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Enan tiomeric Excesses in Meteoritic 
Amino Acids 

John R. Cronin and Sandra Pizzarello 

Gas chromatographic-mass spectral analyses of the four stereoisomers of 2-amino- 
2,3-dimethylpentanoic acid (DL-a-methylisoleucine and DL-a-methylalloisoleucine) ob- 
tained from the Murchison meteorite show that the L enantiomer occurs in excess (7.0 
and 9.1 %, respectively) in both of the enantiomeric pairs. Similar results were obtained 
for two other a-methyl amino acids, isovaline and a-methylnorvaline, although the a 
hydrogen analogs of these amino acids, a-amino-n-butyric acid and norvaline, were 
found to be racemates. With the exception of a-amino-n-butyric acid, these amino acids 
are either unknown or of limited occurrence in the biosphere. Because carbonaceous 
chondrites formed 4.5 billion years ago, the results are indicative of an asymmetric 
influence on organic chemical evolution before the origin of life. 

T h e  orieln of homochiralltl-, that is, the  
almost exclusive one-handddness of the  
chiral molecules found in terrestrial organ- 
isms, is a key problem of the  origin of life. 
Both biotic and abiotic theories of homo- 
chirality have been proposed ( 1 ) .  Accord- 
ing to the  former, life was initially based o n  
achiral rnolecules or racernates, and the use 
of specific enantiomers came about through 
evolution. In  the  latter, a tendency toward 
holnochiralitv is  resumed to  have been , L 

inherent in chemical evolution, and thus 
the  asymmetry preceded the  origin of life. 

Meteorites, specifically the carbonaceous 
chondrites, carry a record of the organic 
chemical e\lolution of the earlv solar sl-stem 
(2).  It is reasonable to suppose that if'some 
asvmmetric Drocess influenced the formation 
or degradation of organic compounds in the 
parent molec~llar cloud, the solar nebula, or 
the prehiotic solar system, then enantiorneric 
excesses would have resulted and might still 
be observable in the organic com~ounds  of " 

carbonaceous chondrites. Evidence for such 
an effect has been sought in the form of net 
optical rotation by meteorite extracts (3), as 
well as by directly meas~lring enantiolner ra- 
tios of s~ecif ic  chiral corn~ounds 14-6). T h e  , . 
results have been either negative or uncon- 
vincing, the latter largely because of the sus- 
nicion of terrestrial contalnination when 
slnall excesses of the L enantiolners have been 
re~or ted  in meteoritic a~n ino  acids that are 
also common in the biosphere (7). Collective- 
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ly, these res~llts have given rise to the widely 
held view that the chiral compounds of me- 
teorites occur as racemic mixtures. I11 con- 
trast, we renort here the detection of enantio- 
meric excesses in four amino acids indigenous 
to the Murchison meteorite. 

W e  initially targeted for study 2-arnino- 
2,3-dimerhylpentanoic acid (2-a-2,3-dmpa), 
an  amino acid with two chiral centers and. 
consequently, four stereoisomers (8) (Fig. 1). 
This amino acid meets two i~nnortant crite- 
ria: (i)  It is present in the Murchison mete- 
orite (9)  hut has not been reported to occur 
in terrestrial matter, and (ii) its two chiral 
centers are resistant to epimeriration because 
one (C-2) lacks a hydrogen atom and the 
other (C-3) has a methine hydrogen atom of 
low acidity. Consequently, it is likely that 
the chiral centers retained their original con- 
figurations through the aqueous and mild 
thcrmal processing experienced by the mete- 
orite parent body ( 1  0) and that the original 
enantioluer ratios have not been cornDro- 
nlised by contaminat~on. 

W e  synthesized 2-a-2,3-dmpa in the labo- 
ratory as a m i x t ~ ~ r e  of the four stereoisolners 
(9) and analyzed them individually by gas 
chromatography-mass spectrometry (GC- 
h4S) of their hr-fluoroacyl isopropyl esters on 
Chirasil-L-Val and Chirasil-~-Val capillary 
columns. The  four stereoisolners are well re- 
solved on both phases (Fig. 2),  although this 
requires the use of hr-pentafluoropropiol~pl 
(PFP) isopropyl esters with the L phase and 
hr-trifluoroacetyl (TFA) isopropyl esters with 
the D phase. The  two diastereomeric pairs 
were separated on Chirasil-L-Val but overlap 
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i~11 Chirasil-D-Val. The  absolute configura- 
tion of the stereoisolller giving rise to each 
chromatograyhic peak Lvas ~lnall~biguo~lsly de- 
ternlined (1 1 ). 

Vile extracted the  amino acids with wa- 
ter from p o ~ v J e r e ~ i  samples of the  Murchi- 
son meteorite. Extracts from two salnples 
were prepared, and one was subjected to 
acid hydrolvsis (6 N HC1, 1 lD°C, 24 hours). 
T h e  samples were each concentrated and 
applied to a cation exchange column (AG- 
5D\V, H t ) ,  and after e l ~ ~ t i o n  of the  acidic 
and neutral components nit11 water, the  
a l l~ino acids nrere ohtaineci by elution with 
7 h l  N H 4 0 H  ( 1 2 ) .  \Ye then obtained a 
traction containing the  four 2-a-2,3-Jmpa 
stereoisomers by chromatography o n  a Cis 
reverse-phase column (Supelcosil LC-18) 
using a procedure that achieves g r o ~ ~ p  sep- 
aration of amino acids by carbon number 
anii separates most of the isomeric Cj  
a-amino acids from each other (9) .  T h e  

CH, CH, 

Fig. 1. Structure of 2-a-2.3-dmpa. This amno 
acid has two chiral centers and, consequently, 
four sterecisomers: the D and L forms of a-methy- 
isoeucne and a-iiiethylalloisoleucine. 

eluate was collected in fractions, and those 
containing 2-a-2,3-dmpa were combined, 
readsorbed o n  AG-j?\XI. and eluted as be- 
fore to remove buffer ions. This preparation 
was dried, derivatized, and ana1y:ed by GC- 
M S  as described for the  standard. 

T h e  GC-XIS res~llts obtained for the  
rneteoritic 2-a-2,3-dmpa o n  both Chirasil- 
L-Val- and Chirasil-D-Val-coated columns 
(Fig. 1 )  shon- that the  intensities of the  
peaks corresponding to the  L enantiomers c ~ f  
both diastereorners [that is, (2S,3S)- a l ~ d  
(2S,3R)-2-a-2,3-dmpa], are greater than  
those of the  D enantiorners. Sill~ilar c11ro- 
lllatograins \\-ere obtained ~ v i t h  all of the 
lnajor characteristic fragment ions: XI-87, 
M-98, M-116, and &I-222 for T F A  and 
hl-259 for PFP. W e  calculateil mean L- 
enantiorner percentages and standard devi- 
ations ( l o )  o n  the basis of the  integrated 
peak areas (Table 1) .  T h e  significance of 
the  difference between the  means of the  
meteorite and standard L-enantiomer ner- 
cents was evaluated with the  use of Stu- 
dent's t test for indenendent lueans 11 3) .  In  
each case, the  meteorite's value was fo~ lnd  
to  be significantly greater than that of the  
standard. T h e  deviations from 599'0 L enan- 
tiomer observed for the  standard \yere as- 
sunled to represent systematic error, and the  
means of the  meteorite analyses were cor- 
rected accordingly. T h e  averaged values for 
the  corrected L-enantiomeric excesses are 
7.P 2 9.8 (2S,3S) and 9.1 -C 1.1 (2S,3R). 

Several possible sources of error must be 
ruled o ~ l t  betore the observed L enantiorneric 
excesses can be attrlhuted to indigenous 2-a- 
2,3-dmpa. First, the possibility that some 

unanticipated asyrnrnetric effect could have 
c a ~ ~ s e d  a partial loss of the D enantiomers 
durine extraction or isolation was ruled out 

L Z  

by a control experiment in which a racernic 
2-a-2.3-dm~a standard solution was added 
back to the pre-extracted hlurchison pow- 
der, dried, extracted, and analyzed as before. 
T h e  results (Table 1 )  do not show slenificant " 
enantiolneric excesses. T h e  possibility that a 
bias in favor of the  L enantiorners is inherent 
in the analytical inethoii is elilllinateii by 
these results. T h e  fact that 2-a-2,3-dmpa 
standards run concurrent l~  with the meteor- 
ite analyses consistently galre results within 
lo% of the expected racemic condition vali- 
dates the GC-XIS analysis. 

Contamination of the 2-a-2,3-dmpa by a 
terrestrial source of the L enantiomers seems 
improbable. A search of Chzinicai Abstracts 
failed to t7roduce a report of the n a t ~ ~ r a l  
occurrence of 2-a-2,3-cimpa other than that 
in the Xlurchison meteorite (9) .  Moreover, 
the occurrence of both a n  L a l l~ino acid and 
the L enantiorner of its diastereonler would 
be unprecedented. For example, a-epimer- 
iration of L-isoleucine during protein diagen- 
esis gives rise to D-alloisoleucine, but L-allo- 
isoleucine has onlv been found in trace 
amounts, in  millibn-year-old fossil shells 
(14).  

The most likely possibility for analytical 
artifact is the persistent coelution of other 
cornrounds with the two L enantiomers of 
2-a-2,1-iimpa. Organic colllpounds isolated 
from carbonaceous chondrites com~rise  mix- 
tures o t  total structural diversity: for example, 
all 14 of the P-, y-, and 6-amino alkanoic 
acids through C5 (1 5)  and all 31 of the a-ami- 

1.4 j 
1.2; 

8 9 10 11 0.6 
Time (min) 

Fig. 2. (A) Single-ion chroinatogram (m/z = 246 
M-87) of synthes~zed 2-a-2,3-dmpa stereoiso- 23.0 23.5 24.0 24.5 25.0 10.5 11.0 11.5 12.0 
mers r u n  as N-PFP isopropy esters on Ch~ras~l-L- Time (min) Time (min) 
Val. (B) Single-ion chromatogram (m/z = 196. 
M-87) of synthes~zed 2-a-2,3-dmpa stereoiso- Fig. 3. (A) Total-ion chromatogram of 2-a-2,3-dmpa stereoisomers from the Murchson meteorite run as 
mers r u n  as N-TFA isopropyl esters on Chiras-D- N-PFP isopropy esters on Chirasil-L-Val (B) Single-on chromatogram (m/z = 246 M-87) of that In (A). 
Val. This standard was recrystall~zed more exten- (C) Total-on chromatogram of 2-a-2,3-dmpa stereolsomers from the Murchison meteorite run as 
slvey than that used In (A) and consequently was N-TFA isopropy esters on Chlrasil-D-Val. The 2R 3S stereoisomer coelutes with an unknown substance 
depleted in the 2S 3S and 2R,3R diastereomers. (base peak m!z = 204). (D) Sngle-loii chromatogram (mlz = 196, M-87) of that in (C). 



no a l k a ~ l o ~ c  ac~ds  through C; (9) are present 
In the M~lrchlson meteorlte. Such structural 
diversity makes coelut~on a sig~liflca~lt possi- 
hllity that must be rigorousl7- excluded; hon-- 
ever, the range of potential interferulg sub- 
stances can be narro\\-ed to ( I )  those com- 
pounds that elute a-it11 7-a-2,1-dmpa from 
both the ion exchange and reverse-phase 
chromatographic steps used before GC-MS 
a~~alysis and ( ~ i )  those that contribute to the 
four major mass spectral fragment Ions used 
for calculat~on of the L e~lallt io~ner excesses. 
W e  cons~dered the most likelv possibilities to , A 

be other C7 amino a c ~ d  isomers, such as (i) 
another open-chain Ci a-amino acid (16, 
including dlastereolneric forms), (ii) an  X- 
methyl C, a-ammo acid, (1i1) an arnino posl- 
t ~ o n  isomer, that is, one of the C; p- through 
j-amino aclds (90, including diastereorner~c 
forms), and ( ~ v )  a lmnlsolnerlc Cj- or C6- 
r ~ n g - c o n t a ~ n ~ ~ l g  Ci alillno acid. 

Coelution of another open-cha~n  C7 
a-amino acid n-as ruled out o n  the  hasis of 
the C,,  re\-erse-phase chrolnatographic step 
used in obtaining 2-a-2,1-dmpa for analysis. 

All  of the other onen-c11a111 C- a-amino 
a c ~ d s  were shown t i  he separated from 2-a- 
2,3-dmpa by this procedure. T h e  Ci a - a m -  
no  acids e l u t ~ n g  from the  CIS column im- 
mediately before a ~ l d  after 2-a-2,3-dmpa 
were s11on.n to be separated from its four 
stereoisolllers by C h ~ r a s ~ l - V a l  GC, thus as- 
surine that i ~ n ~ e r f e c t  fraction collectio~l 
~vould not add coeluting isomers. 

Sarcosine (N-methyl glycine) and hT- 
methvl alall l~le have been found in 
L , l u r c h ~ s o ~ ~  extracts (S), and t h e  presence 
of higher X-methyl amino a c ~ d s  is expect- 
ed. Mass spectra of X-TFA-hT-methyl ami- 
n o  acid esters show a characteristic frag- 
ment  ion at mass-charee ratio 1n17 = 110 
(1 6) ,  and n.e have observed the correspond- 
ing ion (~nl*. = 160) in Inass spectra of the  
corresponding N-PFP derivat~ves. T h e  pres- 
ence of both lolls in  the  respective ~nass  
spectra of a fluoroacylated X-methyl C, 
alnillo acld ester nas  co~lfirlned with X- 
methvl leucine. Fraement ion searches a t  

u 

these Inass numbers across the  2-a-2,1-dmpa 
L-enantiomer peaks were negatl1.e. 

Table 1. The L (2s) enant~omeric excesses (ee) determned for 2-a-2.3-dmpa extracted from the 
Murchson meteor~te. The corrected enantiomerc excesses were calculated as ( L  - D)!(L - D) x 100 
= %L -  SOD^. Analys~s 1: Acd-hydrolyzed meteor~te extract; N-PFP-Pr esters (Pr, sopropyl) run on 
Chiras~l-L-Val. Analys~s 2: Unhydrolyzed meteor~te extract. N-PFP- Pr esters run on Chirasil-L-Val. 
Analys~s S: Unhydrolyzed meteorite extract; N-TFA-'Pr esters run on Chrasi-D-Val. Analyses 4 and 5 
represent the results of control experiments in whch the unresolved 2-a-2 3-dmpa standard was added 
back to the prevously extracted Murchison powder and then extracted and analyzed exactly as had 
been done w th  the ~ndigenous amno ac~ds. Confidence is based on Student's t test (73). Not sig., not 
s~gnifcant. 

Having excl~lded the open-cham Ci and 
N-methyl C6 a-amino lsolners of 2-a-2,3- 
dmpa as interferences, it 1s necessary to 
co~lsider the  numerous Ci amino-position 
Isomers. Although s t a ~ d a r d s  of these a1nmo 
acids are not available, an  earlier svsternatlc 
study of the  mass spectral frag~nentation of 
the  Cj  p-, y-, and 8-amino a c ~ d s  (1 7) pro- 
vides a bails for predicting the  rnajor Illass 
spectral fragment ions of the  Ci p- thrc~ugh 
j-ammo acids. '4 search for these fragment 
~ o ~ l s  gave negative results. 

Finally, the  s t ruct~~ral ly  si~nllar cyclic 
a1nmo acids 111~1st be conslderecl as possible 
contaminants. T h e  mass spectra of N-TFA 
aroline esters are relat~velv s1111ple and are , 
doln~llated by the cyc l~c  ~ m ~ n i ~ u l n  ion result- 
ing from loss of the  esterified carboxyl group 
(18).  T h e  lnolecular ion and the  fragment 
1011 resulting from loss of the  tr~fl~loroacetyl 
group are also apparent. T h e  corresponding 
ions (L.1-87, AMt, and AM-97 or M-147 for 
PFP der~vati\res) for N-TFA lsopropyl esters 
of cyclic Ci amino aclds (ethyl or d~lnethyl  
five- or methyl SIX-rnemhered r~ngs )  have 
massei different from those we used to cal- 
culate peak areas and are, in any case, ab- 
sent from the  Inass spectra of the  meteoritic 
2-a-2,3-dmpa stereoisomers. 

Vile sought evidence for coeluting corn- 
nounds in both the raw GC-MS data and in 
difference spectra obta~ned hy subtracti~lg the 
sulnlned mass spectra of the D-enant~omer 
peaks from those of the L-enant~omer peaks, 
an operation that would enrich the result~ng 
d~fierence Inass spectra ~n contributions froln 

Sample Standard 
Corr, any comyou~lds coeluting with the L e ~ ~ a n t i -  

Analyss Conf~dence 
L (?o) u n ee (%) L (Oh) u n ee (%) 

ee (YO) olners. 0 1 1  the basis of these analyses, [ve 
co~lclude that the L enantio~neric excesses 

L (25.35) entantiomers 
5.0 48.8 1.9 14 
5.2 48.8 1.9 14 
3.4 49.0 1.3 13 
0.2 50.6 0.5 18 
0.6 50.6 0.5 18 

>95% 
>99% 

>99.9?0 
Not sg .  
Not s~g .  

>99.9?0 
>99 990 
>99.9?0 
Not s~g .  
Not sig. 

observed In both diastereolneric pairs of 2-a- 
2,1-dmpa are characterist~c of this alnlno acid 
as it occurs in the Murchison meteorlte. 

Enantiolneric analyses were extended to 
four additional amino acids (Fig. 4 and Table 
2). The  a-methyl alni~lo ac~ds isovaline and 
a-methylnorvaline showed sig~l~ficant L ell- 
antiolner excesses. Co~ltanlinatioll again 
seems unlikely because a-methylnorvali~le is 
unknown in the biosphere anil isovaline has a 
restricted distribution (19). Careful searches 
lvere ~nade  for porsible coeluting amino acids, 

Table 2. The L (2s) enantomer~c excesses determ~ned for a-ammo acids extracted from the Murchson 
meteor~te. The corrected enantomer~c excesses were calculated as n Table 1. All analyses were carred A 
out on C,, reverse-phase fractons obtaned after cat~on exchange fractonat~on of the unhydrolyzed y H 2  

B yH2 

meteorlte extract. N-TFA-'Pr esters were run on Chrasl-L-Val. Confidence IS based on Student s t test CH3-CH,-C-COOH CH3-CH2-CH,-C-COOH 
(73). Not sig., not significant. 1 I 

CH3 CH3 

Sample Standard D yH2 

Ammo acd  
Corr C 

Conf~dence ee 
L (%) u n ee (%) L ( O O )  u n ee (%) CH3-CH,-CH-COOH CH3-CH,-CH,-CH-4OOH 

54.6 0.6 8 9.2 50.4 0.6 15 0.8 >99.9% 
Fig. 4. Four add~t~onal amino acds analyzed (Ta- 

Isoval~ne 
a-Methylnowane 51.4 0.4 10 2.8 50.0 0.2 10 0 >99,gl ::: ble 2): (A) isoiaine (6) a-methynonlane (C) 

a-Ammo-n-butyric acd  50.4 0.2 3 0.8 50.2 0.2 12 0.4 Not sig. 0.4 a-amino-n-butyrlc acid' and Isova- 
Nonlal~ne 50.2 0 3 0.4 50.0 0.2 10 0 N~~ slg, 0.4 n e  and a-methylnowane showed enantiometric 

excesses. 
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as [vas done ~ v ~ t h  2-a-2.1-dmna. Thc  L excess ic matter as a conseuuence of such an  encoun- acids were formed in the interstellar medium. 
found for isovaline differs from an earlier find- 
ing that this amino acid is racemic in the 
Murchison meteorite (6, 20); hoxever, the 
previous work was carried out on a co~nplex 
fract~on containing at least 6C components, 
and the analysis was done by GC using a 
flalne ionization detector, that is, without 
Inass spectral control on the colnposltio~l of 
the chromatographic peaks. The  unmethylat- 
ed analogs of these amino acids, that is, 
a-amino-n-hutyric acid and nor1 ?a 1' me, were 
found to he racemic. We  did not exarnlne the 
unmethylated analogs of 2-a-2,3-dmpa   so- 
leucine and alloisoleucine) because of the 
ubiauitous occurrence of L-isoleucine 12S.3S) , , , 

and the possible occurrence of its epirneriza- 
tion product, D-alloisoleucine (2R,3S). The  
apparent excesses of these stereoisorners ob- 
served In an  earlier a~~alysis of the M u r c h ~ s o ~ ~  
C, a-arnlno acids were attributed to contam- 
ination (1 2). 

111 view of the resistance of a-methyl ami- 
no  acids to racelnization (6, LO), the odser\,ed 
enantiomeric excesses likely represent the 
original state of these amino acids, whereas 
the more easily racernized a - H  amino acids 
could have initially existed in nonracernic 
proportio~ls and racemized during aqueous al- 
teration of the carbonaceous chondrite parent 
body. On the other hand, it is possible that 
these two classes of amino acids represent the 
products of separate formati011 processes, dif- 
fering in exposure to the asymmetric influ- 
ence and, possibly, differing in time or place. 
This vien. is supported by two observatio~ls 
suggesting that the a-methyl arni~lo acids are 
associated with a distinct meteorite phase: (i) 
they vary as a group in their conce~ltratio~ls 
relative to the a-H arnino acids among differ- 
ent specimens of the h?urchison meteorite 
(21), and (ii) they appear to be preferentially 
released from meteorite powders by mild ex- 
traction conditions. 

Nu~nerous ~nechanis~ns have been tlro- 
posed for the ahlot~c generation of lnolec~llar 
asymmetry and have been critically reviewed 
(1). Of these, a hypothesis put forward by 
Bonner and Ruhenstein (22) seems particu- 
larly relevant to the generation of e ~ ~ a ~ l t i o -  
~neric excesses in meteoritic organic com- 
pounds. They proposed that large regions in 
interstellar molecular clouds could be exposed 
to a flux of circularly polarized light (CPL) of 
a specific ha~lded~less produced as synchro- 
tron radiation by neutron stars. The  complex 
organic mantles of interstellar grains thus 
could be exposed to ultraviolet CPL, resulting 
in asymmetric photosynthesis or degradation, 
that is, asym~netric photolysis of racernic con- 
stituents. Greenberg (23) considers the proh- 
ability of an effective cloud-star encounter of 
this type to be at least C.l with respect to 
galactic clouds and has proposed that comets 
preser1.e ena~ltiomeric excesses in their organ- 

ter by the presolar cloud. E~~a~l t iorner ic  ex- 
cesses of the same order of maenitude as those 
reported here have heen produced experimen- 
tally in racemic leucine exposed to ultra\iolet 
CPL 124). , , 

The  production of e~lant~olneric excesses 
in arnino acids by CPL according to (22) is 
not easily reconciled with the current forma- 
tion hypothesis for meteoritic arnino acids. A 
two-stage process has been proposed to ac- 
count for the formatio~l of the a-am11lo iso- 
mers (25). Deuterium (D) enrichments In the 
amino acids suggest that they are related to 
interstellar molecules (26), and their coexist- 
ence with a suite of a-hvdroxv acids, corre- , , 
spond~ng In structure to the a-amino acids, 
suggests a Strecker synthesis of both sets of 
colnpou~lds (27). Because the organic-rich 
carbonaceous chondrites have, without ex- 
ception, experienced aqueous processi~lg, the 
two-step formation hypothesis proposes (i)  in- 
corporation of D-rich precursors (aldehydes, 
ketones, HCN,  and arnmo~xa) formed in the 
presolar molecular cloud into an  asteroidal 
parent body and (li) Strecker synthesis of 
a-amino acids during aqueous processing of 
the parent body. 

111 this case, if exposure to asyln~netric 
CPL Lvas limited to the  presolar molecular 
cloud, only the precursor ketone (3-methyl- 
?-pentanone),  ~vh ich  carried the  chiral car- 
bon a t a n  destined to become C-3 of 2-a- 
2,3-dmpa, n.ould have been directly affect- 
ed. Upon c o n v e r s i o ~ ~  of this partially homo- 
chiral ketone to 2-a-2,1-dmpa by the  
nonstereospecific Strecker synthesis, a D 
enant io~ner  excess ~vould be obser\red in 
one diastereo~neric pair and an  L enantio- 
mer excess in the other (28).  T h e  observa- 
tion of an  L excess in both diastereolneric 
pairs elilninates this possibility. 

T h e  findino of L enantiomer excesses in " 
both stereoisomers of 2-a-2,3-dmpa indicates 
that the comt~lete molec~lle experienced the 
asymmetric effect; however, in the context of 
the two-step forrnation hypothesis, this re- 
straint would require that exposure to CPL 
occurred in the early solar system after arnino 
acid svnthesis in the narent bodv had been 
completed. This course of events seems un- 
likely because shielding of the Strecker prod- 
ucts by the parent body or within the parent- 
body regolith ~vould block or substantially 
diminish the CPL. 

Accepting the Banner-Rubenstein hy- 
pothesis (22), we would conclude that the 
two-stage interstellar-parent body hypothesis 
is not applicable to the nonracemic arni~lo 
acids and pronose that formation of these 

A .  

amino acids occurred entirely in the interstel- 
lar medium. This e x p l a ~ ~ a t i o ~ l  would he con- 
sistent with the possible separate origin for the 
a-methyl amino acids ~ne~l t ioned above. If, 
on  the other hand. all of the meteorite amino 

enantiorneric excesses ~llight be expected in a 
broader range of co~npoullds in cornets than 
in carbonaceous chondrites, because comets 
probably have not experienced aqueous pro- 
cesslng, with the attendant possibility of race- 
mization, to the same extent as have the 
carbonaceous chondr~tes. There IS suggestive, 
although not conclus~ve, evidence for the in- 
terstellar gas-phase occurrence of glycine (29). 
L~t t le  is known of the nature of organic com- 
pou~lds In the solids and ices of l~lterstellar 
grains, hut future organlc analyses of comets 
promise to he of great interest in this regard. If 
comets contain orgamc compounds at a level 
of structural complexity similar to the carbo- 
naceous chondrites, then assessment of opti- 
cal rotation or enantio~neric ratios should he a 
hlgh-pr~or~ty goal (30). 

T h e  finding of enantiolneric excesses in  
amino acids i~ldige~lous  to the  L , l ~ ~ r c h i s o ~ ~  
meteorite constitutes the  f ~ r s t  natural evi- 
dence for the  operation of a n  abiotic pro- 
cess for enantio~neric enrichment. T h e  ob- 
servations suggest that organic matter of 
extraterrestrial origin could have played an  
essential role in the  origin of terrestrial life 
as provider of the  initial e~lantiolneric ex- 
cesses from n.hic11 homochirality developed. 
Although the  excesses observed are modest, 
plausible mechanisms have been proposed 
by which such excesses might have been 
amplified prebiotically, for example, poly- 
merization accompa~lied by formatio11 of 
chiral secondary structure (31 ). 
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Atomistic Simulation of Shock Wave-Induced 
Melting in Argon 

A. B. Belonoshko 

A three-dimensional molecular dynamics simulation of shock wave loading was under- 
taken to investigate the Hugoniot equation of state at the transition of argon from solid 
to liquid. The simulated data agree with shock wave and static high-pressure experi- 
mental data. The melting transition in this simulation occurs without overshooting the 
argon melting temperature. There are two discontinuities that may bracket a mixed- 
phase region of solid and liquid along the simulated argon Hugoniot. This is an intrinsic 
feature of the Hugoniot crossing the argon melting curve and does not require the 
addition of any solid-solid phase transition. 

S h o c k  wave experiments are particularly 
well suited for molecular dynamic (h4D) 
simulations because in such exneriments 
sample sizes are small and time scales are 
short 11 ). Few studies have been devoted to 
the  simulation of shock wave-induced 
phase transitions ( 2 ) ,  and none of them 
were done in three dimensions. I have sim- 
ulated the  shock wave-induced melting 
transition for Ar ,  a n  element for which 
many physical parameters are well kno\vn 
and for which I have simulated the  melting 
curve ( 3 ) ,  which agrees with experimental 
data (4). Argon transforins to liquid directly 
from the  face-centered-cubic ifcc) nhase 

~ , L  

without any high-pressure and high-tem- 
perature solid-solid phase transformations 
(5). 

T h e  initial configuration for the  simu- 
lation consisted of ,4r atoms in  a n  fcc 
lattice with n by n by rn unit  cells trans- 
lated in  x, g, and 2 directions, respectively, 
with n varying from 5 to 10  and m varying 
from 60 to  120 in different simulations. 
T h e  minimum number of atoms was 6000, 
and the  maximum was 48,000. Calcula- 
tions with different numbers of atoms 
showed that  6000 atoms is sufficient to 
obtain reliable results. Periodic boundary 
conditions were applied in  the  x and g 
directions. A n  Ar-Ar interaction was de- 
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scribed in terms of the  Buckingham poten- 
tial (3 ,  6 ,  7). T h e  shock wave was gener- 
ated through the  motion of a piston in t h e  
-: direction with a given velocity (L',). 
T h e  interaction of the  A r  a tom with the  
piston was calculated o n  the  assumption 
that  a piston is a solid homogeneous A r  
crystal. O n  the  side of the  sample opposite 
the  piston (a t  = 0 )  A r  atoms interacted 
with the  elastic wall. T h e  time stev for 
solving equations of motion was 4 fs, and  
the  n~l lnber  of t ime steps varied froin 3000 
to  6000. I cross-checked all calculations, 
using sirn~llations with various t ime, time 
step, length of sample, cutoff radius of 
interaction, cross-sectional area, number 
of atoms, and initial conditions. 

T h e  propagation of the shock wave front 
was observed in snapshots of the structure (a  
supplementary figure is available to online 
s~lbscribers at http://www.sciencemag.org), 
allowing rather ~ r e c i s e  (error less than  " 

1 % )  measurement of the  shock wave ve- 
locity (UJ .  T o  measure the  sound velocity 
V in the  shock-comnressed nart  of the  
sample, I stopped the  piston a t  some time 
step (usually t ime step 1000) and  mea- 
sured the  velocity of the  rarefaction wave. 
Pressure profiles were used to  determine 
Us and V, (8). Volume (V),  pressure (P) ,  
and temperature (T) were monitored as a 
f ~ ~ n c t i o n  of z. I also calculated P and V 
from LT,-Uh data using two of the  Rankine- 
Hugoniot ( R H )  relations: 
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