanga, Siberia) 50 0.06 0.01 0.00 200 &)
M. primigenius (Shandrin, Siberia) 35-40 0.06 0.01 0.00 200 8)
E. hemionus (Alaska) 27 0.07 0.01 0.00 140 2.01 (78)
Mylodon darwinii (Chile) 13 0.07 0.04 0.00 140 10.20 5)
Aptornis sp. (New Zealand) 3 0.08 0.01 0.00 120 1.95 (719
Bos primigenius (Europe) 6.5 0.11 0.12 0.1 0 9.7
E. ferus (Germany) 5.5 0.15 0.00 0.00 0 1.59
Nothrotherium shastense (New Mexico) 13 0.17 0.01 0.00 0
Papio cf. cynocephalus (Egypt) 2.3 0.18 0.02 0.00 0 18.50
E. caballus (Chile) 20 0.20 0.25 0.00 0 3.10
Human femur (Egypt) 4.5 0.21 0.02 0.00 0 0.10
Megalonyx (Florida) 13 0.24 0.85 0.00 0 5.04
Human femur (Egypt) 4.5 0.29 0.01 0.00 0 0.06
Human femur (Egypt) 4.5 0.29 0.12 0.00 0 0.16
Human femur (Egypt) 4.5 0.30 0.00 0.00 0 0.92
Human femur (Egypt) 4.5 0.31 0.02 0.00 0 0.94
Megalonyx sp. (Florida) (tooth) 13 0.33 0.44 0.23 0 0.40
Glossotherium sp. (Cuba) 15 0.34 0.29 0.01 0 1.73
Acratocnus odontrigonus (Puerto Rico) 15 0.49 0.61 0.15 0 0.413
Scelidon chiliense (Peru) 15 0.51 0.81 0.15 0 0.61
Eremotherium mirable (Peru) 13 0.60 0.27 0.14 0 0.53
Megalocnus sp. (La Brea, California) 15 0.75 0.58 0.24 0 1.89
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lower than that of the insect tissue (17), the
amino acids detected are likely to be endog-
enous. The surprising preservation of the
amino acid stereochemistry in amber-en-
tombed insects may be due to the anhydrous
nature of the amber matrix. Because depuri-
nation of DNA would similarly be inhibited
by anhydrous conditions, an amber matrix
may provide conditions conducive to the
long-term preservation of nucleic acids.
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Polymers with Very Low Polydispersities from
Atom Transfer Radical Polymerization

Timothy E. Patten, Jianhui Xia, Teresa Abernathy,
Krzysztof Matyjaszewski*

Aradical polymerization process that yields well-defined polymers normally obtained only
through anionic polymerizations is reported. Atom transfer radical polymerizations of
styrene were conducted with several solubilizing ligands for the copper(l) halides: 4,4'-
di-tert-butyl, 4,4’-di-n-heptyl, and 4,4'-di-(5-nonyl)-2,2'-dipyridyl. The resulting polymer-
izations have all of the characteristics of a living polymerization and displayed linear
semilogarithmic kinetic plots, a linear correlation between the number-average molecular
weight and the monomer conversion, and low polydispersities (ratio of the weight-average
to number-average molecular weights of 1.04 to 1.05). Similar results were obtained for

the polymerization of acrylates.

Siwarc and Levy first reported on living
anionic polymerizations in 1956 (I, 2),
and this technique made it possible to
prepare well-defined polymers. A living
polymerization is a chain-growth polymer-
ization that propagates with no irrevers-
ible chain-transfer or chain-termination
reactions. Provided that initiation is fast,
the degree of polymerization is proportion-
al to the ratio of the concentrations of
monomer consumed and initiator, and the
product polymer has a polydispersity that
approaches a Poisson distribution. The
discovery of living polymerizations revolu-
tionized synthetic polymer chemistry, be-
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cause with such polymerizations one can
prepare block and triblock copolymers,
end-functionalized polymers, and star
polymers (3). Of the known living ionic
and metal-catalyzed polymerizations, liv-
ing anionic polymerization affords the best
control over the resulting polymers and
provides polymers with the narrowest mo-
lecular weight distribution (ratio of the
weight-average to number-average molec-
ular weight, M /M,).

Radical polymerizations are important
for the industrial production of commodity
polymers, which account for a major frac-
tion of polymer industry’s annual produc-
tion, yet are very difficult to control be-
cause of fast, irreversible termination of the
growing radicals through coupling and dis-
proportionation reactions. Because of these





