
W17ers (Pe-gamcn, New York, 19811, p. 283, and 0 s  salnpes and unpi.b~stied A2C, data. Revev~s b:~ M. 
sctcpes arefrc~n T. Mess and R. J. \Walker, Jour11aI of Humayun, L. Resberg, and three ancnymcils reviev~ers 
Co~;feref~ce Absr~.acrs, 6th V.  M. Goldsctim~dt Ccn'er- and dscusscn with P. Keemen !^/ere helpi~l. SUPPOI;- 
ence, Hedeberg, Germany. 1996 (CambYdge Pubca- ed by Carnege Fcmdatcn and NSF postdcctora 'e- 
tons. Camb,idge, 1996), vo  ' . p. 396. ,Abyssal per~dc- owshps to A.D.B. and by NSF gyants WR 9234718 
t~te A:,O, data are ?om J. E. Snc!c and h. J. B. Dlck, and WG 9536713 to S.B S, and R.W.C 
GeocPi!n. Cos!nochi!n Acts 59, 421 9 (1 9951 

31. \,$!e than4 B McDonougti and F. Frey for Ichnoniegata 5 Dece:nber 1995; accepted 15 hlarch '996 

yielded DNA, seLren ste~ll~neii fro111 cold 
environ~llents and four of the111 ha\-e been 
shown to contain snlaller amounts of DNA 
damage than salnples that do not yield am- 
plifiable DNA sequences (13). O n  the basis 
of the racemization half-lives of Asp remrt- 

L L 

ed for hone in various clinlatic reginles (9), 
the fillding that an Asp D/L ratlo of ahout 
0.1 is the limit for the retrieval of useful 
DNA seiluences implies that the survival of 
DKA is limited to a feu. thousand vears in 

Amino Acid Racemization and the 
Preservation of Ancient DNA 

warm regions such as Egypt and to roughly 
1G5 years ill cold regions. Such temporal 
linlits for DKA retrieval are similar to those 
preiiicteii from laboratory esperi~ne~lts  ( 1  C ) .  

Hendrik N. Psinar, 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. 

Aspects of al?lino acid preservation other 
than racemisation iio not show any corre- 
lation with DNA preservation (14). 

Because the racemization of Asp is faster 
than that of ot11.er amino acids (9 ,  1 I ) ,  
the extent of racelnisatio~l of Asp, among 
the amino acids analyzed here, should be 
the greatest, folloueii by alanine (Ala) and 
leucine (Leu), if all alllillo acids are of the 

T h e  ill\-ention of the polymerase c h a i ~ l  
reaction (1)  has ll~ade it possible to deter- 
mine DNA sequences from remnants of 
extilnct species and past populations (2 .  3). 

spontaneous degradation of nucleic acids 
(16). The racelnization of aspartic acid 
(Asp), which has one of the fastest rhcemi- 
sation rates, has an activation energy and 

same age. In contrast, a D/L ratio for Asp 
that is lolver than that for Ala or Leu indi- 
cates colltanlillatioll hy more recent amino 
acids. For the salnples from which ancient 
DNA sequences could he retrieved (Table 
I ) ,  the extent of racemization of Asp n.as 

In addition, recent reports have clai~lleii 
that DNA can he retrieved from valeonto- 

rate constants over a wide temperature 
range (at neutral pH)  that are similar to 
those for DNA iiepurination ( 1  C .  1 1 ) .  T o  
test \vhether the extent of amino acid race- 

logical finds that are millions of years old 
14). Hon.ever, because onlv a lllilloritv of 

always greater than that for Ala and Leu, 
however, no authentic DNA sequences 
could be retrieved from samples in lvhich 

, , 

ancielnt specllnells colltailn amplifiahle an- 
cient DNA (j), false positives resulting 

misation is a usef~ll indicator of the extent 
of DKA degradation in ancient specimens, 
we examined archaeological speciluens 
from n.hic11 DKA sequences have been re- 
trieved 11 2 ) .  In order to ensure as far as 

the racemisation of amino acids did not 
follow this vattern. Thus, amino acid race- from minute amounts of co~ltalllinatillg 

DNA pose a serious threat (6 ,  7). Although 
several ways to authenticate ancient DKA 
have been suggested (2 ,  6 ,  8), the field is in 
need of tech~liuues that can indicate 

~ l l i z a t ~ o ~ l  provides a \yay to identify the large 
lnajority of ancient samples that are not 
espected to yield any ancient DNA. The 
usef~~lness of this techniuue is enhanced bv 

~, 

possible that the samples ~ ~ s e i i  yield gelnu- 
illelv ancient DNA. we li~niteii our analvsis 

lvhether a particular ancient specimen may 
contain eniioeenous nucleic acids. 

to nine cases that fulfill a numher of criteria 
of authe~lticitv 12. 6. 3 )  and we excludeii 

the fact that salnples of only a felv milli- 
grams are sufficient for the analvsis, and the " 

All allli~lo acids used in proteins, lvith 
the exceptio~l of glycine (Gly), can exist in 
the form of tn.0 optical isomers, the D- and 
L-enantiomers, of rvhich the L-enantiomer 

human remains because of the inherent dif- 
ficultv of recoenizinir co~ltallli l~atio~l from 

" 

results call be obtained in o~l ly a few days. 
Ancient DNA seuuences that are Dur- 

colltenlporary humans (2 ,  6 ,  3 ) .  We also 
allalvzed 17 samoles, includinir some human 

portedly millions of years old have been 
reported from iiinosaur hones, Miocene 
plant fossils, and anlber i~lclusions (4) .  The 
D/L Asp ratlo in the Utah di~losaur bone 

is used exclusively in protein hiosynthesis. 
Once isolated from active metabolic pro- 
cesses, the L-arnino acids undergo racemisa- 
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 

samples, from s'hich no anc;ent DNA se- 
quences could be amplified. 

No DKA sequences could be retrieved 
from sanlples in \vhich the D/L Asp ratio 
was higher than 0.08 (Table I ) ,  whereas all 
samples with D/L ratios below G.08 yielded 
DNA seiluences. Furthermore, there was a 

takes place differs for each a~nino  acid and 
is dependent on the presence of water, the 
temperature, and the chelation of certain 
nletal ions to proteins (9 ) .  Racemization is 
thus affected by some of the same factors 
that affect depurination of DKA, the major 
hydrolytic reaction respo~lsible for the 

rough relation between the extent of Asp 
racemization and the length of the retriev- 
able DNA sequences (Fig. 1).  In sa~nples in 
which the estent of Asp racemizatio~l n.as 
sinlilar to that causeii by the 6 N HCl 
hyiirolysis procedure (D/L = 0.05), sequenc- 
es hetlveen 14G and 34G hase pairs (by) 
co~ild he amplified, whereas salllples with 
greater amounts of race~llizatio~l telliiecl to 
yield only shorter DK.4 fragments. 

K o  general correlation was ohserved be- 

H. N Pc~nar M. Hcss S. Paabo, lnst~t~l te of Zcolcgy, 
Unversty of lvlunch, Pest Offce Bcx 202136, D-80021 
lvlunci-, Germany. 
J L Bada, Scr~pps lnst~t~rt~on of Oceanography, Uli~ver- 
s~tv of Caforna at San Deqo. La J c a ,  C k  92093, USA. 

log (D/L Asp) " 

tween the age of the samples and the re- Fig. 1. Extent of Asp racemzation plotted (as the 
logarithm of the D/L ratio of Asp) against the max- 
imum length of DNA amplified ( ~ n  base pairs). 

=Present address. cIare Labcratcrles, j m p e r l a  c a n  trieval of DKA or the extent of racemiza- 
eel. Research Fund, South Ivlmms. Heds EN6 3LD, UK, tiiln. Holyever, of the nine salllples that 
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from which DKA seqLlences lvere reported 
14) is 0.21, ~ n i i  i'i thus higher than for , , - 
remains from lvhich eniiogeneous DKA has 
heen extracted (Tahle 2 ) .  hloreover, Ala is 
more racemlzeii than A'ip, an indication 
that the amino aciils present in this speci- 
men are a mixture of different ages. The 
pc)or presci-vation of the amino acids i n -  
plies that no enitogenous DKA s h o ~ ~ l d  re- 
main in this sample, which is in agreement 
lvith earlier result\ (7). The D/L Asp ratio of 
a T?~an~~o . sau rus  Yeu hone f o ~ ~ n i l  in Montana 
14) lvas 0.31, and Ala lvas more extensivelv 
racemizeii than Asp. Two ilinosa~~r speci- 
mens from Antarctica, a colil de~ositional 
environment, also indicate substantial race- 
mir,ltion ,I.; well ,IS the presence of contam- 
inating amino aciils (Tahle 3).  Thus, the 
prmpectsof  retrieving I7KA sequences 
from iiinosaur fossils seem hleak. 

Chloroplast DNA sequences have heen 
reported from the approximately 17-mil- 
lion-ye,lr-old Clxkia deposit in Iilaho (4) .  
Hoivever, these results have heen ipres- 
tinned (6-8). The amounts of Asp in the 
fo'isil'i ,Ire so loiv for several of the speci- 
mems that either the L or the 11 forms of 
Asp, or hoth, c o ~ ~ l d  not hc accirrately deter- 
mineii (Tahle 3) (15). However, hoth D- 
and L-Ala were iietecteii, anil in all cases, 
the D/L ratio for Ala was over L7.15, indicat- 
ing extensive racemization. This r e s ~ ~ l t  is 
con'ii\tent with the results of analyses of the 

preservation of lipids and other biopolymer hle 2 )  n.as close to what i\ caused by the 
( 1  6 )  in Clarlcia fossils, which indicate ex- l~y~i ro l~s i s  procedure, an iniiicatlon that lit- 
tensive microhial degrailation. tle or no racemixtion 11~s t,rken place. Be- 

The extent of racernization in some rep- cause the amino acid concentr;ltion of the 
resentative insects in amher anil coral (T,1- s ~ ~ r r o u ~ ~ i i i n g  arnher matrix is suhst;~nti;llly 

Table 2. Racemiration of Asp, Ala and Leu in paleontological samples from some of which DNA 
sequences have bee11 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 dlnosaur 
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 Gy/Asp 

Tyrannosaurus rex (Montana) 
Dnosaur bone (Utah) 
Hadrosaur (Antarctlca) 
Ornithom~midea (Antarctlca) 

Modern leaf, Clarkia (Idaho) 
Clarkia leaf 1 
Clarkia leaf 2 
Clarka leaf 3 
Clarkia leaf 4 
Clarkia sediment 1 
Clarka sediment 2 

Hymenoptera (Dominican Republic) 
Hymenoptera (Colombia) 
Hymenoptera (New Zealand) 
Hymenoptera (Domlnlcan Republc) 
Dlptera (Baltlc Sea) 

Dinosaurs 
65 Ma 0.23 
65 Ma 0 21 
65 Ma 0.16 
65 Ma 0.17 

Ciarkia 
0 Ma 0.05 

17 Ma N D 
17 Ma N D 
17 Ma N D 
17 Ma N D 
17 Ma N D 
17 Ma N D 

Amber 

0.1 ka 0.08 
3 ka 0.03 

30 ka 0.03 
35 Ma 0.01 
35 Ma 0.05 

Table 1. The extent of racemzaton of Asp, Ala, and Leu and DNA amplfi- ples prlmers for an 87-bp fragment of the mitochondria1 control region were 
abl ty for 26 archaeological and paleontological samples. DNAwas extracted, used. In a cases n whch no DNA could be ampf~ed.  extractions were 
ampllfled, and sequenced as described in the references. Briefly. for nonhu performed as n (18) and at least two attempts were made under condltlons 
man samples 140 bp of the mltochondral 16s  ribosomal DNA (rDNA), or 120 allowng amplificaton from single template molecules. For bone samples. 
bp  of the mitochondria 12s rDNA, were amplified. whereas for human sam- GyiAsp ratios are given. 

Sample 
Age (1 0" D/L ASP D/L Ala DiL Leu Gy/Asp Reference 

DNA 
(bp) years ago) 

Equus sp. (Cafornla) 
Myiodon dafwinii (Chl e )  
Mammuthus primigenius ( Yurbel. 
Siberla) 
Equus ferus (Sbera) 
M,  primigenius (Khatanga. Slberla) 
M,  primigenius (Shandrin, Siberia) 
E hemionus (Alaska) 
Myiodon dawinii (Chile) 
Aptornis sp. (New Zeaand) 
Bos primigenius (Europe) 
E. ferus (Germany) 
Nothrotherium shastense (New Mexico) 
Papio cf. cynocephaius (Egypt) 
E, cabaiius (Chile) 
Human femur (Egypt) 
Megaionyx (Florida) 
Human femur (Egypt) 
Human femur (Egypt) 
Human femur (Egypt) 
Human femur (Egypt) 
Megaionyx sp. (Florida) (tooth) 
Giossother~um sp. (Cuba) 
Acratocnus odontrigonus (Puerto R~co) 
Sceiidon chiiiense (Peru) 
Eremotherium mirabie (Peru) 
Megaiocnus sp. (La Brea, California) 



lolver than that of the insect tiss~le ( I  3, the 
amino aciiis detected are likely to he eniiog- 
enous. The surprising preservation of the 
amino acid stereochem~stry in arnher-ell- 
tomlied insects may he iiue to the anhyiirous 
natlrre of the amher matrix. Because dep~lri- 
nation of IIKA lvo~lld similarly lie inhihiteii 
hy anhydrous conditions, an arnher nlatrix 
lnay pnivide conditions condircive to the 
long-term preservation of nucleic aciiis. 
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Polymers with Very Low Polydispersi ties from 
Atom Transfer Radical Polymerization 
Timothy E. Patten, Jianhui Xia, Teresa Abernathy, 

Krzysztof Matyjaszews ki* 

A radical 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(1) 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. 

Szwarc anii Levy first reported on living 
anionic polymerizations in 1956 ( 1 ,  Z), 
anii this technique made it possihle 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. Provideii that initiation is fast, 
the degree of polymerizatii)n is proportion- 
al to the ratio of the concentrations iif 

monomer consumed anii initiator. and the 
product polymer has a polydispersity that 
approaches a Poisson iiistribution. The  
discovery of living polymerizations revolu- 
tionized synthetic polymer chemistry, he- 
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cause with such p~l~mer lza t lons  one can 
prepare block anii trlblock copolymers, 
e n d - f ~ ~ n c t i o n i z e d  polymers, and star 
polymers (3). Of the known 11vlng ionic 
anii metal-catalyzeii polymer~zations, liv- 
ing anionic polyrnerlzat~on afforiis the hest 
control over the resulting polymers and 
proviiies polymers wlth the n;rrroaest mo- 
lecular weight distrihution (ratlo of the 
weight-average to nurnher-aver,lge molec- 
ular a u g h t ,  MJM,,). 

Radical polymerizations are important 
for the ~ndustrial proiiuction of commodity 
polymers, which account for a major frac- 
tion of polymer industry's annual produc- 
tion, yet are very difficult to control he- 
cause of fast, irreversible termination of the 
growing radicals through coupling and dis- 
p~)portionation reactions. Becalrw of these 




